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FOREWORD

At the time of the 14th Oil Shale Symposium in 1981, everything was going well for the shale oil

program and it was thought that barring unusual circumstances there would be a production of 50,000 to

90,000 barrels per day of shale oil by the mid-1980s. However, the fledgling industry seems to be

plagued with "unusual and
unforeseen"

circumstances and, only six months after the symposium, most of

the active projects scheduled for commercial production reduced their activity. In last November,
Multi-

Minerals Corporation announced it was stopping development operations and laying off most of its employees.

This was followed in December by Cathedral Bluffs Oil Shale announcing it was stopping most of its

development operations to make a reassessment of the economic feasibility of proceeding. On the Monday

after the 15th Oil Shale Symposium in 1982, Exxon abruptly announced it was stopping work on the Colony

Project with the subsequent loss of almost 2000 jobs in the Colorado Western Slope area.

In all cases, the reasons given for the stoppages were a soft crude oil market and lower world crude

prices, a greater than expected decline in crude oil consumption, escalating costs, and high interest

rates. A nonfriendly attitude by the state and federal governments did not help the situation, with move

ments in the legislatures to increase sharply severance taxes and talk at both the state and local levels

to stiffen environmental restrictions.

Many people have been saying the industry will truly get underway when shale oil can be produced

competitively with crude oil and does not need government support. This would be true if crude oil and shale

oil were on an equal basis. Unfortunately, this is not true. There is significant bias to the petroleum

industry with special tax credits permitting expensing of substantial portions of the front-end money

required to find and develop new crude oil and a significant depletion allowance on crude oil produced.

Instead of putting roadblocks in the way to prevent production, similar support should be given to shale

oil rather than constantly increasing the disincentives to development.

Fortunately, plans of the Union Oil Company of California are still active, and, apparently within

budget. Construction is scheduled to be completed during the latter part of 1983 with production of about

10,000 barrels per day of syncrude to follow soon afterwards. This operation does have federal support

with the guarantee of purchase of 9000 barrels per day of jet and diesel fuel. Hopefully this project will

demonstrate the feasibility of commercial production of shale oil at a competitive price.

We all have the feeling "we have been here
before."

Always circumstances have changed and activity has

picked up again. Each time projects have come closer to final production and, barring more "unusual and

unforeseen
circumstances,"

perhaps 1983 will mark the beginning of a sustained commercial industry even

though it will be a much slower start than hoped.

James H. Gary

Professor of Chemical and Petroleum-

Refining Engineering

vn



 



SHALLOW OIL SHALE POTENTIAL ADJACENT TO THE

ROCK SPRINGS UPLIFT, SWEETWATER COUNTY, WYOMING

Larry B. Clayton

Rocky Mountain Energy

10 Longs Peak Drive

Broomfield, Colorado 80020

ABSTRACT

Rocky Mountain Energy (RME) owns one

million acres of Green River Formation oil

shale in southwestern Wyoming. The owner

ship is part of the Union Pacific Land

Grant that encompasses one-half of the

Green River Basin and one-third of the

Washakie Basin. RME estimates its in-place

resources at 75 billion barrels (1? x

109
m3) of shale oil with an average oil

shale grade of 15 gal/st (63 1/tonne) .

This represents 25 percent of the total

Wyoming oil shale resource. Geological

investigations initiated in 1980 by RME

have identified portions of this resource

exploitable by inexpensive conventional

surface mining methods. Detailed geolog

ical mapping and core drilling along the

flanks of the Rock Springs Uplift have out

lined four extensive resources areas in the

Green River Basin and one in the Washakie

Basin. Overburden to shale ratios are less

than one to one for all five areas. Com

bined in-place resources are 6.2 billion

(1 x
109

m3) barrels of shale oil.

INTRODUCTION

Rocky Mountain Energy (RME) , the min

ing subsidiary of Union Pacific

Corporation, has mineral ownership of over

one million acres of oil shale within the

Green River Formation in southwestern

Wyoming. The lands were granted to the

Union Pacific Railroad by the federal gov

ernment as an incentive to complete the

railroad through this unsettled country in

the 1860s. The Union Pacific Land Grant is

a forty-mile-wide path that crosses
one-

half the Green River Basin and the northern

one-third of the Washakie Basin (Figure 1) .

Mineral ownership within the Wyoming por

tion of the Land Grant is typically a

checkerboard pattern with RME controlling

the odd-numbered sections and the BLM con

trolling the even-numbered sections, except

sections 16 and 36 which are normally state

owned.

Oil Shale Basins

-

Rock Springs Uplift

6 | 1

i

1

SI

TYPICAL TOWNSHIP

Wyoming

Figure 1 Green River Formation oil shale

basins and Union Pacific Land

Grant.

Resource

The Laramie Energy Technology Center

(LET'C) has estimated oil shale resources

within the Green River Basin at 250 billion

barrels (40 x 109
m3) of oil contained in

shales greater than 15 feet (4.57 m) thick

and averaging 15 gal/st (63 1/tonne) .

Fischer assay data from 74 core and rotary

drill holes were used to make the estimate

(Culbertson, et al., 1980). A similar

estimate based on three U.S. Bureau of

Mines core holes indicates 50 billion bar

rels (8 x 109
m3) in the Washakie Rasin



(Trudell, et al., 1973). RME's portion of

the total 300-billion-barrel (48 x
109

m3)

resource is estimated at 75 billion barrels

(12 x 109
m3) within the odd-numbered sec

tions on the Land Grant. This makes RME

the largest private domestic owner of oil

shale.

Evaluation Program

RME initiated a geological evaluation

program in 1980 to define those portions of

the oil shale resources in the Land Grant

that might be exploited by inexpensive con

ventional surface mining. Geological

objectives of the program were to identify,

geologically map, and core drill any large

area which met the following criteria:

1) Resource size in excess of 200

million barrels (31.8 x 106
m3)

2) Average grade of 15 gal/st

(63 1/tonne) recoverable oil shale

3) Overburden to oil shale ratios of

less than one to one

After two years of field work, 350 mi2

(906 km2) of geological mapping and 1,200

feet (366 m) of core drilling have been

completed in the Green River Basin. In the

Washakie Basin, 80 mi2 (207 km2) have been

mapped followed by 3,200 feet (975 m) of

core drilling.

Benef iciation

The second objective of the program

was to identify new technologies that might

economically process low-grade shales. The

Wyoming oil shales are very heterogeneous

in quality over short vertical distances,

and if mined by conventional surface meth

ods, would yield an average grade of

approximately 15 gal/st (63 1/tonne) .

Because of the large capital investment in

retorting, these low-grade shales cannot be

economically processed. Therefore, RME's

strategy in developing the shales has to

include an inexpensive pre-retort benefici-

ation step that will physically separate

the high-grade fraction.

One benef iciation method currently

being tested for commercial use is heavy

medium cycloning. Research by Roberts &

Schaefer Resource Service, Inc. (RSRS) ,

using a Dutch State Mines heavy medium

cyclone, has successfully separated the

high-grade fraction from a lean 13.1 gal/st

(55 1/tonne) feed. The tested shale was

from the Cathedral Bluffs Project in

Colorado and appears to be representative

of the low-grade, surface mineable Wyoming

shales. RSRS ran several tests using dif

ferent separation densities (Table 1) . The

optimum results occurred with a medium

separation density of 2.22 gm/cc (test 6).

RSRS recovered 57.7 percent of the in-place

kerogen in a higher grade shale fraction

averaging 27 gal/st (113 1/tonne). This

fraction represents 28 percent of the oil

shale inout to the cyclone.

TABLE 1 Heavy Medium Benef iciation of Oil Shale

Test Sp. Gr.

Sep.

Oil

Feed

Conter

0

it Liters/To

'Flow u

nne

'Flow

Recovei 1 *

No. Shale Oil

4 1.975 53 157 46 6.49 19.17

5 2.105 56 133 39 17.94 42.85

6 2.220 55 113 32 27.95 57.72

7 2.250 50 104 26 31.47 64.84

a 2.385 55 77 26 60.35

(Reeves, 1981)

81.95

If surface mining is used, 100 percent

of the shale resource will be recovered

from the ground. This recovery rate, com

bined with the heavy medium benef iciation

process, will rival the resource recovery

rates predicted for conventional under

ground operations in the Piceance Creek and

Uinta Basins. The process works, but are

the economics of benef iciation going to

make lean shales profitable?

The cost of benef iciating is critical.

Estimates of capital required to put

together a heavy medium cyclone plant are

approximately $12
,000/hourly ton with an

operating cost of $1.25/ton (Reeves, 1981).

Based on the following assumptions:

1) production rate of 50,000 Bbls/day

(7,950 M3/day)

2) retort efficiency of 90 percent,

and



3) a 15 gal/st (63 1/tonne) oil shale

feed to the cyclone with a

heterogeneous-grade distribution

that would produce: a recovered

overflow from the cyclone of shale

that would average 30 gal/st (125

1/tonne); and contain 60 percent

of the kerogen,

it would be necessary to mine 5.19 tons of

oil shale to produce one barrel. There

fore, the operating cost is $6.49/barrel.

Capital cost adds another $.35/barrel.

With the total of $6.84/barrel added to the

additional material handling cost of shale,

and water treatment from the cycloning, it

does not make Wyoming shales competitive

with the underground high-grade shales of

Piceance Creek and Uinta Basins. However,

the low-grade shales have strong potential

for second-generation development. Current

research in chemical extraction and ben-

eficiation of the kerogen may also enhance

the potential of Wyoming shales.

GEOLOGY OF SHALLOW RESOURCE AREAS

The areas of shallow oil shale poten

tial within the Land Grant lie adjacent to

the Rock Springs Uplift (Figure 2) . Struc

turally, the uplift is a large asymmetric

dome-like feature with a major north-south

orientation. This uplift was a minor phys

iographic feature as early as Paleocene

time (Bradley, 1964) . Reactivation of the

uplift during the Oligocene Epoch (34 my)

elevated and tilted the Green River

Formation basinward. Subsequent erosion

removed the portion of sediments which

bridged the Green River and Washakie

basins. This reactivation exposed some of

the deeply deposited oil shale beds.

Little tectonic activity has modified the

structural setting of the basins since this

period with the exception of regional up

lift and minor faulting.

Geologically, the oil shales in

Wyoming are akin to the oil shale deposits

found in the Piceance Creek and Uinta

Basins. The Wyoming shales are part of the

Green River Formation deposited in Lake

Gosiute that transgressed across most of

southwestern Wyoming during Early to Middle

Eocene (Figure 3) . The life span of Lake

Gosiute was less than half of that of Lake

Uinta which filled the two basins to the

south.

RME Shallow Oil Shale Resources

Figure 2 Shallow oil shale resource areas

within the Union Pacific Land

Grant adjacent to the Rock

Springs Uplift.

STRATIGRAPHY

The Green River Formation is composed

predominantly of lacustrine sediments

stratigraphically bound and intertongued

with fluvial sediments of the underlying

Wasatch Formation and the overlying Bridger

Formation (Green River Basin) or Washakie

Formation (Washakie Basin) . Three distinct

subdivisions are recognized and have been

classified as members of the Green River

Formation (Bradley, 1964) .

Tipton Shale Member

The lowermost member of the Green River

Formation is the Tipton Shale Member

(Figure 4). The Tipton Shale is primarily

a laminated carbonate sequence adjacent to

the Rock Springs Uplift. Between the towns

of Rock Springs and Green River, the Tipton

Shale has an exposed thickness of 150 feet

(46 m) and is a massive, lean oil shale

averaging 15 gal/st (63 1/tonne) . The me

mber increases in both thickness and grade

basinward to the southwest. Maximum thick

ness of the Tipton Shale is
approximately



Millions Green Piceance E.Central
of Yrs. River Washakie Creek Uinta Utah

37.0

Relative Size of Lakes

Figure 3 Geographic distribution and

length of existence of the Green

River lakes. (After Grande,

1980), (dates fromMauger, 1977)-

400 feet (122 m) in the southeast portion

of the Green River Basin. North of Rock

Springs, the Tipton Shale outcrops along

the base of White Mountain. It thins and

intertongues to the north with the New Fork

Tongue of the Wasatch Formation. Excellent

shallow resource potential exists within

the Tipton Shale southwest of Rock Springs

and east of the Green River.

In the Washakie Basin the outcropping

Tipton Shale Member is from 160 to 200 feet

(49 to 61 m) thick and is made up of very

lean, 5 to 10 gal/st, (21 to 42 1/tonne)

oil shale. Basinward, away from the out

crop, the Tipton Shale increases to 400

feet (122 m) in total thickness. Because

of excessive depth and lean grades, poten

tial does not exist for the Tipton Shale in

the Washakie Basin.

The depositional environment for the

Tipton Shale Member was fresh water with

the exception of the upper rich oil shale

beds in the Green River Basin. These beds

were deposited in a transitional period in

Lake Gosiute where brackish conditions

existed (Roehler, 1980) .

GREEN RIVER FORMATION
WEST

BRIDGER

FORMATION

Tower Sandstone

laney oil shale

Wilkins PeakMember

Tipton Shale Member

GREEN RIVER BASIN
ROCK SPRINGS UPLIFT

EAST

WASHAKIE

FORMATION

Sand Butte Bed

buff marker

LaClede Bed upper

LaClede Bed
lower'

Cathedral Bluffs Tongue

WASATCH FORMATION

Wilkins PeakMember

Tipton ShaleMember

WASHAKIE BASIN

Figure 4 Generalized stratigraphy of Green River Formation in the Washakie and Green River

basins, Wyoming. Shaded area represents members with shallow oil shale potential.



Wilkins Peak Member

Climatic conditions changed to a less

humid environment, and increased volcanism

and regional changes in drainage patterns

marked the transition of the deposition of

the Tipton Shale Member into that of the

Wilkins Peak Member. During this period,

Lake Gosiute decreased in size to 9,500 mi2

(24,600 km2), and the basins became closed

to outside drainage. During the early

stages of this depositional period Lake

Gosiute transgressed across the Rock

Springs Uplift into the Washakie and Great

Divide basins. A continued dry climate

forced the lake to recede into the central

portion of the Green River Basin. Saline

conditions were present throughout the

Wilkins Peak depositional period. It was

during this period that massive beds of

trona and halite were deposited in the cen

tral portion of the Green River Basin.

The sedimentary sequence of the

Wilkins Peak Member reaches a maximum

thickness of 1,300 feet (400 m) in the

southcentral portion of the Green River

Basin and thins northward. Along the nor

thern portion of the Land Grant boundary,

the member is 325 feet (100 m) thick and

consist of thinly bedded oil shales,
marl-

stones, and dolomitic mudstones. In the

southern portion of the Green River Basin,

interbedded sandstones are present and

represent flood conditions that occurred

around the Uinta Mountains. Extensive

detailed stratigraphic work has been com

pleted on the Wilkins Peak Member by

Culbertson (1961, 1966, 1969, 1971) and

Bradley (1964).

In the Washakie Basin, the Wilkins

Peak Member has a maximum outcrop thickness

of 200 feet (61 m) of dolomitic mudstone

(Roehler, 1965) . When Lake Gosiute receded

out of the Washakie Basin into the Green

River Basin, fluvial sediments of the

Cathedral Bluffs Tongue of the Wasatch

Formation were deposited in place of the

Wilkins Peak Member (Figure 4). In excess

of 1,000 feet (305 m) of red,, green, and

gray
mudstones are sandwiched between the

partial section of Wilkins Peak and over

lying Laney Member.

Laney Member

During early Middle Eocene, fresh

water conditions returned to Lake Gosiute

and the lake increased in size to occupy

15,000 mi2 (38,850 km2) of the Green River,

Washakie, Great Divide, and Sand Wash

basins. The Laney Member of the Green

River Formation was deposited during this

period and is characterized by two distinct

lithofacies; 1) laminated carbonate facies

(oil shale) , and 2) volcanic lithic sand

stone and mudstone facies.

The laminated carbonate facies within

the Green River Basin is referred to as the

Laney Oil Shale (this report only) and the

volcanic lithic facies is the Tower Sand

stone. An unconformable contact occurs

over much of the area between these two

units. North of Interstate 80 the Laney

Oil Shale thins and intertongues with the

Tower Sandstone. The maximum thickness of

the Laney Member in the Green River Basin

is 1,000 feet (305 m) in the southern cen

tral portion of the basin (Sullivan, 1980) .

The Laney Oil Shale increases in

thickness south of Interstate 80 and is an

excellent shallow resource in the south

eastern portion of the Green River Basin.

Along the southern Land Grant boundary and

east of the Flaming Gorge, +200 feet

(+61 m) of Laney Oil Shale outcrops in the

Sage Creek and Current Creek area. Oil and

gas drilling further south of the Land

Grant indicates 400 feet (122 m) of oil

shale is present at depth (Culbertson,

1969) .

The Laney Member in the Washakie Basin

reaches a maximum thickness of 1,800 feet

(550 m) in the central portion of the basin

(Sullivan, 1980) . The member is subdivided

into the LaClede Bed laminated carbonate

facies and the Sand Butte Bed volcanic

lithic sandstone and mudstone facies

(Roehler, 1973 a,b) . The LaClede Bed

ranges from 200 to 450 feet (61 to 137 m)

thick and outcrops along the western margin



of the Washakie Basin along the Sand Butte

and Kinney rims. An unconformity separates

the Sand Butte Bed from the LaClede Bed. A

30-to 60-foot-thick (9 to 18 m) evaporite

facies bed of limy sandstone and calcareous

mudstones subdivides the LaClede Bed and is

referred to as the buff marker (Surdam and

Stanley, 1979). The richer grade of oil

shale usually occurs adjacent to this buff

marker.

Wyoming's largest shallow oil shale

potential occurs in the LaClede Bed along

the Sand Butte and Kinney Rim areas in the

Washakie Basin.

SHALLOW RESOURCE AREAS

TIPTON SHALE MEMBER

Two large exploitable areas of the

Tipton Shale Member were delineated in the

RME geological evaluation in the Green

River Basin (Figure 5) . The largest of the

two areas lies southeast of the town of

Green River and east of the Flaming Gorge

Recreation Area. This area is known as the

Wilkins Peak Resource Area and is 8.2 mi2

(21.2 km2) of combined RME, federal, and

state-controlled land. The Tipton Shale

could be surface mined with an overburden

to shale ratio of less than one to one.

Structurally, the area is a poorly defined

dip slope with the beds dipping basinward

five degrees along the eastern boundary of

the area, decreasing to one degree on the

west. Faulting was not detected in any of

the recent mapping in the area. Two RME

drill holes (Figure 6), GB-3C and GB-4C,

collared one mile apart to test this area,

indicate a resource of 96.5 million barrels

per square mile (5.93 x 106
m3/km2) con

tained in shale that averages 14.2 gal/st

(59 1/tonne) (Table 2) . Resource estimates

for the area are 720 million barrels

(114 x
106

m3) .

The Flattop Mountain Resource Area is

approximately two and one-half miles (4 km)

south of the Wilkins Peak Resource Area

(Figure 5) . The area is small but unique

because mineral ownership is 90 percent

controlled by RME and the State of Wyoming.

Also, the area is a perfectly formed dip

slope tilted basinward three to four

degrees. Overburden remains very thin over

much of the 2.7 mi2 (7 km2) area. Over

burden stripping ratios are estimated to be

0.5 to 1. Resource for the area is

estimated at 260 million barrels

(41 x
106

m3) based on extrapolation of

data from GB-3C and GB-4C.

LANEY MEMBER

Two extensive resource areas of Laney

Oil Shale have been defined in the Green

River Basin and one large resource area of

LaClede oil shale in the Washakie Basin.

Total in-place strippable resources for the

Laney Member in both basins are in excess

of five billion barrels (800 x
106

m3) of

oil shale averaging 14 to 15 gal/st (58 to

63 1/tonne) .

In the Green River Basin, the

largest area is the Sage Creek - Current

Creek Resource Area which lies east of the

Flaming Gorge near the southern Land Grant

boundary (Figure 5) . Mapping defined

20.6 mi2 (53.4 km2) of surface mineable

Laney Oil Shale with overburden to shale

ratios of less than one to one. Two core

holes, GB-1C and GB-2C (Figure 7) , drilled

by RME three miles apart indicate a

resource of 94.5 million barrels per square

mile (5.9 x 10^
m3/km2) with an average

grade of 14 gal/st (58 1/tonne) . Total

resource estimates for the Sage Creek

Current Creek area are 1.54 billion barrels

(245 x 106
m3) .

The North Sage Creek Basin Area is

north of the Sage Creek - Current Creek

Resource Area (Figure 5) . Geological map

ping has defined 5.3 mi2 (13.7 km2) of

potential strippable Laney Oil Shale. The

area has not been tested by drilling, but

outcrop evaluation indicates 160 to 200

feet (49 to 61 m) of continuous oil shale

present. Resource estimates based on GB-1C

and GB-2C indicate a possible 390 million

barrels (62 x 106
m3) are present in this

area. The overburden to shale ratio is

estimated to be 0.5 to 1.



Figure 5 Shallow resource areas and drill hole locations for the

Green River Basin, Sweetwater County, Wyoming.
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TABLE 2 Summary of Rocky Mountain Energy 1980 Drilling Program

for the Green River Basin

Drill

Hole

Core

Interval

in Meters

From-To

Meters

Best Intercept

Thickness Grade
~

Meters Liters/Tonne

Resource in

(106 M3/KM2)

Member

Tested

GB-1C NW%, NW,

Sec. 17, T15N,
R107W

16.8-94.8 35.4-77.4 Laney

se?j, mflt,

Sec. 27, T15N

R107W

12.2-53.3 Laney

vmh, SE*t,
Sec.9, T17N,

R106W

Tipton

SE%, SW!j,

Sec. 3, T17N,

R106W

Tipton

SE>|, NE>,

Sec. 35, T20N,

R105W

49.1-59.1 Laney

TABLE 3 Summary of Rocky Mountain Energy 1981 Drilling Program

for the Washakie Basin

(LaClede Bed of Laney Member of the Green River Formation)

Drill

Hole

Core

Interval

in Meters

Best Intercept

From-To

Meters

Thickness

Meters

Grade

Liters/Tonne

28.4-54.6

54.6-68.3

68.3-99.7

26.2

13.7

31.4

62.6

Buff Marker

55.9

67.0-97.2

97.2-109.7

109.7-139.6

30.2

12.5

29.9

62.2

Buff Marker

56.8

64.7-93.8

93.8-103.4

103.4-130.9

29.1

9.6

27.5

61.3

Buff Marker

53.4

64.7-96.1

96.1-110.3

110.3-142.0

31.4

14.2

31.7

68.0

Buff Marker

62.2

58.8-94.7

94.7-110.4

110.4-140.5

35.9

15.7

30.1

64.7

Buff Marker

63.0

77.5-115.7

115.7-135.2

135.2-165.0

38.2

19.5

29.8

65.1

Buff Marker

63.4

122.9-159.0

159.0-178.2

178.2-207.7

36.1

19.2

29.5

68.0

Buff Marker

62.6

upper bed missing

29.4-44.0

44.0-74.3

00.0

14.0

30.3

Buff Marker

58.8

Resource in
(106 M3/KM2)

Combined

Upper & Lower

Oil Shale
(106

M3/KM2)

3.90 8.13

4.23

4.46 8.54

4.08

4.25 7.80

3.55

5.05 9.75

4.70

5.51 9.99

4.48

5.79 10.35

4.56

5.78 10.16

4.38

0.00 4.26

4.26

WB-1C

WB-2C

WB-5C

WB-7C

WB-8C

SB's, SB's,

Sec. 3, T16N,

R100W

SEh, NE%,

Sec. 5, T16N,

R99W

se%, nw%,

Sec. 31, T17N,

R98W

SWs, NW(r

Sec. 23, T16N,

R100W

NWj, SE%,

Sec. 5, T15N,

R100W

SW%, NW>(,

Sec. 23, T15N,

R100W

SE>s, NE*s,

Sec. 35, T15N,

R100W

SE%, SE%,

Sec. 31, T17N

R99W

61.0-166.1

36.6-156.5

48.8-158.8

42.3-157.3

36.6-189.8

67.1-221.1

12.2-107.1



In the Washakie Basin, the LaClede Bed

of the Laney Member comprises the largest

single resource area defined in the RME

evaluation. Eight core holes (Figure 8)

drilled in the summer of 1981 defined a

25.5 square mile (66 km2) area along the

Sand Butte and Kinney rims which has an in-

place resource of 3.26 billion barrels

(520 x 106
m3) . The average grade of the

resource is 15 gal/st (63 1/tonne) and

includes both the upper and lower oil shale

beds of the LaClede Bed of the Laney Mem

ber. The stripping ratio, including the

internal buff marker (which could be selec

tively mined) , is one to one. The

estimated resource is confined on the south

by excessive overburden along the Kinney

Rim and on the east by an overall grade

decrease to below 14 gal/st (58 1/tonne) .

Both normal and reverse faults occur along

the Sand Butte and Kinney rims; however,

offset of the LaClede Bed is minor and

would pose no problems in mining opera

tions. Structurally, the Laney Member dips

basinward three to five degrees and forms a

well defined dip slope. Thickness of over

burden increases slowly basinward. It is

possible to step two miles east or south

from the rims and only have 200 feet (61 m)

of overburden on the LaClede Bed. In-place

resources defined in the coring program

are listed on Table 3. The highest

resource potential occurs east of Pine

Butte Area (Figure 8) . Drill hole WB-6C

indicates a resource of 168 million barrels

per square mile (10.3 x 10^
m3/km2) in that

area.

Fence diagram
A-A'

(Figure 9)

indicates a general decrease in grade and

thickness below the buff marker to the

east. Above the buff marker, the resource

potential decreases both east and west of

WB-2C. The resource calculation boundary

was cutoff half way between WB-2C and WB-3C

along Antelope Creek because of the overall

grade decrease below 14 gal/st (58

1/tonne) . The upper LaClede oil shale bed

is missing in drill hole WR-8C due to a

paleochannel cut into the LaClede Bed.

Fence diagram
B-B1 (Figure 10)

indicates an increase in grade and thick

ness from the north to the south reaching a

maximum around WB-6C and then decreasing

slightly in WB-7C three miles further

south. The resource calculation boundary

was cutoff half way between WB-6C and WB-7C

due to the excessive overburden south

along the Kinney Rim.

Both Wyoming federal prototype lease

tracts, Wa and Wb, were presented for leas

ing and development in 1974. The tracts

lie south of the Land Grant boundary and

were drilled in the late 1960s by the USBM.

Results from the drilling indicate a

LaClede Bed resource of 155 million barrels

per square mile using a cutoff of 15 gal/st

(63 1/tonne) along the Kinney Rim (Trudell

et al., 1973). Excessive overburden and

steeper basinward dips (up to 20 degrees)

made the area an unattractive selection,

and no acceptable bids were received.

Using RME's target objectives, no strip

pable resources are present on either of

the federal lease tracts.

East of the Kinney Rim, the upper oil

shale of the LaClede Bed increases in

thickness, but little grade increase is

noted. USBM drill hole WB-2, collared six

miles (9.7 km) east of the rim and south of

the Union Pacific Land Grant, indicated a

resource potential of 210 million barrels

per square mile (12.9 x 106
m3/km2) of 15

gal/st (63 1/tonne) (Trudell et al . , 1973).

Overburden on the LaClede Bed is 2,800 feet

(850 m) in this area.

SUMMARY

Rocky Mountain Energy is the largest

domestic private owner of low-grade oil

shale with an estimated 75 billion barrels

(12 x 109 m3) contained on one million

acres of land in southwestern Wyoming.

This resource represents 25 percent of the

total Wyoming resource. The Land Grant

checkerboard ownership of the Wyoming oil

shales makes cooperative leasing among RME,

federal, and state minerals an attractive

option in developing these resources.

10



Figure 8 Shallow resource area and drill hole locations for the

Waskakie Basin, Sweetwater County, Wyoming.
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An evaluation program by RME

geologists has defined five shallow

resource areas adjacent to the Rock Springs

Uplift which contain a total in-place

resource of 6.17 billion barrels

(981 x 106
m3) of shale oil in low-grade

shales (15 gal/st63 1/tonne) (Table 4).

Individual size of the resources ranges

from 260 million barrels to 3.26 billion

barrels with overburden to shale ratios of

less than one to one. New developments in

shale benef iciation technology make Wyoming

shales a strong candidate for second-

generation development.

TABLE 4 Summary of Shallow Resources Adjacent to

Rock Springs Uplift

Resource

Area Size km^

In-place

Resource

in millions

of
ni^

Average

Grade

of OS

1/tonne

Green River Basin

Wilkins Peak 21.2 114.5 59

Flattop Mountain 7.0 41.3 59

North Sage Creek Basin 13.7 62.0 58

Sage Creek-Current Creek 53.4 245.0 58

Washakie Basin

66.0 518.0Sand Butte-Pine Butte 63

Total 161.0 981.0
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GEOLOGY OF THE HORSE DRAW NAHCOLITE AND

OIL-SHALE MINE, PICEANCE CREEK BASIN, COLORADO

R.D. Cole, G.J. Daub1
and B.E. Weichman

Multi Mineral Corporation

715 Horizon Drive
.

Grand Junction, CO 81501

ABSTRACT

Horse Draw mine, a facility owned by the U.S.

Bureau of Mines and operated since mid-1979 by Multi

Mineral Corporation, provides subsurface access to

the nahcolite, dawsonite and saline oil-shale

deposits in the Parachute Creek Member of the Green

River Formation (Eocene). The mine consists of a

shaft, four main levels (1840, 2080, 2130 and 2230),

two sublevels (Greeno and TI), three raises (R-3 A,

R-3 and 110), a stope and a ramp (L-2 A). All

developments from the shaft are in the lower

Parachute Creek Member (mid L-4 oil- shale zone

through the L-2 oil -shale zone) at depths ranging

from about 560 to 695 m. As of the date of this

paper, about 36,000 mt of rock have been hoisted

from the shaft.

Mine workings provide exposure to three

distinct types of nahcolite mineralization:

1) bedded microcrystalline nahcolite (1840 level);

2) densely disseminated nahcolite crystals (2230

level and Greeno and TI sublevels); and 3) dissemi

nated nahcolite nodules, crystal aggregate bodies

and crystals (2130 level, the stope, and the R-3 A,

R-3 and 110 raises). The 2080 level and the L-2 A

ramp expose dawsonitic oil shale in the L-3 and L-2

oil-shale zones, respectively.

INTRODUCTION

The U.S. Bureau of Mines (USBM) designed Horse

Draw mine as a research facility for development of

new mining, safety and environmental data specific

to exploitation of oil shale (kerogenous marl stone)

and saline oil shale in the north-central Piceance

Creek basin. The mine is approximately 37 km

southwest of Meeker, Colorado (SW1/4 Sec. 29, T1S,

R97W, 6th PM), near the depositional center for

saline minerals (nahcolite, NaHC03; halite, NaCl;

dawsonite, NaAl (C03)(0H)2) in the Green River

Formation (fig. 1).

Drilling of the shaft (3.05 m diameter) began

in April 1977, and concluded in early October 1977,

at a depth of 723 m (Utter and Hawkins, 1978). The

hole was cased (2.44 m inside diameter) from the

surface to 717 m. Following installation of hoist

ing, ventilation and other equipment, the USBM

established two shaft stations at the 1840 (562 m)

RIO

BLANCO

RIO BLANCO CO.

GARFIELD CO.

Limit of

Green River

Formation

EXPLANATION

] DAWSONITE FACIES

] DAWSONITE -NAHCOLITE

I FACIES

]
DAWSONITE- NAHCOLITE-

\ HALITE FACIES

0 5 lOmi

0 5 10 15 km

SCALE

Current address:

1980 S. Broadway, Grand Junction, CO 81503

Figure 1. Map of the north-central Piceance Creek

basin showing mine location and

distribution of saline minerals.
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and 2080 (634 m) levels (fig. 2). The 1840 level

was developed to obtain a bulk sample (32 mt) of

nahcolite and nahcolitic oil shale from the L-4

oil-shale zone (definition of oil-shale zones

follows that of Dyni, 1974, 1981) in the Parachute

Creek Member, while mining at the 2080 level allowed

collection of a bulk sample (363 mt) of dawsonitic

oil shale from the L-3 oil-shale zone (Cox, 1979).

Work by the USBM was suspended in early 1979 because

of lack of funding.

In mid-1979, Multi Mineral Corporation (MMC)

entered into an agreement with the USBM to operate

the Horse Draw facility. MMC's work involved

additional mining on the 1840 level, establishment

of the 2130 (649 m) and 2230 (680 m) levels, and

excavation of a large stope, three raises, two

sublevels and a ramp (fig. 2).

MMC's involvement at Horse Draw has provided

new insight into the geological and mining charac

teristics of nahcolite and nahcolitic oil shale. It

is not within the scope of this paper to discuss

results of the mining research. Rather, we focus on

GREENO

SUBLEVEL

(Detached View) 2230 LEVEL

Figure 2. Isometric view of Horse Draw mine (not to

scale).

the geology of each development in the mine, giving

emphasis to description of the various nahcolite

occurrences.

GEOLOGICAL SETTING

The north-central Piceance Creek basin is

characterized (fig. 1) by thick accumulations of

nahcolite, dawsonite and halite within the lower

oil -shale zones of the Parachute Creek Member of the

Green River Formation (Dyni, 1974, 1981; Beard and

others, 1974; Trudell and others, 1974; Roehler,

1974; Cole and Picard, 1978). This interval, known

as the "saline
zone,"

reaches a maximum thickness of

more than 335 m several kilometers northwest of

Horse Draw mine (Dyni, 1974) where it spans the

lower part of the L-5 oil -shale zone, all of the

R-5, L-4, R-4, L-3, R-3 and L-2 oil -shale zones, and

part of the R-2 oil -shale zone (fig. 3).

The saline zone is overlain by an interval of

badly leached and fractured oil shale known as the

"leached
zone,"

which in turn is overlain by the

Mahogany zone (R-7) and Upper oil-shale zone (R-8) .

The boundary between the saline zone and the leached

zone is defined by a prominent dissolution surface

that marks the lowermost penetration of ground water

into the Parachute Creek Member. The leached zone

contains ground water; however, the underlying

saline zone is dry and nearly devoid of fractures.

Structurally, the north-central Piceance Creek

basin consists of broad synclines and intervening

anticlines (Donnell
, 1961; Dyni, 1969; Murray and

Haun, 1974; Pitman and Johnson, 1978; Pitman, 1979).

Horse Draw mine is situated near the bifurcated axis

of the South Rangely syncline (fig. 4). Because of

its synclinal setting, the saline zone in the Horse

Draw area is relatively deep (fig. 3) and has a

regional dip of 1 to 2 degrees to the west and

southwest.

Nahcolite in the saline zone occurs in two

major forms (fig. 5): stratiform (bedded) and dis

seminated. The stratiform type consists of discrete

beds of nahcolite that are commonly interstratified

with thin beds, laminae and stringers of oil shale.

Disseminated nahcolite is comprised of isolated

nahcolite bodies dispersed in an oil-shale matrix.

Disseminated nahcolite is the most common type,

16
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Figure 3. General stratigraphic column of the mine area, as represented

by core holes MMC-USBM-1 and USBM-01A.
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Figure 4. Partial structural contour map of northern Piceance Creek basin. Contours drawn on top of the

Mahogany zone (after Pitman and Johnson, 1978); contour interval is 200 feet.

making up more than 85 percent of the total nahco

lite in the saline zone (Dyni, 1981).

Stratiform nahcolite occurs as two major sub

types (Dyni, 1974): a white granular type and a tan

to brown microcrystalline type. The white granular

type consists of equant nahcolite crystals that are

generally less than 5 mm across. Beds of white

granular nahcolite are found only in the L-5 and R-5

oil -shale zones (Dyni, 1974) and are not exposed in

Horse Draw mine. Microcrystalline nahcolite hori

zons are composed almost entirely of microscopic

crystals of nahcolite and are typically dense and

nonporous. Beds and laminae of microcrystalline

nahcolite are found throughout most of the saline

zone and are exposed on several levels in the mine.

Disseminated nahcolite bodies generally occur

in three major morphologies: nodules, crystalline

aggregates, and single crystals. The nahcolite that

comprises the disseminated bodies is reddish brown

due to impurities of organic matter. In nodules,

bladed nahcolite crystals generally radiate outward

from a single nucleation point (fig. 5). The outer

rims of nodules are generally smooth and often have

a rind of pyrite. The internal fabric of nahcolite

aggregates, on the other hand, consists of bundles

of elongate, subparallel nahcolite crystals, with
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Figure 5. Classification of nahcolite types in the

Green River Formation.

each bundle having a different orientation. Outer

margins of aggregate bodies are generally irregular

because of the penetration of nahcolite crystals

into adjacent oil shale.

Stratigraphic analysis by Dyni (1974) has shown

that 13 major horizons of stratiform nahcolite,

halite or nahcolite-hal ite are present in the saline

zone; most are in the L-5, R-5 and L-4 oil -shale

zones. In addition, 13 horizons of oil shale with

high concentrations of disseminated nahcolite bodies

are also present. The horizons of disseminated nah

colite are most abundant below the L-5 zone, espe

cially in the R-3 zone. The more distinctive of the

stratiform and disseminated nahcolite horizons have

been given informal names (e.g., Love bed, Greeno

bed, TI bed). The other horizons are designated by

a letter of the alphabet (e.g., R-3 A, L-4 D).

MINE GEOLOGY

zone, marked by the lowermost occurrence of nahco

lite, is at a depth of 713 m. The lower boundary is

about 19 m above the contact between the R-2 and L-l

oil-shale zones (fig. 3).

The Horse Draw shaft penetrates through the

entire saline zone, bottoming at 723 m. Four main

levels are developed from the shaft: 1840, 2080,

2130 and 2230 (fig. 2). The 1840 level is near the

middle of the L-4 oil -shale zone (fig. 6). The 2080

level is at the contact between the R-4 and L-3

oil-shale zones. The 2130 and 2230 levels are both

in the R-3 oil -shale zone. Development work from

the 2130 and 2230 levels includes three raises (R-3,

R-3 A, and 110), a sublevel in the Greeno nahcolite

bed, a ramp (decline) to the TI nahcolite bed, and a

large stope. The stope is the largest development

in the mine and spans most of the R-3 oil -shale

zone.

1840 Level

The 1840 level was originally developed by the

USBM to obtain a bulk sample of microcrystalline

nahcolite. The mining target, the Love nahcolite

bed, extends throughout the north-central Piceance

Creek basin (Dyni, 1974, 1981). Development work by

the USBM included a shaft station and loading

pocket. Work by MMC since 1979 included extension

of the main drift about 63 m and the driving of two

crosscuts and a second drift (fig. 7). The drift

and crosscut developments produced a central pillar

with dimensions of 18 by 18 m. Most drift mining

was at an average height of 2.1 m.

Stratigraphic study of the Love nahcolite bed

on the 1840 level indicates that it is composed of

five main beds (seams) of tan to light-brown micro-

crystalline nahcolite (beds A, B, C, D and E,

fig. 8) interstratified with four beds of nahcolitic

oil shale (beds 1, 2, 3 and 4, fig. 8). The strati

graphic framework of the Love bed at Horse Draw is

\/ery persistent throughout the 1840 level and also

throughout most of the north-central Piceance Creek

basin (Dyni, 1981).

The saline zone at Horse Draw is about 270 m

thick. The dissolution surface is located 2 m below

the contact between the L-5 and R-5 oil -shale zones

at a depth of about 440 m. The base of the saline

The composite thickness of the Love nahcolite

bed on the 1840 level ranges from 1.0 to about

3.4 m, and averages about 2m. The Love bed has a

tendency to vary in thickness over short lateral
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Figure 7. Layout of mine levels and sublevels (plan view)
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Figure 8. Stratigraphy of the Love nahcolite bed (1840 level).

distances (less than 2 m). The changes in overall

bed thickness are generally related to thickness

variations in the microcrystalline nahcolite hori

zons rather than the oil -shale interbeds. The B, E

and F nahcolite seams (fig. 8) are especially sus

ceptible to thickness variations.

An example of the stratigraphic and structural

variations in the Love bed is shown in figure 9, a

cross section (A-A') along the north rib of the

number 2 drift (fig. 7). Frequent changes in total

bed thickness along the rib are quite pronounced,

ranging from 1.5 to 3.4 m. The thickest part of the

Love bed is associated with an asymmetric, doubly

plunging (?) anticlinal structure referred to as the

"blister."

In this structure, the stratigraphic

subunits lose definition and the entire Love bed is

massive tan nahcolite. Nahcolite in the core of the

structure consists of an angular, blocky breccia

(fragments up to 25 cm across). Breccia fragments

and the matrix material are both composed of tan to

brown microcrystalline nahcolite. The brecciated

nature of the nahcolite blister suggests that it is

post-depositional in origin, possibly produced by

soft-sediment deformation and sediment dewatering.

Sedimentologic study of the Love nahcolite bed

on the 1840 level indicates that the microcrystal

line nahcolite precipitated directly from lake

waters of ancient Lake Uinta. The nahcolite beds,

especially D and E, often show faint varve-like

laminations suggestive of seasonal deposition.

Interbedded oil -shale horizons (intervals 1, 2, 3

and 4) generally have laminated or streaked strati

fication. The oil -shale beds commonly have string

ers, laminae and thin beds of microcrystalline

nahcolite as well as small nodules (diameters less

than 15 cm) of pyritic nahcolite; small disseminated

crystals (1 to 10 mm long) are also common. The

disseminated nahcolite nodules and crystals are
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clearly post-depositional because they disrupt and

contort the oil-shale stratification.

Of particular sedimentologic interest is the

presence of a pronounced intraclastic texture in the

A, E and F nahcolite seams in certain parts of the

1840 level. The intraclasts are composed of round

ed, elongate fragments (up to 10 cm long) of tan

microcrystalline nahcolite cemented by \/ery finely

crystalline to microcrystalline nahcolite. Intra

clasts often show crude imbrication and are gener

ally located within channel-like depressions (10 to

30 cm deep) at the base of individual nahcolite

seams. This suggests that the intraclasts were

formed by scouring bottom currents active during

deposition.

Nahcolite content of the total Love bed on the

1840 level averages between 60 and 70 wt.% (fig. 8),

The thicker nahcolite seams (B, C, D, E and F) aver

age 70 to 80 wt.% nahcolite; kerogen content (as

determined by modified Fischer assay procedures) is

usually less than 13 1/mt. Interbedded oil-shale

horizons (1, 2, 3 and 4) average about 60 1/mt

kerogen and 20 to 50 wt.% nahcolite (figs. 6 and

8).

Study of the ribs, back and floor of the

drifts and crosscuts on the 1840 level indicates

that the rock mass which makes up the mining

interval has a low density of naturally occurring

fractures. Mapping has identified several sets of
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Figure 9. Structural cross section of Love nahcolite bed along northeast rib of number 2 drift, 1840 level
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steeply dipping (70 to 90) joints which have an en

echelon orientation when viewed from above or below.

The joints commonly have infil lings of white medium-

crystalline secondary nahcolite. The dominant

strike for the joints is about N70W. Partings

which parallel oil-shale and nahcolite stratifica

tion have also been mapped. The partings are gener

ally not mineralized; however, secondary white nah

colite or pyrite infil lings may be present locally.

Normal roof-bolting procedures have been successful

in controlling instability problems produced by

partings.

2080 Level

The 2080 level was developed entirely by the

USBM and consists of a shaft station, loading pocket

and about 28 m of drift. The level is at the con

tact between the R-4 and L-3 oil -shale zones. The

upper part of the drift exposure is composed of rich

oil shale, whereas the lower part is made up of lean

dawsonitic oil shale (fig. 6).

The exposed part of the R-4 oil-shale zone is

composed of very rich oil shale (137 to 263 1/mt).

This sequence is called the 60 bed, following the

terminology of Dyni (1974). The 60 bed is about

1.2 m thick and has a pronounced
"blebby"

stratifi

cation. The blebby nature is produced by rounded,

flat clasts of dolomite that are suspended in a

matrix of kerogenous marl stone (Dyni, 1974, fig. 6).

Dyni (1981) and Dyni and Hawkins (1981) have sug

gested that this stratification type originated by

turbidite-type depositional processes.

The L-3 oil -shale zone exposed at the 2080

level is considerably different than the overlying

60 bed. The L-3 rock has a low kerogen content (44

to 87 1/mt), a very high dawsonite content (12 to

23 wt.%) and is well laminated (fig. 6). The

dawsonite generally occurs as microscopic acicular

crystals.

The exposed part of the L-3 oil-shale zone has

numerous closely-spaced partings and short (10 to

30 cm) vertical joints. The joints often have

infillings of black viscous organic material. The

60 bed is nearly free of joints and partings.

Broken pieces of the 60 bed exhibit a distinctive

conchoidal fracture which is common to rich oil

shales throughout the Parachute Creek Member.

2130 and 2230 Levels

The 2130 and 2230 levels and their associated

shaft stations were developed by MMC during 1980 and

1981 to provide access to the stope development area

(fig. 2). The levels are both positioned in the R-3

oil -shale zone. The levels were not located in

preference to any prominent nahcolite horizon,

although the R-3 E bed (fig. 6) is exposed in the

2230 level. Layouts of the 2130 and 2230 levels

parallel those of the 1840 and 2080 levels (figs. 2

and 7).

The 2130 level is about 1 m below the R-3 A

disseminated nahcolite horizon. Rocks in the drift

are nahcolitic oil shale characterized by indistinct

stratification (fiq. 6). Nahcolite consists of

disseminated crystals, compound crystals, nodules

and crystalline aggregate bodies. The nodules and

crystalline aggregates range in size from 2 to 50 cm

(maximum exposed dimension). Kerogen content of the

2130 drift rock averages about 104 1/mt.

The 2230 level is in high-grade (kerogen) nah

colitic oil shale near the base of the R-3 oil -shale

zone. The R-3 E nahcolite bed is exposed throughout

the level. This horizon averages about 70 wt.% nah

colite and consists of a matrix of densely dissemi

nated dark-brown granular nahcolite crystals with

stringers, thin beds and laminae of oil shale.

R-3 E bed shows considerable variations in thick

ness, ranging from 30 cm to 1 m. Rock above the

R-3 E is generally free of nahcolite and consists of

158 to 166 1/mt blebby oil shale. Rock below the

R-3 E bed is also usually free of nahcolite; it has

a kerogen content ranging from 129 to 137 1/mt.

Examination of both the 2130 and 2230 levels

reveals a low density of joints and partings. Map

ping indicates the dominant joint orientation is

about N70W. Joints are typically near vertical and

often have infillings of white secondary nahcolite.

24



Stope and R-3 Raise

The stope and R-3 raise penetrate the same

stratigraphic section (fig. 6) and will be discussed

together. Both excavations were developed by MMC to

provide large bulk samples of nahcolitic oil shale

from the R-3 zone, specifically the R-3 B, R-3 C and

Greeno (R-3 D) horizons. Development of the raise

was done in incremental lifts to specifically sample

the nahcolite-rich zones.

The rock matrix penetrated by the stope and R-3

raise represents one of the most nahcolitic parts of

the saline zone. Nahcolite is almost entirely the

disseminated type. Crystalline aggregate bodies and

individual disseminated crystals are volumetrically

the most abundant; nodules are subordinant. The

R-3 B horizon, which is about 2 m thick (fig. 6), is

composed mostly of crystalline aggregate bodies.

The R-3 C bed is about 5 m thick and has numerous

small disseminated nahcolite crystals and a

subordinant amount of nodules and crystal

aggregates. Greeno bed is composed entirely of

densely packed nahcolite crystals and is about 2 m

thick. Variations in nahcolite type in the R-3 A,

R-3 B, R-3 C and Greeno horizons are illustrated in

figure 10.

Oil shale and nahcolitic oil shale exposed in

the stope and R-3 raise intervals are characterized

by blebby and streaked stratification (fig. 6). In

horizons where the concentration of disseminated

nahcolite bodies is high, stratification is diffi-

CRYSTALS

\ GREENO AND TI BEDS

NODULES

cult to see. A distinctive sequence of very rich

(166 to 197 1/mt) blebby and streaked oil shale is

present in the lower 3 m of the stope/raise

interval, just above the 2230 level.

R-3 A Raise

The R-3 A raise was driven upward from the 2130

level for about 7.2 m to provide a representative

bulk sample of the R-3 A nahcolite horizon. Nahco

lite in the R-3 A is quite diverse. Nodules, crys

tal aggregates and single crystals are present in

roughly equal proportions (fig. 10). Several thin

beds of tan microcrystalline nahcolite are also

present. The nahcolite grade for the entire horizon

is about 31 wt.%.

The oil -shale host rock in the R-3 A raise is

indistinctly stratified (fig. 6) and has an average

grade of about 90 1/mt. Lack of stratification is

the result of the growth and development of the

numerous disseminated bodies of nahcolite which

characterize this horizon.

Greeno Sublevel

VOLUME %

CRYSTAL

AGGREGATES

The Greeno sublevel was developed off of the

R-3 raise to provide access to the Greeno nahcolite

bed, which represents the highest concentration of

nahcolite in the R-3 oil -shale zone (fig. 6). The

sublevel consists of two drifts at
90

to each

other: the first, which is 11.5 m long and connects

with the stope (fig. 7), and the second which is

20 m long. At the end of the second drift, a short

raise (110) was excavated to connect with the 2230

level about 9 m below (fig. 2).

Greeno bed is a very distinctive nahcolite bed

with a very high concentration of disseminated

nahcolite crystals (fig. 11). The crystals range in

size from less than 1 mm to about 5 mm and tend to

be equant and blocky in shape. Crystals are gener

ally separated from each other by a thin film of

kerogen or pyrite. The Greeno has a distinctive

dark-brown to brownish-black color, presumably due

to its relatively high kerogen content.

Figure 10. Textural variation of nahcolite in the

R-3 A, R-3 B, R-3 C, Greeno and

TI horizons.

Stratigraphic study of the Greeno bed shows a

crude internal stratification that is due to either

color variations, changes in nahcolite crystal size
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(mottling) or to the abundance of thin stringers or

laminae of oil shale (fig. 11). Stratigraphy of the

Greeno is uniform throughout the sublevel and where

it is exposed in the stope.

The Greeno bed is one of the richest nahcolite

horizons in the saline zone. At Horse Draw it has

an average nahcolite grade of about 76 wt.%. At

other locations in the basin, the grade may exceed

80 wt.% (Dyni, 1974). The kerogen content is also

unusually high, ranging from 50 to 80 1/mt. The

high relative concentrations of kerogen and nahco

lite suggest that very little other mineral matter

is present. X-ray diffraction analysis of the

Greeno indicates small amounts (1 to 5 wt.%) of

pyrite, quartz and dolomite-ankerite.

(figs. 2 and 7). The ramp is approximately 60 m

long and cuts stratigraphically through the lower

4 m of the R-2 oil -shale zone and the upper 6 m of

the L-2 oil-shale zone (fig. 6). At the bottom of

the ramp a horizontal sublevel (6 m long) was

developed in the TI bed.

Rocks transected by the ramp are nearly free of

nahcolite and are of two basic types. The first

type, found in the lower part of the R-3 oil -shale

zone, consists of very rich oil shale (129 to

181 1/mt, fig. 6) characterized by streaked bedding.

Below the R-3/L-2 contact the second type is

conspicuous. It consists of well -laminated lean

dawsonitic oil shale (60 to 120 1/mt). Dawsonite

content ranges from 10 to 20 wt.%.

L-2 A Ramp

The L-2 A ramp was developed downward (slope of

about 11) from the 2230 level to the TI (L-2 A)

nahcolite bed at the base of the L-2 oil -shale zone

Lean oil shale in the L-2 oil -shale zone above

the TI bed has a much higher than normal (for the

saline zone) concentration of partings and near-

vertical joints. Distribution is similar to that

exposed in the L-3 oil-shale zone on the 2080 level.
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Many of the fractures in the L-2 zone, when exposed

to the mine environment, yielded a clear to light-

brown viscous organic substance. On very fresh

exposures, small quantities of gas (methane?) were

observed escaping (bubbles) from the organic

matter.

The TI bed, which was bulk sampled at the base

of the ramp, is the lowermost nahcolite bed in the

saline zone. It averages about 2 m in thickness and

is similar compositional ly and texturally to the

Greeno bed (figs. 10 and 11). Like the Greeno, the

TI is composed of a dense intergrowth of small

blocky dark-colored nahcolite crystals and has a

crude internal stratification. The TI bed has a

slightly lower nahcolite content than the Greeno,

averaging 65 to 70 wt.%. Kerogen content of the TI

is relatively high and averages about 57 1/mt. The

TI bed does not contain the high density of joints

and partings abundant in the overlying lean oil

shale.
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TONGUES OF THE GREEN RIVER AND UINTA FORMATIONS

IN THE PICEANCE CREEK BASIN

John R. Donnell

Oil Shale Consultant

6035 South Milwaukee Way

Littleton, Colorado 80121

INTRODUCTION

Lake Uinta achieved its maximum extent during

the deposition of the Mahogany bed, the richest oil-

shale unit in the Mahogany zone. Filling of the

lake with stream-borne debris beqan immediately

after deposition of the Mahogany bed. The lake

gradually constricted from about 20,000 square miles

in areal extent to one approximately a tenth this

size just before its demise. This was accomplished

through many expansions and contractions of the lake

that are recorded as a series of tan, dominantly

clastic units alternating with light-gray to white

marlstone or oil-shale units. This intertonguing is

easily observed along the drainage of Piceance Creek

and Yellow Creek and is particularly well depicted

along the drainage of Big Duck Creek. Essentially

all lacustrine deposition in the Piceance Creek

Basin and the eastern part of the Uinta Basin ended

shortly after an extensive period of volcanism

resulted in the deposition, throughout the lake, of

a thick bed of volcanic ash locally called the

Porcupine Creek tuff.

In the Piceance Creek Basin in the area between

the Colorado and White Rivers, stream encroachment

into the lake began in the north and gradually

extended southward. The thickness of the interval

between the Mahogany zone and the lowest Uinta

tongue is shown on figure 1. This ranges in

thickness from 0 feet, just south of the White River

where Uinta tongues are developed in the upper part

of or just above the Mahogany zone, to more than 500

feet just north of the Colorado River where a

continuous sequence of oil shale above the Mahogany

zone contains no Uinta tongues.

Development of the Tonguing Concept

Thick zones of marlstone and oil shale form

prominent white bands on dominantly tan slopes along

Piceance Creek, Yellow Creek, and their

tributaries. These were thought, by early workers,

to be deposits formed in dying phases of Lake Uinta

resulting from lake rejuvenation following periods

of complete dessication. In the mapping of

structure in the basin, they were thought to be

parallel or subparallel to the Mahogany zone. The

recognition of these white bands as tongues of the

main body of the Green River Formation developed

through detailed geologic mapping on accurate

topographic base maps in conjunction with detailed

surface and subsurface stratigraphic studies.

Duncan, Hail, Pipiringos and O'Sullivan (1974) named

and described the characteristics of and the qeneral

areal extent of the Yellow Creek, Dry Fork, Thirteen

Mile Creek, and Black Sulfur tonques. These are the

conspicuous white bands that are well exposed in

much of the northern part of the Piceance Creek

Basin. Additional studies showed that, in various

parts of the basin, intertonguinq exists throuqhout

the entire sequence between upper part of the

Mahoqany zone and the beds just above the Porcupine

Creek tuff. The intertonquinq is diagrammatically

portrayed on figure 2. This shows the approximate

position in section of the major tonques with

relation to key horizons and zones in a histoqram of

a continuous sequence of oil shale from the

Trianqulation Station Shale corehole (C-37). Most

of the more prominent Green River tongues in the

interval between the Tgy (Yellow Creek) and the Tgsk

(Skinner Ridqe) have been either formally or

informally named in U.S. Geological Survey

publications. The tonques below the Yellow Creek

are informally named in this publication for ease of

discussion. The names of the tonques and their

letter designation, as shown on figure 2, are listed

below.

Tgsk - Green River Formation marlstone at Skinner

Ridge

Tgsl - Green River Formation marlstone at Sleepy

Ridge

Tgbr - Green River Formation marlstone at Barnes

Ridge

Tgs - Stewart Gulch tongue

Tgc - Cough Creek tongue

Tgb - Black Sulfur tongue

Tgt - Thirteen Mile Creek tongue

Tgd - Dry Fork tongue

Tgy - Yellow Creek tongue

Tgldu - Green River Formation marlstone at Little

Duck Creek
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Tgbdu - Green River Formation marlstone at Big

Duck Creek

Tgdu - Green River Formation marlstone at Duck

Creek

Tgwg - Green River Formation marlstone at Water

Gulch

Tggc - Green River Formation marlstone at Grease-

wood Creek

Tgcr - Green River Formation marlstone at Calamity

Ridge

Only the general equivalence of most of the Green

River tongues with specific oil -shale intervals on

the histogram of C-37 is intended. However, the

Thirteen Mile Creek tongue is generally regarded by

most workers to be the lateral equivalent of the

oil -shale zone containing the Big Three. As a

result of recent detailed mapping and stratigraphic

studies in the Sagebrush Hill and adjacent

quadrangles, the four lowermost tongues have been

tied accurately to the main body of the Green River

Formation as shown on figure 2.

The Green River tongues, where first separated

from the main body of the formation, are thick and

consist entirely of oil shale including some rich

beds. Farther to the north the tongues thin,

fragment into subtongues, lessen in organic content,

are diluted by fine-grained elastics, and gradually

become indistinguishable from the main body of the

Uinta Formation. This process is well illustrated

by the Tgdu tongue that is 15 to 20 feet thick and

contains three thin, rich to moderately rich oil-

shale beds in the southwest part of the Sagebrush

Hill Quadrangle. In the center of the Quadrangle, a

Uinta tongue has separated the Tgdu tongue into the

Tgldu and the Tgbdu subtongue with the upper, rich

bed in the Tgldu and the other two in the Tgbdu.

The Uinta tongue separating the Tgldu and the Tgbdu

thickens and coarsens, and the Green River sub-

tongues lessen in organic concentration to the north

and east. The changes are so great in such a short

distance that it is difficult to determine the true

relationship of the subtongues without physically

tracing the units or utilizing closely spaced

subsurface control .

The main body of the Uinta Formation consists,

in great part, of nonbedded to thick bedded poorly

sorted channel sandstones and flood plain

deposits. Close to their source the Uinta tongues

consist of poorly bedded sandstone and siltstone.

The lateral extension of these tongues in the

direction of the main body of the Green River

Formation change in composition to clastic wedges

with silt-sized grains that in great part consist
of

analcimized tuff. The southernmost vestiges of

these tongues are admixed with, and acquire a higher

percentage of barren marlstone and low-grade oil

shale and assume the general characteristics of the

main body of the Green River Formation. Although

the tongues of the Uinta Formation are equally as

important as those of the Green River Formation,

they have not been examined in as much detail. Thus

far the Uinta tongues have not received formal names

but have an alphabetic or numeric designation that

varies from quadrangle to quadrangle.

Geographic Distribution of Green River Tongues

The Green River tongues shown on figure 2 are

divided into three groups designated by separate

ruled patterns. These patterns, which are

duplicated on figure 3, show the general geographic

area in which each group is well developed and the

southern limit of each group. The unpatterned areas

north of the Colorado River, that are represented by

the histogram of C-37 (fig. 2), contain no

tongues. The 80 feet of oil shale at the top of the

histogram is an isolated pod underlying, at most, a

few square miles. The shale was deposited in a

local pond formed after complete dessi cation of the

Colorado portion of Lake Uinta.

The right diagonal-ruled pattern includes

tongues in the interval between the oil -shale beds

immediately overlying the Porcupine Creek tuff and

the top of the Big Three. This group extends only

as far south as the north half of T. 6 S. The

double diagonal-ruled pattern includes the tongues

in the interval between the top of the Big Three,

and the top of the interval designated by the Rio

Blanco Corporation as the R-8 zone. This group only

extends as far south as the northern two-thirds of

T. 2 S. on the west and the northern half of T. 3 S.

on the east. The left diagonal -ruled pattern

includes tongues in the interval between the R-8

zone of the Rio Blanco Corporation and Mahogany

marker, an analcimized tuff in the upper part of the

Mahogany zone. The line marking the southern limit

of this group trends irregularly eastward, generally

in T. 1 S., but dips down into the northern part of

T. 2 S. in Rs. 95 and 99 W. The irregularity of the

line in Tps. 1 and 2 S., R. 99 W. is in great part

the result of excellent surface exposures combined

with abundant subsurface data from holes drilled on
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and adjacent to Federal Oil -Shale Lease Tract C-a.

The Economic Aspects of Intertonguing

The interval between the top of the Mahogany

zone and the base of the lowest Uinta tongue is

contoured on figure 4. In the southern part of the

basin where there are no Uinta tongues, the

continuous section of oil shale above the Mahogany

zone is as thick as 500 feet. The part of this

interval that has the greatest economic potential is

between the top of the Mahogany zone and the Big

Three. This corresponds to the R-8 zone of

Chevron. Although there are a number of thin, rich

beds in the oil -shale section above the Big Three,

the average value of the section above is noticeably

less than that below. In an area about 10 miles

wide and 20 miles long, trending northwest from

Anvil Points, the richer part of the R-8 zone

averages more than 250 feet in thickness and

averages about 15 gallons of oil per ton. This,

combined with the underlying Mahogany zone, forms an

oil-shale unit that ranges in thickness from 325 to

440 feet and has an average value ranging between

17.8 and 19.4 gallons of oil per ton. Much of the

oil in this entire section may be recovered through

underground mining and surface retorting the richer

oil shale in the Mahogany zone to create void space,

then fragmenting, and in-situ retorting the

overlying R-8 zone.

The optimum area for initiating a surface

mining, surface retorting, oil -shale industry is

just east of and parallel to the Cathedral Bluffs in

Tps. 1, 2, and 3 S. Uinta tongues in Tps. 2 and 3

S. are restricted mostly to the upper and middle

part of the section overlying the Mahogany zone. In

this area, much of the 200 to 300 feet of overburden

overlying the Mahogany zone is moderate-grade oil

shale that may be blended with the underlying rich

oil shale for retort feed. Uinta tongues are lower

in section in T. IS. This restricts the section

above the Mahogany that may be blended for retort

feed to the R-8 zone of the Rio Blanco Corporation,

which consists of a zone less than 100 feet thick.

If the pit were initiated in T. 2 S. and advanced

directly east to Piceance Creek, at least 200 feet

of the overburden on the Mahogany is oil shale free

of Uinta tongues and may be blended and utilized as

retort feed. In most of this area, the retort feed

from a mining zone 1,200 feet thick will average

more than 20 gallons of oil per ton. The waste to

ore ratio averages less than one to one.

The Effect of Uinta Tongues on the Hydrology

of the Piceance Creek Basin

Sandstones and siltstones of the Uinta

Formation constitute the major part of the

overburden above the Mahogany zone in the basin. It

is generally believed that permeability is poor in

the Uinta Formation; however, core from the

formation readily absorbs water when wet. The

majority of springs in the southern part of the

basin, in the Roan and Parachute Creek drainages,

head at the contact between the Uinta and Green

River Formations. Many of the springs in the

northern part of the basin are at the contact of a

Uinta tongue with an underlying Green River

tongue. The main conduits for the transport of

ground water in the basin are undoubtedly the normal

faults and the complex system of vertical or near

vertical fractures. However, the extensive

intertonguing of the Uinta Formation with the Green

River Formation may furnish a horizontal component

to the general vertical migration of ground water

through the Green River Formation.

The surface installations for the modified in-

situ operations on tract C-a are constructed on the

Yellow Creek tongue. The lowermost 25 to 30 feet of

the tongue consists of the Four Senators that in a

large area are considered as aquitards. However,

underlying the modified in-situ site and most of the

lease tract, three Uinta tongues are within the

interval between the Mahogany zone and the base of

the Four Senators. The uppermost and most

significant of these attains thickness of 25 feet

and directly underlies the Four Senators. These

tongues may contribute considerable quantities of

water to any surface mining pit that may be

developed on the tract.

The Black Sulfur and Cough Creek tongues of the

Green River Formation and the intervening Uinta

tongue (Duncan, 1976) crop out on and adjacent to

lease tract C-b; the Thirteen Mile Creek tongue

underlies the northern part of the tract. The upper

part of the shafts developed for modified in-situ

retorting on the tract, penetrated and probably

acquired water from the Uinta tongues separating the

Green River tongues. The well -developed siltstone

unit beneath the Four Senators, on C-a, has graded

laterally in the area of C-b into low-grade oil

shale, indistinguishable from the overlying and

underlying Green River shales. However, these

shales that are the lateral extension of a Uinta
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tongue, are more heavily fractured than the adjacent

oil shales because of their lower concentration of

organic matter and greater mineral content. This

zone is probably one of the aquifers above the

Mahogany zone on tract C-b.

DISCUSSION

Lake Uinta began to recede after deposition of

the Mahogany bed. This was accomplished through a

series of expansions and contractions, that are

represented in the sedimentary record, by

alternating tongues of the Green River and Uinta

Formations. In the area that the lake last occupied

in the southern part of the Piceance Creek Basin, a

500-foot -thick sequence of oil shale overlies the

Mahogany zone. North of this, clastic tongues of

Uinta Formation are interspersed with the oil shale

of the Green River Formation. The Uinta tongues are

high in section in the upper reaches of the Roan and

Parachute Creek drainages. They occur progressively

lower in section in the northern part of the

basin. A large potential moderate-grade oil-shale

resource exists in the section above the Mahogany

zone, in areas free of Uinta tongues. The thickness

of recoverable oil shale above the Mahogany thins to

zero in the area just south of the White River. The

Uinta tongues and their lateral equivalents of

highly fractured, low-grade oil may be aquifers

adding a horizontal component to the dominantly

vertical hydrologic system. The publications in the

list of references include names and descriptions of

many of the Green River tongues and give an

indication of the areal distribution of some of the

tongues.
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ABSTRACT

Oil-yield data from 80 coreholes sampling oil

shales of the Green River Formation in the eastern

Uinta Basin were compiled and correlated to produce

a comprehensive evaluation of Utah's principal

oil-shale resources. Seven time-stratigraphic re

source units previously defined for the Piceance

Creek Basin were identified and evaluated. Evalua

tion of contour maps showing oil-shale thickness,

richness, and in-place oil resources indicates a

resource of 154 billion barrels (24.4 x
I09

m3) of

shale oil in the 950-sq. mi. (2450 km2) area re

presented by core data. More than one-third of

this resource occurs in the Mahogany zone in sec

tions exceeding 100,000 barrels per acre (39,000

m3/hectare). Additional rich resources of 12 billion

barrels (1.9 x
109

m3) are probably present

adjacent to the cored area.

INTRODUCTION

Oil shales of the Eocene Green River Formation

have been investigated by Federal and other

agencies for more than 60 years, yet a definitive

shale-oil resource evaluation for Utah's Uinta Basin

has not been previously available. Fischer assay

oil-yield data and histogram plots of Utah samples

were published as part of the Bureau of
Mines'

Report of Investigation series on oil yields of sec

tions of Green River oil shales (Stanfield and others

1954 and 1964), and Cashion (1967) used the

Bureau's data to make resource estimates for the

southeastern part of the Uinta Basin. However,

accurate measurement of oil-shale richness and

detailed definition of stratigraphic distribution were

hampered by a paucity of core data over most of

the basin. In recent years coring by industry and

government has, to some extent, filled the informa

tion gap. Most of the coring has been in the

portion of the basin east of the Green River, where

the principal oil-shale resources are found.

In its entirety, the area of the Uinta Basin

underlain by the Green River Formation (figure 1)

is roughly 120 miles (193 km) long, east-west, and

90 miles (145 km) wide, north-south, covering

about 6500 square miles (16,800 km2). For the area

of the basin east of the Green River (roughly 2900

square miles or 7500 km2) oil-yield data is available

from 79 coreholes representing an area of about 950

square miles (2450 km2). Most of these coreholes

are located within 10 miles (16 km) of the southeast

and east oil-shale outcrops. Only 13 cores of

limited stratigraphic extent are available from the

remaining sixty percent of the basin west of the

Green River.

In 1972 Smith, Trudell, and Robb described in

detail the oil yields and characteristics of the Green

River Formation in a long, relatively deep core

drilled in sec 36, T9S R20E to sample essentially all

of the formation's oil shales. Dana and others

(1980) used oil-yield and lithologic data from 22

coreholes and 18 wells to evaluate shallow oil-shale

resources along the southeast margin of the Uinta

Basin. In preparation of this more complete re

source evaluation, oil-yield data from 80 coreholes

were compiled and evaluated (figure 2). U.S.

Department of Energy, Laramie Energy Technology

Center's Report of Investigation 82/4(in prepara

tion) will contain detailed tables, maps and cross

sections fully describing the oil-shale resources in

the eastern part of the Uinta Basin. This report

summarizes the data from R I -82/4.

RESOURCE EVALUATION PROCEDURES

Data Base

Fischer assay data from the 80 coreholes shown

on figure 2 form the primary data base for evaluat

ing the Uinta Basin's Green River Formation
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Figure 1. Map of the Green River Formation showing outline of principal

oil-shale resource area in the Uinta Basin.
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oil-shale resource. Names, locations, and elevations

of the 80 coreholes are tabulated in R I -82/4. Most

of the assays were performed by LETC using ASTM

method D3904-80. However, samples from four of

the cores were assayed by other laboratories. For

stratigraphic correlation the oil yields for each

corehole were plotted as bar graphs, or histograms,

illustrating the vertical sequence of oil yields with

depth. Additional data used for stratigraphic

correlations include drill hole geophysical logs from

oil and gas test wells, lithologic descriptions from

some of the cores, and Fischer assay oil yields of

drill-cutting samples from numerous wells.

Stratigraphic Correlations and Resource Units

Interpretation of the geographic and strati

graphic distribution and variability of an oil-shale

resource requires precise definition of comparable

sections across the deposit. The time-stratigraphic

correlation concept developed for the Piceance

Creek Basin by Trudell, Beard, and Smith (1970)

applies equally well to oil shales of the Green River

Formation in the Uinta Basin. In fact, the oil-shale

resource sections previously defined for the Pice

ance Creek Basin (Smith and others, 1978) are

readily applicable to oil shales in eastern Utah.

Oil-yield histograms showing the vertical distribu

tion of oil-shale richness with depth express corre

ctable time sequences and any line connecting

equivalent points in a distinctive richness sequence

is a time line. The lines bounding the oil-shale

resource units defined for the Piceance Basin and

herein applied to the Uinta Basin are time lines

enclosing rock sections which are directly compar

able across the Uinta and Piceance Creek Basins.

RIE R2E RI9E R24E R25E RI04W RI03W RI02W

RI04W RI03W

Figure 2. Map of eastern Uinta Basin showing coreholes and selected

drill holes penetrating the Green River Formation.
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Rocks within a resource unit were everywhere

deposited during the same time period.

Seven oil-shale resource units are identified on

the west-east correlation cross section, figure 3.

From bottom to top they are Unit L1 , the Mahogany

zone, and Units I through V. The stratigraphically

defined "rich zone", including the richest oil-shale

section in the Mahogany zone, is indicated on figure

3. Also shown are two barren zones, A-groove and

B-groove, which respectively form the upper and

lower boundaries of the Mahogany zone. By corre

lating these ten units in each of the 80 coreholes,

comparable resource data is defined across the

eastern part of the Uinta Basin.

Corehole Unit Calculations

The oil-shale resource units shown on figure 3

were identified in each of the 80 cores where they

were present. Few coreholes produced samples

representing all of the units. The data from each

corehole was tabulated as illustrated in Table 1.

The depth of the top and bottom of each unit and

the thickness are recorded, in feet, for each core.

Average oil yields, in gallons per ton, were com

puted by the LETC procedure that compensates for

density differences in oil shale (Stanfield and

others, 1957 and 1960). In-place oil resource

values are given in barrels of shale oil per acre.

These oil-shale resource data were accumulated

in English units and are reported in these units.

Conversion factors useful for expressing these

results in metric units are: 1 foot =
.3048 meter; 1

acre = 0.4047 hectare; 1 gallon per ton = 4.17

liter/tonne or approximately 3.45 kg/tonne; 1 barrel

= 0.159 cubic meters or approximately 0.145 tonne;

1 barrel per acre = 0.3928 cubic meter/hectare or

approximately 0.36 tonne/hectare.

R25E RI04VV RI03W RI02W

Figure 4. Mahogany zone thickness contours.
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Contour Maps and Resource Calculations

The next step in this resource evaluation was

the construction of contour maps from the tabulated

data. Thickness, average oil yield, and in-place

shale-oil resource contours, illustrated for the

Mahogany zone and the rich zone on figures 4-9,

were drawn to define the geographic variability of

these resource units. Similar maps were con

structed for resource units L1 and I through V

(Trudell and others, 1982). The thickness of

A-Groove and B-Groove were also contoured. The

unit maps show the locations of coreholes and wells

contributing contoured data. Only core data was

used for oil-yield and resource contouring, while

thicknesses were determined from correlation of

both corehole histograms and borehole sonic logs

(figure 3). The area of measured core resource

data is bounded by a heavy line on the resource

contour maps, figures 6 and 9. Essentially no

quantitative oil-yield data from cores is available

outside this line. Figures 4 through 9 also show a

sawtooth line symbol indicating the approximate limit

of the continuous resource unit. Outside this limit

the continuity of the oil-shale in the unit is inter

rupted by one or more barren interval, at least 25

feet thick and yielding less than 5 gallons of oil per

ton (Smith and others, 1978). The outcrop line

shown on the maps is for the Mahogany bed, the

richest and most prominent oil-shale ledge in the

rich section of the Mahogany zone. Finally, to

summarize the resource data contained on the con

tour maps, areas were measured by planimetry on a

computerized digitizing board. Areas between

contour lines, and bounded by the Mahogany bed

outcrop and the "limit of measured
resource,"

indicated by the heavy line on figures 6 and 9,

were measured. These are the
"measured"

areas

listed in table 2 and discussed below.

RESOURCE EVALUATION

The resource evaluation procedures described

above were used to calculate the oil-shale unit

RIE R2E RI9E R25E RI04W RIQ3W RIQ2W

"Rbe

Figure 5. Mahogany zone average oil yield contours. ?
i"
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resources summarized in table 2. These values

represent the "measured"
resources within the

planimetered area of core oil-yield data for each

unit. The grand total in-place resource calculated

for all units is 154 billion barrels (24.5 x
109

m3)

of shale oil. Of this total
"measured"

resource, the

Mahogany zone accounts for 35.6%, or 54.9 billion

barrels (8.7 x
109

m3). As shown on figure 4, the

thickness of the Mahogany zone ranges from about

60 feet (18.3m) to 140 feet (42.7m). The thickening

into the basin axis around T9S, R23E appears to

reflect additional organic deposition, while thicken

ing to the southwest and west is the result of

additional clastic influx. Average oil-yields (figure

5) vary from about 8 gallons per ton (33 1/tonne)

at the southwest margin to 24 gallons per ton (100

1/tonne) near the axis. Eighty-six percent of the

431,000-acre (174,000 hectares) planimetered

resource area of the Mahogany zone has average

oil-yields greater than 14 gallons per ton (58

1/tonne) and about half exceeds 20 gallons per ton

(83 1/tonne) (figure 5). Over all its cored area

east of the Green River, the Mahogany zone

exceeds 100 thousand barrels of shale oil per acre

(39,000 m3/hectare) (figure 6) and near the basin

axis resources are greater than 180,000 bbl/acre

(71,000 m3/hectare). Contour maps for the Mahog

any zone (figure 4-6) indicate a resource maximum

around the depositional center in T9S, Rs22-24E.

Although core data is not presently available for

this area, it would appear conservative to estimate

the existance of 70,000 acres (28,000 hectares) of

Mahogany zone yielding 180,000 bbl/acre (71,000

m3/hactare), or an additional resource of 12.6

billion barrels, making the grand total resource

approximately 167 billion barrels (26.5 x
109

m3).

This is about 40 percent as large as the resource

calculated for the Mahogany zone and Units l-V in

the Piceance Creek Basin (Smith and others, 1978).

The "rich
zone"

of the Mahogany zone contains

nearly 41 billion barrels (6.5 x
109

m3) of in-place

shale oil, or 26.6% of the total
"measured"

resource

in the eastern Uinta Basin. Across its cored area

RIE R2E RI9E R25E RI04W RI03VV RI02W

Figure 6. Mahogany zone shale-oil resource contours.
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Table 2, In-place shale-oil resources in the eastern Uinta Basin by resource level and oil -shale unit.

Numbers are for the area of measured resource.

OIL SHALE UNIT

Resource LI Mahoqany Zone Rich Zone I

contour Area Resource Area Resource Area Resource Area Resource

interval , 1000 % 109bbl 1000 % 109bbl 1000 % 109bbl 1000 % 109bbl

1000 bbl/acre acres acres

9.3

acres acres

180-190 2.2 1.72

170-180 20.4 4.7 3.57

160-170 19.1 4.4 3.15

150-160 20.3 4.7 3.15

140-150 29.5 6.8 4.28

130-140 29.6 6.9 4.00

120-130 64.5 15.0 8.06

110-120 195.0 45.2 22.40

100-110 43.5 10.1 4.57 23.8 3.9 2.50

90-100 41.9 6.9 3.98 5.5 1.2 .52

80-90 52.2 8.6 4.44 31.9 6.8 2.71

70-80 35.6 8.1 2.67 115.0 19.0 8.62 44.8 9.5 3.36

60-70 39.1 8.9 2.54 178.0 29.2 11.60 41.0 8.7 2.66

50-60 93.6 21.5 5.15 98.5 16.3 5.42 39.8 8.5 2.19

40-50 90.0 20.5 4.05 97.6 16.1 4.39 111.0 23.6 5.00

30-40 74.3 17.0 2.60 174.0 36.8 6.09

20-30 76.3 17.4 1.91 23.1 4.9 .58

^20 29.1 6.6 .29

TOTAL 438 100 19.21 431 100 54.90 605 100 40.95 471 100 23.11

OIL SHALE UNIT

Resource II III IV V

contour Area Resource Area Resource Area Resource Area Resource

interval , 1000 % 109bbl 1000 % 109bbl 1000 % 109bbl 1000 % 109bbl

1000 bbl/acre acres

6.6

acres acres acres

100-110 2.3 .70

90-100 34.7 12.1 3.30 10.5 4.6 1.00

80-90 48.8 17.1 4.15 .7 .3 .06 24.7 10.8 2.10

70-80 44.2 15.5 3.32 63.3 24.7 4.75 74.8 32.8 5.61

60-70 43.0 15.0 2.80 76.2 29.7 4.95 61.1 26.8 3.97 30.9 21.7 2.01

50-60 36.2 12.7 1.99 56.1 21.9 3.09 40.6 17.8 2.23 67.2 47.3 3.70

40-50 52.2 18.3 2.35 32.1 12.5 1.44 16.5 7.2 .74 19.4 13.7 .87

30-40 20.1 7.0 .70 27.9 10.9 .56 12.5 8.8 .44

20-30 12.1 8.5 .18

TOTAL 286 100 19.31 256 100 14.85 228 100 15.56 142 100 7.20

GRAND TOTAL: 154 billion ba rrels
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Figure 7. Rich zone thickness contours.

of 605,000 acres (245,000 hectares) the rich zone

thickness ranges from about 30 to 50 feet (9 to 15

m) (figure 7), with average oil yields in the range

of 20 to 34 gallons per ton (83 to 142 l/tonne)

(figure 8). In 64% of its area the the rich zone

averages better than 24 gallons per ton (100

l/tonne) and 42% averages more than 30 gallons per

ton (125 l/tonne). An additional 70,000 acres

(28,000 hectare) of rich resources probably exists

in the depositional center of the basin, north of the

cored area. At a conservative estimate of 100,000

barrels per acre (39,000 m3/hectare) this would

represent an additional 7 billion barrels (1.1 x
109

m3) in the rich zone resource. (This 7 billion

barrels cannot be added to the grand total because

it is already counted in the additional resource

estimated for the Mahogany zone.)

Detailed oil-shale resource data for Units L1

and I through V will be presented on contour maps

and tables in LETC/RI-82/4. Available cores indi

cate substantial areas averaging 10 to 14 gallons

per ton (42 to 58 l/tonne) in all of the units except

IV and V. The total in-place shale oil resource in

units outside the Mahogany zone is 98.2 billion

barrels (15.6 x
109

m3). Additional resources are

undoubtedly present north of the cored area.

However, clastic incursions into these units limit

the extent and magnitude of their resources.

CONCLUSIONS

Evaluation of cores in the eastern part of

Utah's Uinta Basin indicate substantial oil-shale

resources in sections up to 700 feet (213 m) thick.

Total shale-oil resource in the 950-square-mile (2450

km2) area represented by core data is calculated as

154 billion barrels (24.4 x
109

m3). More than

one-third of the resource is contained in the Ma

hogany zone in oil-shale sections exceeding 100,000

barrels per acre (39,000 m3/hectare). Geologic

evidence suggests additional rich resources in the
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Figure 8. Rich zone average oil yield contours.

Mahogany zone north of the area of core data,

probably exceeding 12 billion barrels.
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ABSTRACT

Solid state nuclear magnetic resonance tech

niques were used to measure the fraction of alipha

tic carbon in oil shales from United States deposits,

ranging in age from Ordovician to Tertiary. The

aliphatic carbon fraction was shown to correlate

with the fraction of organic matter converted to

oil during Fischer assay. The fraction of organic

matter convertible to oil is a primary factor in

evaluating the developability of an oil shale

resource. Nuclear magnetic resonance determines

this in a nondestructive, easily interpreted bulk

analysis of the whole rock.

INTRODUCTION

For an oil shale formation to be a developable

oil resource, two factors are vitally important:

1) how much organic matter exists in the formation,

and 2) how much of the organic matter can convert

to oil. The first factor relates to the total

quantity of organic matter in the sediment, while

the second factor relates to the quality of the

organic matter. In this paper we report the use of

nuclear magnetic resonance (NMR) to measure the

quality of the organic matter in United States oil

shale deposits. The solid state 13C NMR measurements

of cross polarization with magic angle spinning

provide a direct, nondestructive measurement of the

aliphatic and aromatic carbon fractions in an oil

shale. Such measurements provide a direct assessment

of the oil producing characteristics of oil shales

(Maciel et al . 1978, 1979; Miknis et al. 1979,

1982; Miknis and Maciel, 1981). Thus an NMR mea

surement on a single representative sample (even a

near surface sample) from a formation quickly types

the organic matter in the formation for its ability

to produce oil, independent of the total quantity

of organic matter in the sample.

Quantity of organic matter in an oil shale

sample can be easily assessed by determining the

weight percent of organic
carbon using standard

combustion techniques. However, organic carbon

alone is not sufficient to assess the oil potential

of an oil shale, or the potential production of an

oil shale deposit. The chemical nature of the

organic matter (i.e. its quality) is also important

for resource assessment. The importance of oil

shale quality is easily demonstrated by considering

that for an equivalent amount of carbon an oil

shale from Colorado produces about twice as much

shale oil during Fischer assay than does an oil

shale from Kentucky.

NATURE OF ORGANIC MATTER IN U.S. OIL SHALES

Recently Smith (1981) reviewed the oil shale

resources of the United States with regard to their

potential as future sources of synthetic fuels.

The major U.S. depositsthe Eocene Green River

Formation, the midcontinent Devonian black shales,

and the Permian Phosphoria Formation were described

individually. Potential oil resources were esti

mated for these deposits. Other lesser-known shale

deposits were briefly described according to the

age of the deposit and whatever information (thick

ness of deposit, assay oil yields, etc.) was avail

able for these deposits. This paper represents an

extension of the report of Smith by reporting the

use of solid state 13C nuclear magnetic resonance

(NMR) measurements to determine the nature of the

organic matter in U.S. oil shale deposits.

About 20 percent of the area of the United

States is underlain by organic bearing sedimentary

rocks that fit the oil shale classification. The

ages of these deposits range from the Ordovician to

the Tertiary geologic periods. Figure 1 shows the

geographic distribution of many of these deposits

and their geologic ages. Deposits exist which are

not shown on this map. Some shales from deposits

not shown in Fig. 1 are included in this report.

Table 1 lists the oil shales by their geologic

period, state, formation name, type of depositional

environment, fraction of aliphatic carbon and
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FIGURE 1. OIL SHALE DEPOSITS OF THE UNITED STATES(from Smith 1981)

fraction of organic carbon converted to shale oil

during Fischer assay. The fraction of aliphatic

carbon was determined as the ratio of the area of

the aliphatic carbon NMR band to the total area of

the NMR spectrum.

The fraction of organic carbon converted to

oil was determined as the ratio of the grams of

carbon in the Fischer assay oil to the grams of

organic carbon in the oil shale. In all cases the

shale oils were assumed to contain 85 weight percent

carbon. Multiplication of the weight percent

Fischer assay oil by 85 then gives the grams of

carbon in the shale oil.

The oil shales studied in this survey ranged

in age from the Ordovician to the Tertiary geologic

period. The oil shales are grouped on the basis of

their geologic age rather than their geographic

location. In all cases, we have assumed that the

organic matter in the samples we've studied is

representative of the majority of the organic

matter in the sediment. For samples in which oil

yields and NMR measurements were made on the same

samples, direct comparisons of the oil shale's

quality and its efficiency of carbon conversion can

be made. Thorough discussions on the geologic and

depositional history of the deposits, or the type

of source material inputs (terrestrial versus

aquatic) are beyond the scope of this survey.

Ordovician Oil Shales

Ordovician oil shales from the Nevada Vinini

Formation (Fig. 1) and the Guttenburg Formation

(Decorah subgroup) in Illinois and Wisconsin (Fig.

1) are included in this survey. The Vinini For

mation samples are considered to be low maturity,

marine oil shales (F. G. Poole, private comm. ,

Nolan, et al . , 1956, 1971). The Guttenburg Forma

tion shales occur as partings in limestone deposits

in Illinois and Wisconsin. Oil yields as high as

80L/T have been reported for these shales. Descrip-
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TABLE 1. UNITED STATES OIL SHALES, THEIR ALIPHATIC CARBON

FRACTION AND FRACTION OF CARBON CONVERTED TO OIL

Geologic

Period State Formation

Depositional

Environment

Aliphatic

Carbon

Carbon Con

verted to Oil

Ordovician Illinois Guttenburg Marine 0.65 0.46

Wisconsin Guttenburg Marine 0.67
(0.51)*

Nevada Vinini Marine 0.58 0.39

Nevada Vinini Marine 0.54 0.30

Devonian Kentucky New Albany Marine 0.46 0.29

Michigan Antrim Marine 0.50 0.34

Tennessee Chattanooga Marine 0.51
(0.29)*

Nevada Woodruff Marine 0.54 0.35

Mississippian Kentucky Sunbury Marine 0.55 0.30

Montana Heath Marine 0.50 0.25

N. Dakota Bakken Marine 0.43
(0.18)*

N. Dakota Bakken Marine 0.33
(0.04)*

N. Dakota Bakken Marine 0.38
(0.11)*

Pennsylvanian Kansas Eudora Marine 0.54 0.26

Kansas Little Osage Marine 0.48 0.21

S. Dakota Minnelusa Marine 0.55
(0.34)*

Permian Idaho Phosphoria Marine 0.26 (0.00)*

Idaho Phosphoria Marine 0.27 (0.00)*

Montana Phosphoria Marine 0.65 0.56

Montana Phosphoria Marine 0.61 (0.43)*

Triassic Alaska Chandelar Marine 0.79 0.74

Alaska Chandelar Marine 0.74 0.64

Alaska Tiglukpuk Marine 0.84 0.81

Tertiary Colorado Green River Lacustrine 0.80 0.71

Colorado Green River Lacustrine 0.80 0.69

Colorado Green River Lacustrine 0.78 0.63

Montana Horse Prairie Lacustrine 0.60 (0.41)*

Montana Kishenehn Lacustrine 0.75 0.58

Nevada Elko Lacustrine 0.77 0.52

Oregon Wasson Lacustrine 0.79 (0.67)*

Wyoming Green River Lacustrine 0.79 0.64

Wyomi ng Tatman Lacustrine 0.73 (0.59)*

Wyoming Wagon Bed Lacustrine 0.79 0.65

Wyoming Wind River Lacustrine 0.59
(0.40)*

Wyoming Wind River Lacustrine 0.46
(0.22)*

* numbers in parenthesis were calculated from the correlation equation,

f = 1.37 f
-,

- 0.41
conv al
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tions of the Guttenburg shales are given by Lamar,

et al. (1956).

NMR spectra of the Ordovician shales are shown

in Fig. 2. The NMR spectra of Fig. 2 are typical

of the type of spectra usually obtained for oil

shales (i.e., resolution of organic carbons assoc

iated with aliphatic and aromatic chemical struc

tures). The NMR resonances are referenced in ppm,

relative to an internal standard whose reference is

0 ppm. Aliphatic carbon structures include straight

and branched chain, and saturated cyclic struc

tures, while the aromatic groups include aromatic

ring carbon structures. Olefinic carbons, if

present, would also appear in the aromatic carbon

region. Resonances due to carbonyl carbons (car-

boxylic acids, esters, ketones and aldehydes) may

also appear in the aromatic region in the range

170-215 ppm. Similarly aliphatic ether and alcohol

carbons would appear in the region between 50 and

100 ppm.

For some NMR spectra that are shown in this

report, there is signal intensity in the region

between the aliphatic and aromatic bands. This may

be due to alcohol and ether types of carbon struc

tures, or to line broadening caused by paramagnetic

centers (organic or inorganic). For oil producing

characteristics of oil shales, however, the aliphatic

and aromatic bands are sufficient to describe the

oil potential of oil shales.

From the NMR spectra in Fig. 2, the Vinini and

Guttenburg shales both contain a substantial frac

tion of aliphatic carbon, despite their geologic

age. This means that a substantial fraction of the

organic matter in these shales can be converted to

shale liquids. Evidently during their 450 million

year history, neither formation was buried suffic

iently to cause extensive thermal alteration of the

organic matter in these sediments. The Guttenburg

shales, having the higher aliphatic carbon fraction

than the Vinini shales, show a higher carbon recovery

in the liquids.

Ordovician Oil Shales

Wisconsin

Guttenburg

Illinois

Guttenburg

Nevada

Vinini

Nevada

Vinini

300 200 100 0 ppm

Aromatic Aliphatic

Fraction of

Aliphatic

Carbon

Carbon

Converted

0.67

0.65

0.58

0.54

0.46

0.39

0.30

Carbon Carbon

FIGURE 2. SOLID STATE 13C NMR SPECTRA OF ORDOVICIAN OIL SHALES
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Devonian Oil Shales

Devonian oil shales of marine origin occur

extensively throughout the eastern part of the

United States (Fig. 1). The best known examples

are the black shales in Tennessee, Kentucky, Indiana,

Michigan and Illinois. The Devonian black shales

in this part of the United States have been summa

rized (Smith 1981; Janka 1980). The extent of

these shales (nearly 648,000 sq km) makes them a

sizeable resource of potential oil. Additional

Devonian oil shales of marine origin exist in Idaho

and Nevada (Smith 1981). Devonian shales from

Kentucky, Michigan, Tennessee and Nevada are included

in this survey.

NMR spectra of some Devonian oil shales are

shown in Fig. 3. The Devonian shales examined were

typically high in organic carbon (9-15%). A charac

teristic of these shales seems to be their poor

conversion to oil, relative to their organic carbon

contents (Table I and Fig. 3). The organic carbon

distribution, as shown by NMR, reflects the low oil

yields obtained by Fischer assay. The Devonian

shales show considerable aromatic carbon in their

organic matter. Because aromatic carbons are

hydrogen deficient, they do not readily convert to

liquids under pyrolysis. Typical carbon recoveries

for Devonian shales are 30-40%, while the aliphatic

carbon fraction ranges from 0.54 to 0.46. The

Devonian sample from Nevada shows a
"narrower"

aliphatic band than its eastern counterparts.

Possible reasons for the narrower aliphatic band

are discussed in the section on Tertiary oil shales.

Mississippian Oil Shales

Mississippian oil shales occur with the Devon

ian deposits of the eastern shales. In addition,

Mississippian shales exist in Montana and North

Dakota (Fig. 1). The Heath Formation in Montana is

a metal-rich marine shale and is part of Montana's

Big Snowy Group (Desborough et al . 1981). Total

organic matter in these shales is relatively high

although carbon recovery in oil is low. The Bakken

Formation in the Williston Basin of North Dakota is

also a marine shale. These shales are thought to

be the source rock for the Type II Madison reservoir

crude oils (Dow 1974; Williams 1974). Organic

carbon contents in Bakken shales can be quite high.

NMR spectra of the Mississippian oil shales

Devonian Oil Shales

Kentucky
New Albany

Michigan

Antrim

Tennesse

Chattanooga

Nevada

Woodruff

300 200 100 0 ppm

Aromatic Aliphatic

Carbon Carbon

Fraction of

Aliphatic

Carbon

Carbon

Converted

0.46

0.50

0.51

0.54

0.29

0.34

0.35

FIGURE 3. SOLID STATE 13C NMR SPECTRA OF DEVONIAN OIL SHALES
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are shown in Fig. 4. These shales, like the Devon

ian shales, show a high degree of aromatic character,

which is reflected in their low fraction of carbon

converted to oil. The spectrum of the Heath For

mation sample also shows some evidence of carbonyl

carbons in the region near 170 ppm. As noted

earlier, lack of baseline resolution between the

aromatic and aliphatic regions could be due to line

broadening, due to paramagnetic impurities, or to

carbon types attributable to carbohydrate types of

chemical structures. The Bakken Formation samples

show the least aliphatic carbon fractions. These

samples were taken from depths between 10,000 ft.

and 11,000 ft. from locations in the Williston

Basin. Their lower aliphatic carbon fraction at

these depths of burial probably reflects partial

conversion to oil in place. Depth of burial effects

are discussed in the section on Permian oil shales.

Pennsylvanian Oil Shales

Mississippian

Oil Shales

Kentucky

Sunbury

Montana

Heath

N. Dakota

Bakken

N. Dakota

Bakken

Pennsylvanian oil shales occur in scattered

places throughout the United States. Many of these

shales occur in thin seams in the coal beds formed

during that time. Pennsylvanian oil shales from

the Minnelusa Formation in South Dakota and the

Eudora and Little Osage shale groups of Kansas are

included in this survey. Kansas oil shales have

been described by Runnels et al (1952). The NMR

spectra of Pennsylvanianshales are shown in Fig. 5.

These spectra, just as the Devonian and Missis

sippian shales, are typical of organic matter

having low carbon conversion to oil due to a high

aromatic carbon fraction.

Permian Oil Shales

The most notable Permian oil shale deposit in

the United States is the Phosphoria Formation (Fig.

1). The geochemistry of the Phosphoria has been

described by Claypool et al . (1978). The oil

shales of the Phosphoria are believed to be the

Fraction of

Aliphatic

Carbon

Carbon

Converted

0.55 0.30

0.50 0.25

0.43

0.33

300 200 100 0 ppm

Aromatic Aliphatic

Carbon Carbon

FIGURE 4. SOLID STATE 13c NMR SPECTRA OF MISSISSIPPIAN OIL SHALES
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Pennsylvanian

Oil Shales
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Eudora

Kansas

Little Osage

S. Dakota

Minnelusa

Fraction of

Aliphatic

Carbon

Carbon

Converted

0.54

0.48

0.55

0.26

0.21

300 200 100 0 ppm

Aromatic Aliphatic

Carbon Carbon

FIGURE 5. SOLID STATE
13,

source of much of the oil found in Paleozoic rocks

in the northern and central Rocky Mountain region.

The Phosphoria Formation consists of two basic

shale members, the Retort Member and the Meade Peak

Member. Geologic evidence (Claypool, et al , 1978;

Maughan, 1979) indicates that the Meade Peak Member

became more deeply buried during the Jurassic due

to the tectonic overthrusting that occurred during

that period. The retort member was not buried so

deeply and did not undergo appreciable thermal

alteration.

NMR spectra for samples from both members of

the Phosphoria Formation are shown in Fig. 6.

Major differences appear in the organic carbon

distribution for these samples. The Retort Member

shales show a high fraction of aliphatic carbon and

have relatively high potential for conversion to

liquids. Claypool, et al. (1978) report a 66

percent conversion for these shales, which under

our assumption of 85 percent carbon in the oil,

translates into a 56 percent carbon recovery. The

Meade Peak Member shales, on the other hand, show

little aliphatic carbon, and hence have a poor

carbon recovery. The NMR spectra support the view

of Claypool et al., (1978) that samples from the

Meade Peak Member have been thermally altered due

to their greater depth of burial.

SPECTRA OF PENNSYLVANIAN OIL SHALES

Triassic Oil Shales

Triassic oil shale deposits in the United

States appear to be "few and far
between,"

occurring

in Alaska and North Carolina. Only oil shales from

Alaska are included in this survey. Even though

the depositional environments and geology of the

Alaskan deposits are not well understood, Alaskan

oil shales have shown remarkable oil yields, often

ranging over 100 gal/ton (417L/T) (Tourtelot and

Tailleur, 1965).

The Alaskan oil shale NMR spectra are shown in

Fig. 7. In addition to the significant quantity of

organic matter in these oil shales, the NMR spectra

betray their high quality as noted by their high

fractions of aliphatic carbon. The narrowness of

the aliphatic bands is indicative of a predominantly

algal marine shale. Petrographic examination

reveals these shales to be composed almost entirely

of fossilized spores referred to generically as

Tasmanites.

Tertiary Oil Shales

The best known example of a Tertiary oil shale

deposit is the Eocene Green River Formation in

adjoining corners of Colorado, Utah, and Wyoming.

Much has been written about the oil shales of the

Green River Formation and the recent report by
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FIGURE 6. SOLID STATE 13C NMR SPECTRA OF PERMIAN OIL SHALES
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FIGURE 7. SOLID STATE 13C NMR SPECTRA OF TRIASSIC OIL SHALES
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Smith (1981) adequately describes this resource.

Suffice it to say that the 16,500 sq mi (42,700 sq,

km) area underlain by the lacustrine Green River

oil shale deposit (Fig. 1) represents the world's

largest oil shale resource.

Other Tertiary deposits occur in the United

States and are included in this survey. These

include: a small fresh water deposit in south

western Oregon near Ashland, Oregon (Wasson For

mation); the Tatman and Wagon Bed Formation lacus

trine shales in central Wyoming in the Big Horn

Basin area; Horse Prairie lacustrine oil shale

deposits near Dillon, Montana and the Kishenehn

Formation near Pinnacle, Montana, and the Elko

Tertiary Oil Shales

Colorado

Green River

Wyoming
Wagon Bed

Oregon

Wasson

Formation in Nevada. These small deposits are not

shown in Fig. 1, and have not been explored exten

sively. Another Eocene shale, the Waltman Shale

Member of the Fort Union Formation occurs in central

Wyoming's Wind River Formation, but is not included

in this survey. However, a sample of oil shale

from the Purdy Basin coal sequence of the Wind

River Formation are included.

The Tertiary oil shale NMR spectra are shown

in Fig. 8. Except for the Purdy Basin samples

listed in Table I and described separately below,

the Tertiary shales show organic carbon distribu

tions with high aliphatic carbon fractions and good

carbon recoveries. This is to be expected since

300

Fraction of

Aliphatic Carbon

Carbon Converted

0.80 0.71

0.60

0.75 0.58

0.73

0.79

0.79

0.65

200 100 0 ppm

Aromatic Aliphatic
Carbon Carbon

FIGURE 8. SOLID STATE 13C NMR SPECTRA OF TERTIARY OIL SHALES
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the Tertiary shales are relatively young compared

to the others in this survey, and have not undergone

significant alteration due to depth of burial. In

addition, lacustrine depositional environments can

support a large algal input, which is reflected in

the high aliphatic carbon fraction.

Exceptions to the characteristics of Tertiary

oil shales described above are the samples from the

Purdy Basin. The Purdy Basin is a Tertiary coal

sequence is Teton County, Wyoming (Love 1947).

This coal sequence contains thin layers of oil

shales, which can yield over 50 gallons/ton (208

L/T). The NMR spectra of the Purdy Basin samples,

shown in Fig. 9, clearly show different organic

carbon distributions in the coal and shale samples.

The NMR spectrum of the Purdy coal is similar to

low rank coals of the Carboniferous period. The

aliphatic band, however, is somewhat narrower

indicating a hydrogen rich fraction. The Purdy

Basin shale, on the other hand, shows a greater

fraction of aliphatic carbon in the shale sample,

and a fairly narrow aliphatic band. The alga -

Bottryococcus - has been identified in the Purdy

Basin shales (D. Love, Priv. Comm.).

Additional qualitative information about the

organic matter in oil shale may be indicated the

shape and linewidth of the aromatic and aliphatic

bands of the NMR spectrum. The rationale for doing

this is based on the interpretation of chemical

shift data obtained from liquid samples. In liquids

where NMR provides much greater resolution than

that obtained for solids, individual resonances

rather than classes of carbon resonances are resolved,

For example, in the liquid NMR spectrum of a long

straight chain paraffin, one would observe an

intense peak near 29 ppm corresponding to the -CH^-

carbons in the main portion of the chain. In

addition, the terminal methyl, methylene and methine

carbons are resolvable. Thus, a liquid NMR spec

trum with an intense peak at 29 ppm is indicative

of a straight hydrocarbon. For cyclic saturated

materials, such as steranes and terpanes, the 29

ppm peak would be less intense and many more reson

ances would be resolved in the 14 to 40 ppm (ali

phatic) region, owing to the greater number of

magnetically distinct environments of these carbons.

A similar situation would prevail for a branched

alkane. The is that the liquid NMR spectrum

of a branched or cyclic alkane contains many more

distict resonances in the al iphatic region, than

TertiaryCoal and

Oil Shale

Wyoming

Purdy Basin

Shale

Fraction of

Aliphatic

Carbon

0.59

0.46

300 200 100 0 ppm

Aromatic Aliphatic

Carbon Carbon

FIGURE 9. SOLID STATE 13C NMR SPECTRA OF PURDY BASIN COAL AND OIL SHALE
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does a straight chain paraffin.

For solids, the individual resonances may not

be resolvable; however, whether the aliphatic

material is straight chain or branched/cyclic in

character is reflected in the half-width at half-

maximum of the aliphatic band. If the aliphatic

region is relatively intense and narrow, this would

indicate a predominance of straight chain aliphatic

carbons. If the aliphatic region is less intense

and broader, this would suggest a larger contribution

from branched or cyclic aliphatic carbons. There

fore, the half-width at half-maximum should be

greater in this case.

To illustrate this point for oil shales,

CP/MAS 13C NMR spectra of a Colorado and Nevada oil

shale are shown in Fig. 10. Both oil shales contain

about the same fraction of aliphatic carbon, although

the half peak widths are substantially different.

Colorado oil shales are believed to contain a

substantial portion of cyclic materials as part of

the structure of its organic matter. Given this

information and the half-peak width data from Fig.

10, one is led to conclude that the organic matter

in the Nevada oil shale contains more straight

chain aliphatic carbon types than the Colorado oil

shale.

An NMR Correlation for U.S. Oil Shales

In the introduction of this paper, we men

tioned that both the quantity and the quality of

the organic matter in an oil shale were important

considerations for an oil shale deposit to be

considered worthy of commercial development.

Subsequent discussions focused on the quality of

the organic matter in various oil shale deposits

from various geologic periods. The 13C NMR spectra

showed the expected trends for conversion of organic

matter to oil -

namely the greater the aliphatic

carbon fraction, the greater the conversion. A

correlation between the fraction of aliphatic

Aliphatic Carbon Half Width

3.8 ppm

10.8 ppm

240 200 160

ppm from TMS

FIGURE 10,
13,

SOLID STATE i3C NMR SPECTRA OF A COLORADO AND NEVADA OIL SHALE ILLUSTRATING ALIPHATIC CARBON LINE-

WIDTH DIFFERENCES FOR COMPARABLE ALIPHATIC CARBON FRACTIONS (from Miknis and Netzel 1982)
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carbon in an oil shale and the fraction of carbon

converted to oil is shown in Fig. 11. The 21

samples used for this correlation are those listed

in Table I for which data for both parameters was

known. The overall correlation is good, yielding

an index of determination, r2, of 0.92.

The conversion efficiency for the Tertiary

Nevada sample seems to be incongruous with the

other Tertiary samples. The Nevada sample had a

high aliphatic carbon fraction (0.77), yet only

yielded a 52 percent carbon conversion efficiency.

At present we have no explanation for this anomaly.

An intriguing aspect of the correlation is the

apparent minimum aliphatic carbon fraction required

for oil conversion, i.e. the x axis intercept. Our

correlation shows a zero conversion of carbon to

oil at an aliphatic fraction of 0.30. We have not

examined any oil shales with aliphatic fractions in

the range 0.0-0.4 to state whether this is a realistic

fraction. It's possible that in this range of

aliphatic carbon fraction, the correlation becomes

nonlinear and curves toward zero, or to a smaller

aliphatic carbon fraction. Coals, for example

would have aliphatic carbon fractions in this range

and produce liquids (albeit
"tarry"

ones) during

Fischer assay. However, for coals the major carbon

conversion to
"volatile"

products is to gases. The

correlation in Fig. 11 does not take into account

carbon converted to gases during Fischer assay.

This has been done for a set of worldwide oil

shales (Miknis and Maciel 1981, Miknis et al.

1982). When the gases are incorporated into the

correlation, the minimum aliphatic carbon fraction

becomes 0.08. It appears that when aliphatic

carbon is low, gases are the major volatile compon

ents of pyrolysis. As the aliphatic carbon fraction

increases, liquids become the dominant pyrolysis

product. Thus, production of liquids from organic

matter during pyrolysis appears to require a minimum

amount of aliphatic types of chemical structures.

Summary

Solid state 13C NMR spectra have been obtained

on a number of oil shales from United States deposits

ranging from the Ordovician to the Tertiary geologic

period. The NMR measurements provide a direct

measurement of the quality of the organic matter in

these shales for producing oil. In general the

higher the aliphatic carbon fraction, the higher

the fraction of carbon recovered in oil.

Geologic age, by itself, does not infer a

greater proportion of aromatic carbon with increasing

age. The Ordovician Guttenburg Formation, the

Permian Phosphoria Formation and the Tertiary Horse

Prairie Formation show comparable organic carbon

distributions. What happens to the organic matter

after deposition plays an important role. Depth of

burial, particularly, will influence the observed

carbon distribution.

The marine oil shales from the Devonian,

Mississippian and Pennsylvanian periods have similar

small fractions of aliphatic carbons and similarly

low conversion ratios. This may be characteristic

of similar marine depositional environments.

Oil shales of predominantly algal source

material show a high degree of aliphatic carbon.

The Triassic oil shales from Alaska, and most of

the Tertiary oil shales reveal this characteristic.
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ABSTRACT

A prominent bedding deformation was observed

in a temporary trench at Occidental's Logan Wash

mine. The adjacent virgin rock was core sampled

along a 300 foot (91.4 m) lateral zone. A signifi

cant oil shale grade variability was noted for sel

ected 0.5 foot (0.15 m) bed intervals, while little

oil shale grade variability was observed for a 9

foot (2.7 m) bed interval. The paucity of data pre

vents absolute determination of the cause of the de

formation, but several theories are presented for

discussion. The implications of the data are clear,

however. Green River oil shale core sample data

cannot in all cases be accurately extrapolated in

lateral directions.

INTRODUCTION

Numerous references state that the sedimentary

bed comprising the Eocene age oil shale deposits in

the Piceance Creek Basin of Colorado are laterally

uniform in nearly all physical aspects. This lateral

uniformity is based on the continuity of individual

layers over wide areas (Donnell, 1961; Trudell et

al., 1970; Smith, 1980). Studies at Occidental 's

Logan Wash mine concerning fundamental rock proper

ties led to the identification of oil shale grade

variation along a carefully selected stratigraphic

interval. Oil shale grade was determined by Fischer

assay analysis of 0.5 foot (0.15 m) lengths of NX

core.

Recent oil shale related studies covering ore

reserve estimates, mine planning and mine stability

are based on limited samples from widely spaced core

holes (Fenix and Scisson, 1975; Cameron, 1975; Abel

and Hoskins, 1976). The existence of widespread

lateral variations would necessitate more careful

determination of the geologic features in the

Piceance Creek and other oil shale basins.

GEOLOGY

The Piceance Creek Basin of northwestern

Colorado is an uplifted structural basin formed in

primarily lacustrine Eocene sedimentary rocks of the

Green River Formation (Figure 1). A summary of

the oil shale resources and basin geology is

given by Donnell (1961).

The Green River Formation is divided into

four members; specifically, the Garden Gulch,

Douglas Creek, Anvil Points and Parachute Creek

members. A limited discussion of distribution

and compositions is given by Bredehoef, et al.

(1976) . The Parachute Creek member contains

most of the Kerogen-rich shale (marlstone) ,
and

sodium-rich minerals are largely absent at the

site under investigation. These samples were

selected from a zone roughly 16 to 30 feet (4.9

to 9.2 m) below the mahogany marker. The sample

location is about 450 feet (137.2 m) from the

outcrop and at a depth of 200 feet (70 m) below

the surface. The observable surface weathering

is limited to a zone within 20 feet (6.1 m) of

the surface. Therefore, the samples were un

affected by surface weathering.

SAMPLE SELECTION AND TEST PROCEDURES

A temporary trench was mined in the floor

of a 300 foot (91.5 m) long drift at Occidental's

Logan Wash Research Mine. Exposed in the side

of the ~12 foot (3.7 m) deep trench was a

prominent bedding deformation. Above and below

the bedding deformation were sedimentary fea

tures such as tuff beds and major depositional

breaks which continued over the entire trench

length. Also visible were lenticular and dis

continuous sedimentary features, including

silty sandy layers and tuff beds.

After the trench was covered, coring tech

niques were used to study the bedding deforma

tion. A series of six 2.2 inch (5.5 cm) dia

meter core holes were drilled vertically down

ward in the virgin rock adjacent to the trench

(Figure 1) on a spacing of approximately 50

feet (15.2 m) . The sample interval was 16 to

30 feet (4.9 to 9.2 m) below the mahogany mark

er, and the coring procedure was closely super

vised to insure high core recovery and accurate
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sample labeling.

The cores were correlated one to another using

two types of stratigraphic markers. A prominent

bedding plane was used to determine a reference lo

cation at the top of each core, while two tuff beds

were used to determine the bottom of the sample

interval. Photographs of the stratigraphic markers

are shown in Figure 2. The six cores were intimate

ly related by this definitive correlation technique.

Each of the six cores were divided into corres

ponding 0.5 foot (0.15 m) sample intervals. The

sample intervals were then ground and analyzed using

Fischer assay methods. The resulting oil shale

grade profiles are shown in Figure 1 where the units

of oil shale grade are listed as gallons per ton

(GPT) .

DISCUSSION OF RESULTS

Statistical Analysis of Data

The Fischer assays of the samples are not uni

form in selected 0.5 foot (0.15 m) stratigraphic

intervals followed laterally along the drift. For

example, the standard deviation for the average

Fischer assay values for the 6 core holes over the

entire interval is 1.8 gallons per ton (GPT) (Table

1), while the standard deviations for the Fischer

assays of the first three samples are 13.6, 17.6 and

18.0 GPT, respectively (Table 2). The Fischer

assay profiles (Figure 1) graphically represent

these widespread variations in the kerogen content

of stratigraphically similar layers.

include scouring and filling of channels, the pre

sence of shoals and bars, and soft sediment slumping.

All of these events require a shallow water deposi

tional environment, possibly the playa-lake environ

ment proposed by Lundell and Surdam (1975). The

undisturbed bedding above and below the disruption

indicate a different depositional environment, but

the difference need not be a radical one due to the

localized nature of these phenomena.
Post-deposi-

tional disruptions, such as folds or kerogen

migration, could be caused by stress concentrations.

Unfortunately, the data are sketchy, and it is

difficult to precisely determine the cause of the

bedding deformation. It is possible, however, to

determine that the beds now reside at an angle in

the stratigraphic markers (Figure 3).

The authors hope that future oil shale explora

tion and evaluation be done with the thought that

other, perhaps larger, bedding deformations may be

observed.
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Analysis of Data From Another Investigator

Keighin (1980) compared the Fischer assay data

from two core holes 50 feet (15.2 m) apart. Each

core was assayed by a different lab (TOSCO and LERC) .

Keighin also compared the Fischer assay data obtained

when both labs were given duplicate samples from a

single core. He observed much higher scatter in the

data from the laterally spaced cores (see his Fig

ures 6 and 7), and states that sample units may have

been out of sequence between the two laboratories.

Based on our observations, it is also possible that

a lateral variation occurs in the oil shale between

the two core holes.

Theories Concerning the Observed Bedding Deformation

The bedding may have been deformed during de

position or at a later time. Events which cause

essentially instantaneous disruption of deposition
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TABLE 1. Average Fischer Assay Variability Along a

300 Foot (91.5 m) Lateral Zone, Gallons

Per Ton (GPT)

Length Averaged

Fischer Assay
Over a 9 Foot

(2.7 m) Sample

Zone Bounded by
the Upper

Distinctive

Bedding Plane

Core Hole Number (Refer to Figure 1 for Location)

1 2 3 4 5 6

Statistical Parameters

Standard

Mean Deviation

29.3 28.8 29.2 33.0 31.5 32.6 30.7 1.8

TABLE 2. 0.5 Foot (0.15 m) Incremental Fischer Assay

Along a 300 Foot (91.5 m) Lateral Zone,

Gallons Per Ton (GPT)

Core Interval

Referenced to

Upper Distinctive

Bedding Plane

Core Hole Number (Refer to Figure 1 for Location)

12 3 4 5 6

Statistical Parameters

Standard

Mean Deviation

0.0 - 0.5 ft.

0.5 - 1.0 ft.

1.0 - 1.5 ft.

17.8 16.2 17.6 45.7 41.5 37.2

18.6 20.5 27.9 24.2 55.1 57.6

18.4 18.5 32.6 44.3 54.0 60.9

29.3 13.6

34.0 17.6

38.1 18.0
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ABSTRACT

Oil shale deposits occur in the Eocene and

Oligocene(?) Elko Formation near Elko, Nevada. The

Elko Formation is subdivided, near Elko, into five

informally named members that were deposited in

lacustrine and related environments. Member 1 con

sists of marginal lacustrine, deltaic and interdel-

taic deposits. Members 2 through 5 were deposited

in an open-lacustrine environment. The Elko Forma

tion is underlain by unnamed nonmarine, largely

calcareous sedimentary rocks of Eocene age and over

lain by Oligocene and younger tuffaceous sedimentary

and volcanic rocks.

The richest oil-shale deposits occur in mem

bers 2 and 3. Individual beds in member 2 have

maximum Fischer-assay oil yields as high as 350 L/t

(85 gal/short ton). Recent core-drilling and pre

liminary analysis of Fischer assays of core samples

define two oil-shale zones in member 2. The richer,

lower zone of member 2 has a average oil yield as

much as 109 L/t (26 gal/short ton) over a strati

graphic interval of 5.5 m (18 ft). The upper oil-

shale zone of member 2 has an average oil yield as

much as 83 L/t (19.9 gal/short ton) over a thickness

of 5.5 m (18 ft). A relatively lean oil-shale zone

in member 3 is correlative over a distance of 6.1

km (3.8 mi) and has an estimated average oil yield

of about 21 L/t (5 gal/short ton) over a
90-m-

(290-ft-) stratigraphic interval.

INTRODUCTION

Oil-shale deposits in the Eocene and Oligo-

cene(?) nonmarine Elko Formation have been the sub

ject of recent core drilling, stratigraphic study,

and geologic mapping near Elko, Nevada (fig. 1).

The Elko Formation is of interest both as a source

of shale oil and as potential petroleum source beds.

Figure 1. Map of part of northeastern Nevada

showing study area.

The correlation and age assignment of oil shale-

bearing deposits near .Elko have been revised several

times. Early reports by King (1876; 1878) and

Hague and Emmons (1877) referred to the oil shale

and associated rocks near Elko as the Eocene Green

River Formation based on lithologic similarities
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to that unit in Utah. J. P. Buwalda (in Winchester,

1923) initially agreed with the assignment of the

oil shale of the Elko area to the Green River Forma

tion, but subsequently suggested a Miocene age.

Sharp (1939) formally named all Tertiary rocks of

northeastern Nevada as the Miocene Humboldt Formation.

Van Houten (1956) later suggested correlations of

oil-shale deposits near Elko with Eocene and
Oligo-

cene rocks, but many subsequent studies still refer

red to these rocks as the Miocene Humboldt Formation

(Granger and others, 1957; Dickinson, 1959; Dickinson

and Swain, 1967; Becker, 1969; and Swain and others,

1971). Smith and Ketner (1976) finally assigned the

oil shale-bearing deposits to the Elko Formation and

described the type section at a locality along the

eastern flank of the Pinon Range approximately 25 km

(40 mi) south of Elko.

The geology near Elko was examined in detail

through geologic mapping and stratigraphic study by

Solomon and others (1979a, b) ,
Solomon (1981),

and Solomon and Moore (1982a, b). The intent of

this paper is to report the preliminary findings

of the recent core drilling in the Elko Formation

and to emphasize the nature of the oil-shale depos

its and their stratigraphic and depositional frame

work.

STRATIGRAPHY

The stratigraphic section in the Elko area is

composed of Mississippian to middle Tertiary rocks

(fig. 2). The Paleogene sequence uncomformably

overlies the dominantly conglomeratic Diamond Peak

Formation of Late Mississippian and Early Penn

sylvanian age. The Paleogene sequence is divided,

in ascending order, into the following units: lime

stone and limestone-clast conglomerate unit; conglo

merate, sandstone, and shale unit; cherty limestone;

the Elko Formation, which is subdivided into five

informal members; the Indian Well Formation;
ande-

site; and a siltstone and sandstone unit.

Paleogene Rocks Older than the Elko Formation

The oldest Paleogene rocks in the Elko area are

represented by the limestone and limestone-clast

conglomerate. This unit is about 15 m (50 ft) thick

and is characterized by angular to subangular, peb

ble- to boulder-size, bluish-gray
limestone clasts.

An Eocene(?) age is suggested on the basis of the

unit's stratigraphic position below rocks of known

Eocene age and on the correlation with similar rocks

EXPLANATION OF LITHGLOGIC SYMBOLS

"13 s czj
Claystone Shaie Oil Thole Sil

Sandstone Conglomerate Limestone

Cherty
I mestone

Figure 2. Generalized stratigraphic section near

Elko, Nevada.
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in the Carlin-Pinon Range area that were assigned an

Eocene age by Smith and Ketner (1976).

The informally designated conglomerate, sand

stone, and shale unit also lies unconformably above

the Mississippian and Pennsylvanian Diamond Peak

Formation. The conglomerate, sandstone, and shale

unit may be in part laterally equivalent to the

limestone and limestone-clast conglomerate although

this relationship is not clear. The lower part of

this unit is composed predominantly of relatively

fine-grained rocks, most notably light-brown to gray

claystone with interbeds of siltstone and minor

limestone and tuff. Conglomerate and sandstone

dominate the upper part of this unit. Prominent

medium-scale cross-stratification is displayed in

conglomerate and sandstone beds up to 3 m (10 ft)

thick. The minimum thickness of the conglomerate,

sandstone, and shale unit is approximately 32 m

(105 ft). This unit greatly thickens to the northeast

as suggested by the geologic mapping of Solomon and

Moore (1982b).

The age of the conglomerate, sandstone, and

shale unit is Eocene on the basis of stratigraphic

relationships and on a potassium-argon age of 43.3+

0.4 m.y. from a tuff near the base of the unit (Solo

mon and others, 1979a). This radiometric age is

significant since the tuff records one of the earl

iest events of Tertiary volcanism in northeastern

Nevada (McKee and others, 1976). The conglomerate,

sandstone, and shale unit is correlative with the

conglomerate, sandstone, siltstone, and limestone

unit of Smith and Ketner (1976) in the Pinon Range

and also with an Eocene conglomerate and sandstone

unit described by Silitonga (1974) north of Elko.

The cherty limestone unit is approximately 61 m

(200 ft) thick and lies conformably or slightly
dis-

conformably above the conglomerate, sandstone, and

shale unit. This informally designated unit is

characterized by yellowish-gray, petroliferous lime

stone locally rich in dark, flattened chert nodules.

Distinctive dark-red claystone beds dominate the

lower part of the unit. Calcareous siltstone and

minor lignite beds are also present. Silicified

ostracodes and fresh-water gastropods are locally

abundant fossils in this unit.

The cherty limestone unit is Eocene on the basis

of bracketing radiometric ages of about 39 m.y. and

43 m.y. on tuffs above and below this unit, respec

tively (Solomon and others, 1979a, p. 84). The

cherty limestone is correlative with rocks of the

same unit name in the Carlin-Pinon Range area

(Smith and Ketner, 1976) and south of Elko along

Huntington Creek (Smith and Howard, 1977; fig. 1).

The cherty limestone may be broadly correlative

with part of the Sheep Pass Formation near Ely and

Railroad Valley, Nevada (Cook, 1965; Scott, 1966;

Gromme and others, 1972; Fouch, 1979; Fouch and

others, 1979). The cherty limestone may be tempor

ally equivalent to part of the Green River Forma

tion in the western Uinta Basin (Fouch, 1979).

Elko Formation

The Elko Formation conformably overlies the

cherty limestone unit. The Elko Formation near

Elko has been subdivided into five informally

designated members numbered 1 through 5, in ascend

ing order, except for member 3, which is the later

al stratigraphic equivalent of member 1 (Solomon,

and others, 1979a, b; Solomon, 1981). These units

are: (1) claystone, chert-pebble conglomerate,

and minor sandstone; (2) rich oil shale, carbona

ceous shale, bituminous siltstone, lignite, and

tuff; (3) shale, oil shale and minor, thin beds of

silty limestone; (4) siltstone, mudstone, lean

oil shale, with minor tuff, lignite, and limestone;

and (5) tuff, shale, and siltstone.

The conglomerate and sandstone of member 1

contrast markedly with the predominantly fine

grained rocks in members 2 through 5. The conglo

merate of member 1 is composed of mostly
well-

rounded, poorly sorted granules and pebbles of

varicolored chert in a sandy, noncalcareous matrix.

Conglomerate and sandstone commonly have irregular

bases that truncate underlying beds. Small and

medium-scale crossbeds are rarely present. Alter

nating with the conglomerate and sandstone are

thin, horizontally stratified beds of claystone

and minor thin beds of silty limestone.

Oil shale occurs in members 2, 3, and 4 with

the richest oil shale in members 2 and 3. The

proportion of interbedded tuffs and tuffaceous ma

terial increases upward, being most abundant in

members 4 and 5. Carbonaceous shale and thin-bedd

ed lignite is closely associated with oil shale in

members 2 and 3. Fossils identified in member 2

include ostracodes of the genus Candona, the bi

valve Sphaerium, and palynomorphs including Ovoid-

ites, Schizosporis, conifer pollen, and algal

spores (Solomon and others, 1979a, b; Solomon,

1981).
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Geologic mapping by Solomon and others (1979a,

b) and by Solomon (1981) suggested that informal mem

bers 1 and 2 of the Elko Formation grade laterally

into member 3 in an eastward direction. However,

detection of rich oil shale of member 2 in core

hole E0S-3 indicates that this member is laterally

continuous at least to the Elko Summit area (fig.

1). If member 2 does grade laterally into member 3,

then a facies change would probably occur further

east or southeast of Elko Summit. Unfortunately,

no surface or subsurface data is available to confirm

this relationship. Member 1 does appear to grade

into the relatively fine-grained rocks of member 3

in an eastward direction. More precise interpret

ation of the lateral facies relationships between

members 1, 2, and 3 will be examined as a more de

tailed lithologic examination of the recently ob

tained core samples is completed.

The Elko Formation has a maximum thickness of

about 600 m (1970 ft) near Elko; approximate thick

nesses of individual members are shown on figure 2.

The age of the Elko Formation is considered to be

Eocene and 01igocene(?) and is supported by potas

sium-argon ages of 37.1+1.0 m.y. and 38.8+0.3 m.y.

obtained from tuffs in member 5 (Solomon and others,

1979a). A tuff from near the base of the type sec

tion of the Elko Formation in the Carlin-Pinon

Range area has a potassium-argon age of 38.6+1.2

m.y. (Smith and Ketner, 1976).

The Elko Formation has been mapped in the Car

lin-Pinon Range area (Smith and Ketner, 1976) and

south of Elko near Huntington Creek (Smith and How

ard, 1977; fig. 1). Other lithologically similar

and correlative units are evident in widespread

scattered locations elsewhere in northeastern Nevada.

A lithologically similar and correlative oil
shale-

bearing unit is located about 90 km northwest of

Elko in Bull Run Basin (Decker, 1962). This correl

ative unit at Bull Run Basin is dated by
potassium-

argon ages of 35 m.y. on a tuff within the unit, and

42 m.y. on volcanic rocks below the unit (Axelrod,

1966). Recent stratigraphic study also suggests

the Elko Formation or a closely similar local equiv

alent is present in the Coal Mine Canyon area about

35 km north-northeast of Elko (H. B. Madrid, personal

commun. , 1982).

Paleogene lacustrine units are common over much

of the western interior of the United States and

represent a wide range of ages (Fouch and others,

1979). The Elko Formation appears to be slightly

younger than the Paleocene and Eocene Green River

Formation in the western Uinta Basin (Fouch,
1979).

The Elko Formation may be equivalent to the sand

stone and limestone facies and to overlying
parts

of the Eocene Uinta Formation in the western Uinta

Basin (Dane, 1954; Ryder and others, 1976; Fouch,

1979). The Elko Formation may also be slightly

younger than the Sheep Pass Formation south of Ely

(Kellogg, 1964) and near Railroad Valley (Cook,

1965) ,
but may be coeval with the uppermost part

of a unit tentatively mapped as the Sheep Pass

Formation near Ely (Brokaw, 1967; Fouch, 1979;

Fouch and others, 1979). The Elko Formation is

temporally equivalent to the Kinsey Canyon Forma

tion of Young (1960), near McGill, Nevada (Fouch,

1979; Fouch and others, 1979).

Paleogene Rocks Younger than the Elko Formation

The Oligocene Indian Well Formation (Smith

and Ketner, 1976) unconformably overlies the Elko

Formation and has a thickness of approximately 275

m (900 ft). This unit consists of tuff and of

sandstone and conglomerate and is exposed in the

northern part of the study area. Both sandstone

and conglomerate are rich in reworked pyroclastic

material.

A 95-m- (312-m-) thick andesite unit composed

of a basal mudflow conglomerate overlain by ande

site flows unconformably overlies the Elko Forma

tion and the cherty limestone unit in the southern

part of the study area. This andesite is consider

ed younger than the Indian Well Formation on the

basis of stratigraphic and structural relation

ships. The andesite unit is of Oligocene age

based on potassium-argon ages of 30.9+1.0 and

35.2+1.1 m.y. (Solomon and others, 1979a, b).

An informally designated siltstone and sand

stone unit with a minimum thickness of about 230 m

(755 m) represents the youngest Paleogene unit

near Elko. This unit displays indistinct horizon

tal stratification and is largely calcareous. A

fission-track age of 27.01+1.2 m.y. (Solomon and

others, 1979a ,b) indicates a late Oligocene age.

DEPOSITIONAL SETTING OF THE ELKO FORMATION

Oil shale and associated sedimentary rocks of

the Elko Formation are interpreted as being depos

ited under lacustrine and closely related deposi

tional conditions. Member 1 is interpreted as hav-

been deposited in a marginal lacustrine environment,
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Channel-form conglomerate and sandstone with
inter-

bedded claystone of member 1 suggest deltaic and

interdeltaic depositional conditions. To the east,

these deposits thin-out and grade laterally into

shale, oil shale, and silty limestone of member 3.

Members 2 through 5 consist of rocks sugges

tive of an open-lacustrine origin. Horizontally

laminated bedding and the generally fine-grained

nature of members 2 through 5 suggest a lack of

tractive current activity. Thin beds of rich oil

shale alternating with beds of very low organic

content in member 2 suggest a fluctuating shoreline

and consequent disruption of reducing conditions

necessary for preservation of organic matter. The

interruption of rich oil-shale deposition between

major oil-shale zones in member 2 represented by

tuff, tuffaceous shale, and siltstone indicates an

increase in volcanic activity. Ostracodes present

in member 2 including Candona suggest alkaline,

low-salinity water that was at least seasonally cold

(R. M. Forester, 1977, written commun. ; Solomon, and

others, 1979a, b). Member 3 was probably deposited

further from shore than the laterally equivalent

member 1. This is suggested by the relatively fine

grained, uniformly shaly nature of member 3, compared

to alternating
coarse- and fine-grained rocks of

member 1. The thick, vertically continuous,
low-

yield oil-shale zone of member 3 is also consistent

with offshore, open-lacustrine conditions.

Increasing amounts of tuffaceous material in

members 4 and 5 reflect a general increase in re

gional volcanic activity. These members contain

notable amounts of opaline material and the zeolite

clinoptilolite, which are probably alteration pro

ducts of siliceous glass (Solomon, 1981).

STRUCTURE

Paleogene rocks near Elko are structurally complex

and have undergone at least two episodes of deforma

tion. Deformation in the Oligocene resulted in

tilting, faulting, and localized folding of the Elko

Formation and older units. A subsequent episode of

block-faulting occurred in middle Miocene and later

time and is associated with Basin-and-Range exten-

sional tectonics.

The Elko Formation and older rocks exposed

south of Elko are cut by numerous
north-

trending

faults that have vertical displacements as much as

200 m (660 ft). A major, concealed
northeast-

trending fault or faults parallel to the Humboldt

River truncate the north-trending faults (Solomon,

1981; Solomon and Moore, 1982a, b). On the basis

of the reported occurrence of the Elko Formation

at depth in Nevelko-1, a Ladd Petroleum explora

tory oil well near the Elko airport (Nevada Bureau

of Mines and Geology well files, Reno, Nevada),

a cumulative vertical displacement on the order of

1520 m (5000 ft) has occurred along the northeast

fault trend. Most strata have moderate dips of

about 15 to 30 degrees.

CORE-DRILLING PROJECT

A drilling project was conducted between Sep

tember and December 1981 to investigate oil-shale

deposits in the Elko Formation. The purpose of

the drilling was to obtain fresh, unweathered
oil-

shale samples for Fischer assay as well as to ob

tain a more complete stratigraphic section of the

Elko Formation. Previously, only limited trench

samples and weathered surface oil-shale samples

were available. The drilling was primarily con

tinuous core drilling done by Toly Exploration

of Salt Lake City, Utah under USGS contract.

Surface to core point was rotary drilled using a

conventional drag bit. The core rig was wire-line

equipped and was fitted with an NQ-size,
diamond-

core bit for obtaining core with a diameter of

approximately 48 mm (li in.). Where possible,

bore-hole geophysical logs were run in each core

hole by White Dog Exploration of Salt Lake City.

Figure 3. Map showing location of core holes.
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Five core-holes and one relatively deep rotary

drilled hole were completed within a few kilometers

south and east of Elko (fig. 3). Total depths of the

core holes range from 36 m (117 ft) to 149 m (488

ft). The one rotary-drilled hole, E0S-3A, located

adjacent to EOS-3, was drilled to a total depth of

244 m (800 ft).

Oil-shale assays of the core are being completed

under the direction of L. G. Trudell at the Laramie

Energy Technology Center in Laramie, Wyoming. Oil-

shale assays are being done using the modified Fisch

er retort method on continuous, 0.3 m- (1 ft-) inter

val samples of the core. To date, oil-shale assays

are complete for three of the five core holes includ

ing EOS-3,-4, and -6, as well as on cuttings from a

selected interval of rotary-drilled E0S-3A.

Oil-Shale Deposits

Oil-shale deposits of primary interest occur

in members 2 and 3 of the Elko Formation. Oil-shale

beds typically alternate with low-organic-content

shale, siltstone, limestone, and minor tuff. Most

of the oil shale is finely laminated and
yellowish-

brown to grayish-brown in fresh core samples. Car

bonaceous shale and thin lignite beds are commonly

intercalated with oil-shale beds in member 2. The

oil shale and interbedded fine-grained rocks of

members 2 and 3 are highly siliceous and rich in

clay minerals. Minor dolomite also occurs in mem

ber 3 (Solomon, 1981).

Oil-shale zones from three core holes, EOS-6,

-3/3A, and -4, have tentatively been correlated based

on lithology and Fischer assay results (Fig. 4). Two

relatively rich oil-shale zones in member 2 correlate

reasonably well between core holes EOS-6 and EOS-3/

3A. Although Fischer assays have not yet been com

pleted for EOS-2, which lies between 6 and 3/3A,

similar oil-shale zones were noted in the cores.

The two oil-shale zones in member 2 occur over a

maximum stratigraphic thickness of about 17 m (56

ft). Member 3, in contrast, contains a relatively

thick, although substantially leaner, oil-shale zone

that is approximately 90 m (290 ft) thick.

Fischer Assay Results

At present, the specific gravity for oil shale

of the Elko Formation has not been measured, there

fore, for the purpose of preliminary calculations,

the specific gravity-oil yield relationship is as

sumed to be similar to that of oil shale of the

Green River Formation. The specific gravity-oil

yield relationships and methodology of Smith (1956)

and Stanfield and others (1957) were used to deter

mine specific gravity and average oil yields of

oil-shale zones of member 2 of the Elko Forma

tion.

The lower oil-shale zone in member 2 has maxi

mum oil yields for individual beds ranging from

about 250 L/t (60 gal/short ton) to 350 L/t (85

gal/short ton). The lower oil-shale zone in member

2 becomes richer and somewhat thicker eastward and

has an average oil yield ranging from 96.3 L/t (23.1

gal/short ton) over a 3.7 (12 ft) thickness to

109 L/t (26 gal/short ton) over thickness of

5.5 m (17.9 ft) in core holes EOS-6 and EOS-3/3A,

respectively. In contrast, tuff and tuffaceous

sedimentary rocks between the lower and upper

member 2 oil-shale zones have very little organic

matter reflected by only trace-amount oil yields.

Even within oil-shale zones, large differences in

oil yield exist in adjacent beds.

Average oil yields calculated for the upper

oil-shale zone in member 2 range from 83 L/t (19.9

gal/short ton) over a thickness of 5.5 m (18 ft)

to 40.9 L/t (9.8 gal/short ton) over a thickness of

3.8 m (12.5 ft) in core holes EOS-6 and EOS-3/3A,

respectively.

Maximum Fischer-assay oil yields for individ

ual beds in the approximately 90 m- (290 ft-) thick

oil-shale zone of member 3 are substantially less

than those in member 2. Individual-bed oil yields

in member 3 range from about 63 L/t (15 gal/short

ton) to about 75 L/t (18 gal/short ton) in core

hole EOS-3/3A. In core hole EOS-
4, maximum-indi

vidual-bed oil yields range up to about 117 L/t (28

gal/short ton).

Average oil yields for the oil-shale zone in

member 3 have not yet been calculated taking spe

cific gravity into consideration. However, on the

basis of an arithmetic average of oil yields in

core hole EOS-4, the average oil yield is estimated

to be about 21 L/t (5 gal/short ton) for the en

tire 90-m (290-ft) thickness. Evenly intercalat

ed low-yield shale beds appreciably lower the esti

mated oil yield. The richest over 6-m-
(20-ft-)

thick section of the member 3 oil-shale zone is

represented in the interval from 5.5 m (18 ft) to

to 11.9 m (39 ft) depth in core hole E0S-4, which

has an estimated oil yield of about 50 L/t (12

gal/short ton).
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Figure 4. Preliminary correlation of oil-shale zones in the Elko Formation using oil-yield histograms of core

holes EOS-6, E0S-3/3A, and EOS-4. Core hole locations are shown on figure 3.
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Geophysical Logging

Geophysical logs were run in core holes EOS-2,

-4, and -6, and in rotary-drilled E0S-3A. The

suite of bore-hole geophysical logs includes gamma-

gamma density, natural gamma, resistance, and caliper

logs. The geophysical logs have not yet been ana

lyzed in detail with reference to the cores; however,

some preliminary study suggests a good correlation

of rich oil-shale beds with relatively low-density

deflections on the gamma-gamma density log. This

relationship was noted by earlier geophysical logg

ing of the oil shale of the Green River Formation by

Bardsley and Algermissen (1963). The density log

may later facilitate the determination of specific

gravity of the oil-shale beds in the core as well as

for predicting higher oil-yield zones from future

drill holes at well site. Oil-shale beds also appear

to correlate qualitatively with a combination of

a normal shale response on the gamma log and a rela

tively high resistance log deflection, although this

correlation is probably only indirectly related to

the organic content of the oil shale.

CONCLUSIONS

An interval of late Eocene and earliest Olig

ocene nonmarine sedimentation is recorded by the

Paleogene stratigraphic sequence near Elko, Nevada.

The presence of
marginal-

lacustrine, deltaic and

interdeltaic strata at the base of the Elko Formation

overlain by
open- lacustrine deposits records a gradual

transgression of an ancient lake. Oil shale and

interbedded fine-grained rocks of the Elko Formation

were deposited in an open-lacustrine, low-salinity,

alkaline-water environment. Reducing conditions

were necessary for the preservation of organic

matter in the oil shale.

Preliminary results of recent core-drilling and

Fischer-assay analysis of oil shale from cores demon

strate a degree of lateral continuity of oil-shale

deposition in members 2 and 3 of the now structurally

disrupted Elko Formation. Average oil yield calculat

ed for the best zone in member 2 so far is 109 L/t

(26 gal/ short ton) over a stratigraphic interval of

5.5 m (17.9 ft). A 90-ra-thick shale zone in member

3 has an estimated average oil yield of about 21 L/t

(5 gal/short ton) in core hole EOS-4. However, high

er average oil yields can be obtained from selected

intervals within this zone.

Lithologically similar deposits correlative

with the Elko Formation exist over a
north-south-

elongated area of approximately 150 km (95 mi)

long and a minimum of 50 km (31 mi) wide in north

eastern Nevada. Tertiary faulting and erosion

have left only isolated exposed remnants or deeply

buried stratigraphic sections of these deposits.

Lateral depositional continuity therefore is diff

icult to prove. However, the lithologic similar

ity of these deposits and the relatively large

thicknesses of the Elko Formation at Elko and in

the Pinon Range area suggest deposition on a re

gional scale. The presence of extremely rich,

although thin, oil-shale beds also suggests concen

tration of organic matter from a relatively large

basin. Near-shore deposits near Elko grade later

ally into open-lacustrine deposits to the east,

suggesting that deeper water, offshore facies may

have been deposited towards the basin center locat

ed to the east of the Elko area.
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GARDEN GULCH AND PARACHUTE CREEK MEMBERS OF THE GREEN RIVER FORMATION,

PICEANCE CREEK BASIN, COLORADO
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Box 25046, Mail Stop 939
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INTRODUCTION

The Eocene Green River Formation in the

Piceance Creek basin, Colorado, is well known for

its thick sequences of rich oil shale and inter-

bedded saline minerals. Kerogenous rocks in the

Parachute Creek Member and in the upper part of the

Garden Gulch Member are lacustrine deposits that

represent open- and near-shore sedimentation in

ancient Lake Uinta. In the area of the Piceance

Creek basin, the lake occupied a semi -restricted

basin that gradually subsided during late Paleocene

through middle Eocene time.

Stratigraphic relationships between members of

the Green River Formation have been mapped on

surface exposures along the margins of the basin;

however, the regional thickness distribution of

laterally persistent stratigraphic units in the

subsurface has not been systematically documented.

The purpose of this study was to integrate strati

graphic information from well logs and drill core in

order to present a series of isopach-isovalue maps

that establish a regional framework for strati

graphic units that are recognized in the Parachute

Creek and Garden Gulch Members. These maps delin

eate the transition between the kerogenous-rich clay

facies of the Garden Gulch Member and the carbonate-

bearing Parachute Creek Member, and aid in inter

preting aspects of the geologic history of Lake

Uinta in the Piceance Creek basin.

Recognition of the stratigraphic relationships

of the shale-oil bearing part of the Green River

Formation in the subsurface is important not only

for interpreting the depositional history of the

Uinta Lake system but also for efficient development

of oil shale and the associated saline minerals as

an economic resource.

GEOLOGIC SETTING

The Piceance Creek basin is a northwest

trending intermontane basin that formed during the

Laramide orogeny in Late Cretaceous and Early

Tertiary time. The basin is bounded on the east by

the White River uplift, on the southwest by the

Uncompahgre uplift, on the north by the Uinta

Mountains, and on the west by the Douglas Creek

arch.

During the Early Tertiary, Lake Uinta occupied

the Piceance Creek basin and was the site of depos

ition for more than 3,000 feet (914 m) of rock

representing continuous lacustrine sedimentation.

In the subsurface, rocks of economic interest extend

from the upper part of the Garden Gulch Member to

the top of the Parachute Creek Member. The Garden

Gulch Member consists of fissile argillaceous shale,

silty claystone, and siltstone (Donnell, 1961). The

Parachute Creek Member overlies the Garden Gulch

Member and is comprised of a thick sequence of

carbonate-rich kerogenous shale and lean marlstone

that is interbedded with a saline facies composed of

nahcolite, dawsonite, and halite.

Based on criteria established by Ryder and

others (1976) for lacustrine rocks in the Uinta

Basin, Utah, these members can be related to paleo-

environments. Rocks of the Garden Gulch Member were

deposited in a near-shore and open-lacustrine envi

ronment along the fluctuating shoreline of Lake

Uinta. The Parachute Creek Member represents open-

lacustrine deposition when Lake Uinta gradually

developed from a shallow, relatively freshwater,

semi -restricted hydrologic regime to a saline, alka

line body of water that occupied a closed basin.

Radiometric dating of volcanic tuffs intercalated

with oil-shale beds indicated the members were

deposited from early through middle Eocene time

(Mauger, 1977).

METHODS

Geophysical logs have been demonstrated to be

useful for correlating rich and lean oil -shale zones

in the Green River Formation (Trudell and others,

1974; Duncan and Belser, 1950; Cashion and Donnell,

1972; Pitman and Johnson, 1978; and Pitman, 1979).

However, most subsurface stratigraphic studies of

Green River oil shale have been based on the rela

tive kerogen content of individual lithologic units

using histograms of Fischer assay oil yield.

The most useful log for recognizing oil -shale

units is gamma-ray, which reflects the relative
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amounts of radioactivity within discrete shale

beds. This log is particularly useful for eval

uating the oil-shale deposits near basin center

because comingled saline minerals do not interfere

with the log response. A density log, which re

flects the relative organic content of individual

kerogenous beds, assuming a constant density of the

inorganic fraction of the shale, is also a useful

means of stratigraphic correlation (Smith and oth

ers, 1968). However, in the center of the basin,

individual oil-shale beds are difficult to recognize

on density logs due to associated evaporite miner

als, nahcolite, and halite. Sonic logs, a measure

of the acoustic velocity of individual oil -shale

beds, can be used for subsurface correlation, except

in the central part of the basin where the presence

of nahcolite and halite affect interval transit

time.

In order to evaluate the regional thickness

trends of discrete oil -shale units in the upper part

of the Garden Gulch Member and the Parachute Creek

Member throughout the Piceance Creek basin, a series

of isopach-isovalue maps were compiled using

density, sonic, gamma-ray, and resistivity logs from

114 oil and gas wells (figs. 4-15). Oil-yield his

tograms from 160 coreholes were used to estimate

interval thickness in areas where log control was

scarce or absent. Oil -yield distribution maps,

showing the average kerogen content of individual

stratigraphic units, were compiled using Fischer

assay data derived from well core. Sequences of

lean shale were not excluded from the arithmetic

average. Both sonic and density curves have been

demonstrated by Smith and others (1968), Bardsley

and Algermissen (1963), and Tixier and Curtis (1967)

to closely correlate with organic content of shale;

however, oil -yield data were not derived from well

logs for this report.

The utilization of well logs for analyzing rock

stratigraphic units in the Green River Formation

provides a large number of additional control points

in the basin. Data from these sources also permit

greater accuracy both in the regional interpretation

of regional thickness trends and in the identifi

cation of the stratigraphic position of individual

rock units.

STRATIGRAPHY

The Eocene Green River Formation is subdivided

from oldest to youngest into four members: Douglas

Creek, Garden Gulch, Anvil Points, and Parachute

Creek (Donnell, 1961). The name Evacuation Creek

Member, formerly a part of the Green River Forma

tion, has been abandoned, and its rocks are now

assigned to the Uinta Formation (Cashion and

Donnell, 1974). Of interest in this study are the

upper part of the Garden Gulch Member, the Parachute

Creek Member, and in the eastern part of the

Piceance Creek basin, the Anvil Points Member,

equivalent to the Douglas Creek, Garden Gulch, and

lower part of the Parachute Creek Members.

Recognition of each member is largely based on

stratigraphic and lithologic studies of surface

exposures.

In the subsurface, the upper part of the Garden

Gulch Member and the Parachute Creek Member have

been informally subdivided by J. R. Donnell into a

series of rich and lean zones, designated as "R and

L,"

on the basis of shale-oil content determined by

Fischer assay and on the presence of laterally

persistent marker beds. Cashion and Donnell (1972)

defined the rich zones in descending order as: R-6,

R-5, R-4, R-3, R-2, and R-l, and have shown that

they can be traced laterally from the eastern part

of the Piceance Creek basin westward into the south-

central part of the Uinta Basin, Utah. The zones

described by Cashion and Donnell (1974) are equiv

alent to those shown by Ziemba (1974), except for

the lower part of the R-l zone which he referred to

as the R-0 zone. Lean sequences of shale between

each of the rich zones are referred to as the L-5,

L-4, L-3, L-2, L-l, and orange zones, respectively

(J. R. Donnell, oral commun., 1981). Although the

"L"

zones are widely recognized by workers in the

field, they have not been published prior to this

study. In addition to the "R and
L"

zones, several

marker beds of low resistivity are also commonly

recognized. These include B-groove, which delin

eates the base of the Mahogany zone; the blue

marker, which defines the base of the R-2 zone; and

the orange marker, which marks the base of the

orange zone. Part of the orange zone, referred to

in this study, has been termed the orange-marker

zone by Dyni (1969). The characteristic log

responses of each zone and their correlation with

oil yield are illustrated on figure 1. Also shown

on figure 1 is the Mahogany zone which is the most

widespread and laterally continuous of the zones

throughout the Piceance Creek basin. Of the other

zones recognized in the subsurface, only two, the R-
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Figure l.--Log configuration and oil-yield content of rock stratigraphic units

in the Green River Formation.
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6 and R-4 zones, have been studied in detail

(Donnell and Blair, 1970; Pitman, 1979).

The qualifying terms "rich and
lean,"

which

describe each of the oil-shale zones, were origi

nally used to differentiate the kerogen content of

marlstone in drill core from the central part of the

basin where oil shale is thickest and richest and,

therefore, of greatest economic interest. However,

additional coring in the Piceance Creek basin and

the extensive number of oil and gas wells that

penetrate the Green River Formation, particularly

near the basin margin, have shown that the alter

nating "rich and
lean"

zones are equivalent to

stratigraphic units, each of which has a unique log

configuration and oil -yield profile that can be

correlated over a wide geographic area, in some

cases to the outcrop. Along the margin of the

basin, rocks are generally of low-kerogen content

and intertongue with fine-grained clastic material

due to the influence of marginal lacustrine rather

than open-lacustrine sedimentation. In these areas,

the terms "rich and
lean"

which have an economic

implication are really not applicable. Therefore,

for the purpose of this paper, the "R and
L"

zone

terminology will be retained because of its common

usage; however, each zone will be considered as a

distinct stratigraphic unit rather than a sequence

of rock defined only in relative economic terms.

The regional distribution pattern of clay-

bearing mudstones and marl stones of the Garden Gulch

Member and carbonate-rich, kerogenous marlstones of

the Parachute Creek Member, between the R-2 and R-6

zones, is shown on figure 2. The boundary closely

approximates the base of the R-2 zone. Rocks

deposited throughout the basin prior to R-2 zone

time are dominantly clay rich whereas rocks depos

ited during and after R-6 zone time are predo

minantly enriched in carbonate.

The relation between the Garden Gulch and

Parachute Creek Member and the kerogen rich and lean

stratigraphic zones are shown on an east-west pro

file across the basin (fig. 3). Differentiation

between these facies using resistivity and induction

curves has previously been demonstrated by Duncan

and Belser (1950) and Trudell and others (1974). In

the basin center, the contact between the Garden

Gulch and Parachute Creek Members is near the base

of the R-2 zone (blue marker); however, toward the

basin margins the transition between the members is

gradational and time-transgressive, particularly in

an east-west direction.

Variation in thickness and oil yield of the

stratigraphic units are useful parameters for

recognizing areas of thickening, thinning, subsid

ence, and compaction. Because of the excellent

correlation of these units using a suite of logs, an

accurate interpretation of the depositional history

of the Piceance Creek basin can be provided.

STRATIGRAPHIC UNITS AND THEIR DEPOSITIONAL SETTING

The R-l and L-l zones, comprising the upper

part of the Garden Gulch Member, represent the

oldest rocks of interest in this study. An isopach

map of the R-l zone, (fig. 4) and an east-west cross

section (fig. 3) indicate a general thickening of

the unit toward the margin of the basin with an

abrupt thickening to more than 320 feet to the

east. Near the interior of the basin, the unit

thins to 120 feet. Well logs and lithologic de

scriptions of core indicate the unit consists of

siltstone, kerogenous mudstone, and lean marlstone

along the distal margin of the basin, particularly

in the southwestern part, and low-grade clay-rich

shale in the more proximal areas. The distribution

of lithologies suggest that sediment deposition took

place in a near-shore lacustrine environment along

the margin of the basin and was contemporaneous with

open-lacustrine sedimentation in the central and

northern parts of the basin. The thicker accumu

lation of fine-grained sediment shoreward suggests

that during the early stages of Lake Uinta, streams

prograded basinward into the edge of the lake.

Along the eastern margin of the basin where the R-l

zone is thickest, sedimentation was controlled by

the rising White River uplift and an adjacent

rapidly subsiding linear trough whose axis trended

northwestward along the eastern margin of the basin.

The range in oil -yield content for the R-l zone

varies from 10 gal /ton along the basin margin to

more than 25 gal /ton in the basin center (fig. 4).

Concentration of kerogen-rich rock near the basin

center during R-l zone time suggests that this area

represented that part of the basin where the lake

waters were most anoxic. Thicker sequences of shale

with less kerogen content near the distal margins of

the basin suggest large amounts of detrital material

associated with the shale beds.

During deposition of the L-l, R-2, and L-2

zones, Lake Uinta gradually expanded in size and

evolved chemically from a regime that was relatively
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Figure 2.Outline of the approximate boundary in the subsurface between the

clay-shale facies (unpatterned) of the upper Garden Gulch Member and the car

bonate shale facies (patterned) of the Parachute Creek Member, between the

R-2 and R-6 zones.
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Fiqure 3 --East-west profile across the Piceance Creek basin showing rich and lean zones and the gradational

boundary between the Garden Gulch and Parachute Creek Members of the Green River Formation.
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fresh to one that became increasingly alkaline. The

geometry and configuration of each zone indicate a

distinct thickening in an east-west-trending direc

tion in the south-central part of the basin (figs.

5, 6, and 7). The L-l zone reaches a maximum thick

ness of 150 feet; the R-2 and L-2 zones thicken from

less than 60 feet and 20 feet respectively, in the

northern part of the basin to more than 120 feet and

80 feet in the south and southwestern part. The

extension of sediment accumulation in an east-west

direction is believed to mark the transition between

open-lacustrine deposition to the north and near-

shore sedimentation to the south. The progressive

southwestward thickening suggests that the primary

source of clastic material was from streams that

prograded from the south and southwest basinward to

the north. It is believed that the fine-grained

mudstones and claystones that characterize these

zones in the southern part of the basin represent

the sediment load carried by these streams. The

fine-grained material was eventually transported by

density currents along the margin of the lake.

In the south-central part of the basin where

each zone attains its maximum thickness, the kerogen

content of the rocks generally decreases (figs. 5,

6, and 7). This relation between thickness and

grade may in part reflect differing rates of sedi

mentation. The near-shore lacustrine environment in

the southern part of the basin was associated with

an active center of deposition. The result was an

increase in sedimentation rate due to the fresher

water and higher energy environment, which prevented

the accumulation of significant amounts of organic

matter. Laterally equivalent rocks, deposited in

the north-central part of the basin where there was

no significant influx of clastic sediments into the

lake, consist of laminated oil-shales enriched in

kerogen and carbonate. Because the rates of sedi

ment accumulation in the depocenter of the basin

were significantly slower than to the south, the

concentrations of preserved organic matter were

higher, which are reflected in the occurrence of the

richest shales in the interior of the basin. The

absence of kerogenous, carbonate rock in the

southern part of the basin may also reflect the

mixing of water of different densities. Interaction

between less-dense fresh river water and more-dense

saline lacustrine water could have restricted the

lateral transport of fine-grained sediment to the

basin center.

The R-3 zone (fig. 8) represents a period when

open-lacustrine deposition prevailed throughout much

of the basin. The absence of near-shore lacustrine

deposition along the southern margin of the basin

during R-3 zone time suggests that the freshwater

influx and rapid sedimentation rates along the

distal margin of the basin that prevailed during the

early stages of lake development either ceased, or

there was a rise in lake level which exceeded the

rate of sediment deposition. The R-3 zone ranges in

thickness from 40 to 120 feet and in oil yield from

10 to 30 gal/ton (fig. 8). Except for a brief

regressive lacustrine phase represented by the L-3

zone (fig. 9), the general configuration of thick

ness and kerogen content for the overlying R-4 and

L-4 (figs. 10 and 11) zones are similar to the R-3

zone. Both zones thin and decrease in kerogen con

tent toward the basin margin. The thickest sequence

for both zones, 140 feet, occurs in the central part

of the basin where the zones contain the richest

grade of oil shale, 10 and 35 gal /ton, respectively.

Correlation of the R-4 zone between Colorado

and Utah by Cashion and Donnell (1972) suggests

lacustrine transgression across the Douglas Creek

Arch as early as R-4 zone time. Disseminated

crystals and aggregates of nahcolite commonly occur

with dolomitic oil shale in the R-4 and L-4 zones

(Dyni, 19R1) suggesting that there was a progressive

increase in the salinity and alkalinity of the lake

waters due to increasing evaporative conditions.

Oil -shale beds are commonly contorted around nah

colite nodules, indicating that the saline minerals

precipitated from interstitial water in organic-rich

muds that were unconsolidated.

The R-5 and L-5 oil -shale zones are character

ized by the presence of a saline lithofacies over

lain by a leached saline zone. The unleached facies

is composed principally of oil shale and aggregates

and discrete beds of nahcolite and halite and finely

disseminated dawsonite (Dyni, 1981). In the inte

rior of the basin, the oil -shale zones are difficult

to recognize because beds of nahcolite and halite

alternate with kerogen-rich, dolomitic oil shale.

The leached part of the saline facies, composed

principally of oil shales containing vugs, crystal

cavities, and solution breccias, reflects the dis

solution of water-soluble salts caused by the

invasion of ground water. A comprehensive discus

sion of the occurrence and distribution of the

saline minerals and the economic aspects of the
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The depocenter of the basin during R-5 and L-5

zone time is represented by the complex contour pat

terns shown on figures 12 and 13. Extreme variation

in thickness within short distances reflects varia

tion in saline mineral deposition and subsequent

saline mineral dissolution. The maximum thickness

of both zones is in areas that contain the greatest

concentrations of inplace nahcolite and halite;

adjacent thinner areas are caused by post-deposi-

tional leaching. A pattern similar to that for the

thickness is shown for the kerogen content of both

zones. Areas having large concentrations of saline

minerals often coincide with oil-shale sequences

that appear to be of low-kerogen content, an effect

in part due to dilution by the saline minerals.

Likewise, rich oil -shale sequences correspond to

areas that were leached of their saline minerals, or

areas where nahcolite and halite were not depos

ited. The amount of dissolution that occurred in

selected coreholes in both the R-5 and L-5 zones,

reported in table 1, illustrates these relations.

During the time in which rocks of the R-5 and

L-5 zones were deposited, the lake waters were

shallow, highly concentrated sodium-rich,
alkaline

brines. It is interpreted that bedded nahcolite and

halite precipitated from the lacustrine brine during

periods of intense evaporation (Smith, 1974; Lundell

and Surdam, 1975; Dyni, 1981). The presence of

laminated oil -shale beds associated with the bedded

saline minerals indicates periodic freshening of the

lake water during a more humid time.

That Lake Uinta expanded to its maximum size

during R-6 and Mahogany zone time, with only a brief

regressive cycle represented by the B-groove, is

indicated by the nearshore lacustrine facies along

the margin of the basin overlain by open-lacustrine

rock. Although small amounts of nahcolite and

dawsonite were deposited (Smith, 1974), the lake

waters in the depocenter of the basin were con

siderably fresher than during deposition of the

underlying evaporite facies. The thick, rich oil-

shale sequences in the R-6 and Mahogany zones (figs.

14 and 15) reflect the widespread lacustrine

conditions that prevailed throughout the basin.

During late Eocene, following deposition of the

Mahogany zone, open-lacustrine sedimentation shifted

from the Piceance Creek basin westward into the

Table 1. --Percent of the L-5 and R-5 zone in selected coreholes that has undergone

post-depositional leaching

Location Well Name ID No. R-5 zone L-5 zone

percent leached percent leached

T. 1 S.

T. 1 S.

T. 1 N.

T. 1 N.

T. 2 S.

T. 1 S.

T. 1 S.

T. 1 S.

T. 2 S.

T. 1 N.

T. 1 S.

T. 1 S.

T. 1 S.

T. 1 S.

T. 1 N.

T. 2 S.

T. 2 S.

T. 1 S.

R. 97 W.

R. 98 W.

R. 98 W.

R. 97 W.

R. 98 W.

R. 97 W.

R. 97 W.

R. 98 W.

R. 98 W.

R. 98 W.

R. 98 W.

R. 98 W.

R. 98 W.

R. 97 W.

R. 98 W.

R. 98 W.

R. 98 W.

R. 97 W.

sec. 20 Kaiser Aluminum Corp., Nielson 20-1

sec. 20 Wolf Ridge Minerals Corp., 20-1

sec. 20 Sinclair Oil Co., 8024

sec. 29 Sinclair Oil Co., 8005

sec. 4 Weber Oil Co., Juhan 4-1

sec. 6 Sinclair Oil Co., Federal Strat 1-1B

sec. 31 Pan American 1, USA Saterdal

sec. 26 Sinclair Oil Co., No. 1

sec. 11 Sinclair Oil Co., Skyline No. 2

sec. 13 USBM AEC Colo. No. 1 Yellow Creek

sec. 28 Wolf Ridge Minerals Corp., 28-1

sec. 24 Wolf Ridge Minerals Corp., Savage 24-1

sec. 14 Wolf Ridge Minerals Corp., Colo. 14-1

sec. 17 Kaiser Aluminum Corp., 17-1

sec. 14 USBM AEC Colo. No. 3

sec. 1 Shell Oil Co., 22X-1

sec. 2 Shell Oil Co., 23X-2

sec. 9 Shell Oil Co., 41X-9

CI 23

C2 0

C3 64

C4 90

C5 95

C6 19

C7 4

C8 0

C13 64

C34 0

C153 0

C154 0

C155 0

C156 6

C171 52

C177 0

C179 7

C197 93

100

100

100

100

100

100

100

61

100

98

100

52

100

100

100

98

100

100
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Uinta Basin where dolomitic oil shale and some

nahcolite were deposited (Ryder and others, 1976).

DISCUSSION

The Piceance Creek basin, in which Lake Uinta

formed, was an actively subsiding structure through

out much of the Eocene. The basin was elongated

northwest to southeast along the trend of maximum

subsidence. The depocenter of the lake formed in

the central part of the basin where the rates of

subsidence greatly exceeded the rates of sedimen

tation. During early through middle Eocene time,

the lake gradually expanded from a dominantly

nearshore, shallow, lacustrine environment to an

open-lacustrine depositional setting. Throughout

this period, there were many transgressi ve and

regressive cycles which are thought to have occurred

in response to changes in climatic or tectonic

conditions. These lake-level fluctuations are

reflected in the variation in resistivity and oil-

yield between individual rock stratigraphic units.

The pronounced thickening of the L-l, R-2, and L-2

zones in the upper part of the Garden Gulch Member

and the lowermost part of the Parachute Creek Member

can be attributed to nearshore lacustrine sedimen

tation along the basin margin. The large amount of

terrigenous clay and silt prevented carbonate depo

sition along the lake margins. Paleocurrent

directions indicate that streams flowed from the

Uncompahgre uplift northward into the basin carrying

detritus derived from Precambrian crystalline rocks

and Paleozoic and metamorphic sedimentary rocks

(Moncure and Surdam, 1980). The more rapid sedimen

tation rates to the south may have been accompanied

by rates of subsidence that were greater than the

sediment-starved areas to the north, due to sediment

loading that resulted from fluvial deposition.

During deposition of the R-3, R-4, and L-4

zones, the open-lacustrine part of the lake system

increased in areal extent, perhaps as a result of a

decrease in fluvial activity south of the basin.

Because only minor amounts of terrigenous material

were supplied to the area, carbonate deposition may

have occurred close to the shoreline. Increasing

evaporative conditions during R-5 and L-5 zone time

caused the lake waters to become alkaline-rich

brines which precipitated nahcolite and halite. The

most extensive stage of Lake Uinta, represented by

R-6 and Mahogany zone deposition, may have been

initiated by a renewed period of basin subsidence

and a more humid climate.

Similarity in regional structure between the

top of the Mahogany zone (Pitman and Johnson, 1978)

and the orange marker (Dyni, 1969) suggests that

post-Green River orogenic movements produced

intrabasinal tectonic features such as the Piceance

Creek dome. The absence of thinning in the area of

the dome is evidence that the structure either was

low or not in existence during Parachute Creek time.
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Fiaure 4. -Map showing thickness and oil yield of the R-l zone. Contour
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Figure 5. --Map showing thickness and oil yield of the L-l zone. Contour inter
vals: isopach (black), 40 feet; oil-yield isovalue (red) 5 gal/ton.
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Figure 7. -Map showing thickness and oil yield of the L-2 zone. Contour inter
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Figure 9. -Map showing thickness and oil yield of the L-3 zone. Contour inter
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Figure 11.Map showing thickness and oil yield of the L-4 zone. Contour inter
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Figure 12. --Map showing thickness and oil yield of the R-5 zone. Contour inter
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Figure 13. --Map showing thickness and oil-yield of the L-5 zone. Contour inter

vals: isopach (black), 40 feet; oil-yield isovalue (red), 5 gal/ton.
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Figure 14. --Map showing thickness and oil yield for the R-6 zone. Contour inter
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ABSTRACT

The remarkable persistence and uniformity of Green River Formation oil shale demonstrate genesis mecha

nisms which dominated geologic disasters for millions of years. Postulated geochemical conditions capable of

explaining the required stability are summarized and used to explain how 10 present-day observations came

about. These include evaluation of how the lake limited mineral input, how the saline minerals formed, why

the organic matter is uniform, and how the lake formed dolomite as a major component of its sediment. All of

these depend on development and persistence of a stratified lake. The lake that existed during Mahogany zone

time was modeled for "worst
case"

conditions and tested for stability under extreme wind stress. The lake

proved emphatically, persistently stable and capable of providing the environment required for the postulated

geochemical and depositional conditions to exist.

INTRODUCTION

The Eocene Green River Formation, its oil

shales, and its saline minerals form a sedimentary

sequence unmatched in the world's massive sediments.

Nothing like it exists. Much of the Green River

Formation study has concentrated on the detectable

variations in the Green River Formation, but varia

tions are not the Formation's peculiarity. Two

words characterize the oil -shale generating
system-

persistence and uniformity. The oil shale deposi

tional system developed and then maintained itself,

doing the same thing continuously for a very long

time. When geologic disasters interrupted this

sedimentation pattern, the chemical conditions

reestablished themselves and went right on making

oil shale. Smith and Robb in 1973 and Smith in 1974

postulated geochemical conditions capable of ex

plaining the persistence and uniformity of Green

River Deposition. These conditions are summarized.

Smith (1974) applied these conditions to explaining

seven requirements made on the depositional geo

chemistry by present day observations. This list,

now numbering 10, is reviewed. The lake stratifica

tion required to make this chemistry work is modeled.

Its stability and ability to reestablish itself is

tested, demonstrating the long-term stability and

persistence of the oil shale depositional conditions.

This paper will concentrate its discussion on

Colorado's Piceance Creek Basin. Here, oil shale

deposition lasted longer, and the geochemical condi

tions matured to a greater degree. However, with

minor modifications the chemical conditions that

formed Colorado's oil shales extrapolate nicely into

the depositional conditions that made Green River

oil shale in Utah and Wyoming.

LAKE UINTA'S POSTULATED CHEMICAL HISTORY

Green River Formation deposition in the region

to become Colorado began in ancient Lake Uinta in

the general area of the early depositional center

outlined in Fig. 1. Normal lacustrine sediments are

found around here lying deep under the oil shale.

The sediments gradually change to dark shale and

finally to oil shale (Trudell et al . , 1970) in

moving up the stratigraphic column. This lake may

have been a rather deep intermontane lake especially

subject to thermal stratification.

Sodium-rich silicates hydrolyzing in the lake

water built up a sodium ion concentration. This

hydrolysis consumed acid, making the lake more

basic. Coupled with C02 produced by organic matter

decomposing on the lake bottom, this sodium accumu

lated in the water as sodium carbonate and bicarbo

nate. Eventually a year came when the lake didn't

undergo normal spring and fall overturn because of

the increasing carbonate concentration. This rein

forced the stratification by permitting accumulation

of more sodium carbonate in the lower layer. The

result was a lake structured like Fig. 2, permanent

ly stratified by a difference in density.

Figure 2 names the lake strata the mixolimnion

is the upper, low-density layer, and the lower,

high-density layer is the monimolimnion. These

layers are separated at a lake horizon labeled the

chemocline. This forms a real barrier. The two

layers circulate independently, divided at the

chemocline. They do not mix. The mixolimnion is
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exposed to the atmosphere, is oxygenated, and sup

ports life. All fresh water entering the lake

(rain, streams, etc.) joins the mixolimnion. As

indicated in Figure 2, an area around the lake's

outer edge consisted only of the mixolimnion, form

ing a shallow normal lake near shore. As will be

indicated during modeling this lake, the water

balance between the layers automatically adjusts to

maintain maximum stability.

Density stratification has important effects on

the chemistry of the lake. The mixolimnion com

pletely covers the monimolimnion, excluding air from

the lower layer. Organic debris falling into the

lower layer insistently consumes available oxygen.

A strongly reducing (anoxic) condition is generated

and continuously maintained in the lower layer by

stability of the lake. Since hydrolysis of sili

cates consumes acid, the monimolimnion became more

basic. Smith (1974) defined the limits of pH and

oxidation-reduction potential in the sediment to

become oil shale and in the water of the lower layer

(monimolimnion, Figure 2) above the sediment. He

indicated that the water above the sediment reached

a pH of 10.5 or higher with a reductive potential

near the equilibrium stability point for decomposi

tion of water to Hp. This limiting value may be

calculated for any pH from the following equation:

Eh (volt) =
-0.059 pH

This is the lowest Eh value possible for survival of

aquatic systems. When this water was trapped by

depositing organic rich sediment, its pH dropped

because of evolution of C02 from the organic matter.

Decrease of the pH of the interstial water was

limited to about 8.4 by bicarbonate buffering. The

pH in the sediment probably averaged about 9.

Because of its organic content, the sediment's

reductive potential was probably even lower than

that found in the water of the monimolimnion.

Permanent stratification strongly limited the

materials available to the lake's lower layer. From

effects of stratification, the currents in both

layers of the lake were very small (Lee and Smith,

1976). Consequently, the lake water itself was not

very efficient in transporting solid material very

far from the shores. Only very tiny mineral par

ticles capable of remaining suspended in slow cur

rents would travel very far. The organic matter

supply to the lakes lower layer came as debris from

life in the upper layer. Much of the mineral supply

over all but the edges of the lake arrived as air

borne mineral particles'. Both the amount and the

composition of the mineral and organic materials was

limited and largely continued to be so through the

time oil shale was deposited.

OBSERVATIONS REQUIRING GEOCHEMICAL EXPLANATION

Observations from present day conditions can be

used to test the geochemistry postulated above. Ten

of these observations will be evaluated briefly,

using background data developed and referenced by

Smith (1974) and Smith and Robb (1973).

1. Preservation of Organic Matter

Organic matter recently part of living things

is incredibly reactive chemically, particularly to

oxidative atmospheres. The stratified Uinta lake

moved organic debris from oxidative to reductive

conditions in a relatively short distance. Although

chemical reactions degrading organic matter still

occurred, the reductive environment maximizes or

ganic preservation. Once lithified in oil shale,

the Green River organic matter is like a canned

recent sediment. Loss of carboxyl groups with

increasing depth of burial (Smith, 1963) is the only

alteration apparent after deposition. Only deep

burial such as occurred in the northern Uinta Basin

of Utah creates substantial natural alteration of

the organic matter in the rock.

2. Uniform Hydrogen-Rich Organic Matter

As organic matter dropped into the reducing

environment of the monimolimnion, it encountered a

strongly basic environment. In such a basic reducing

environment many organic structures would be attacked

and digested. Only a particular group of compounds

could survive. If the growth conditions in the

mixolimnion remained relatively stable, The organic

debris entering the bottom layer was always similar,

and this same group always survived. Straight and

branched chains, porphyrins, and pyrroles are exam

ples of surviving compounds. These tend to be

relatively rich in hydrogen. The strongly reducing

(hydrogenating) environment reacted to add hydrogen

to any possible point in the organic matter, en

hancing its hydrogen content and making the deposi

ted material hydrogen-rich. The reducing environ

ment actually intensified in interstitial water of

the sediment. Stability of the depositional condi

tions is required to explain the uniformity of

Colorado's Green River oil shale.
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3- Continuous Deposition of Organic Matter

Once oil shale deposition started, it would

persist as long as the conditions persisted. In the

northern part of Piceance Creek Basin, continuous

oil shale reaches present-day thicknesses of more

than 2100 feet (640 m). Continuous organic deposi

tion demonstrates persistence of the conditions. At

USBM Colorado Corehole No. 1, the oil shale deposi

tional conditions were overridden by a major clastic

influx from the north, but they reestablished them

selves to deposit Mahogany zone oil shale (Robb et

al . , 1978). After a second clastic pulse killed oil

shale deposition at this site and moved the deposi

tional center of the lake southeast to the second

position shown in Figure 1, an additional 600 feet

(180 m) of continuous oil shale was deposited by the

same lake. Continuous organic matter deposition

through perhaps 6 million years demonstrates remarka

ble persistence which must be part of the deposit's

geochemistry.

4. Organic Concentration Around the Depositional

Centers

Ancient Lake Uinta never produced gigantic

bursts of organic matter. It produced and deposited

relatively little organic matter at any one time.

Only the limitation of mineral matter deposition in

the lake permitted formation of the organic- rich oil

shales. Since the organic matter with lower density

could remain suspended better than tiny mineral

particles, the organic matter would do a bit better

job than the mineral raw material of accumulating

around the circulation centers. The postulated

depositional conditions explain the required limita

tion of mineral influx.

5. Varves and Their Preservation

The tiny and probably annual lamina called

varves accumulated as a pair of layers, one light

and the other dark. The light one is richer in

dolomite, and the dark one is richer in organic

matter and silicate minerals. Varves are too small

to see in Figure 3, a picture of larger laminations

in oil shale, but their existence can be detected

microscopically. Smith and Robb (1973) describe a

mechanism for varve generation. Varves are particu

larly present in the Mahogany zone. If varves are

expressions of annual cycles, the varves in the

shale block shown in Figure 3 at average thicknesses

of 30 x 10 meters indicate it took over 800 years

to generate an inch of finished oil shale.

The tiny varve layers depositing on the sedi

ment surface make several requirements only met by a

permanently stratified lake. The first is that

overturn could not have occurred without destroying

the varves. The second is that circulation immedi

ately above the sediment had to be very slow to

prevent destroying the minute layers. The third is

that bottom-dwelling macro! ife must certainly have

been absent. Even microlife was probably absent

from the sediment because gas bubbles generated by

microbes might break the delicate structure. How

ever, this is not absolute because most of the

possible gases microbes might generate would dis

solve in the basic water. The strongly basic,

strongly reducing water of the monimolimnion would

certainly limit possible bottom-dwelling life forms.

6. Lateral Persistence of Varves and Layers

The layered character of Green River Formation

oil shale is well illustrated in Figure 3. Although

varves can't be visible in this picture, they cer

tainly persisted across this block. Their patterns

could be correlated using microprobe and photo

graphic microdensity scans at several places across

the block's face. Lateral persistence across the

block is an appropriate relative measure in terms of

varve thickness. The laminations visible in Fig

ure 3 represent deposition variations over substan

tially longer times than one year. During the

period represented by the darker lamina, more or

ganic matter in relation to mineral matter was

incorporated in the oil shale. These conditions

were regional, producing the same deposition pattern

over wide areas. The classic demonstration of this

lateral persistence of layers is the photograph of

precisely matching lamina in three cores spanning 65

miles in Colorado and Utah published by Trudell et

al . (1970). This matching is the basis for their

development of a time-strati graphic coordination

system particularly useful for resource evaluation.

The lateral persistence of the varves and layers is

a direct consequence of the stability of the postu

lated geochemistry.

7. Uniform Mineralogy

The primary mineral group in Green River Forma

tion oil shales is monotonously similar laterally,

and it shows only some specific variations strati -

graphically. Robb et al . (1978) plot and evaluate

the distribution of minerals and organic matter

through the Formation in the area of the early
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depositional center. In the Colorado Formation,

dolomite, quartz, potash feldspar, soda feldspar,

pyrite, and i 11 i te are ubiquitous. Calcite occurs

only sporadically, appearing consistently as a major

mineral component only after the first massive

clastic influx from the north. Analcime, resulting

from alteration of ash falls, occurs spottily in and

above the Mahogany zone but is absent from the

saline zone. Analcime is probably missing from the

saline zone because the ash falls that produced it

were totally dissolved. When the lake grew during

Mahogany zone time, the lower layer became less

basic and would permit the ash falls to survive.

The saline minerals, nahcolite and dawsonite, and

the ill ite distributions are to be discussed later.

Essentially, the Green River oil shales contain

the same minerals. Nothing surrounding the Forma

tion could have supplied these with consistency.

Only chemical processing of incoming mineral matter

could produce such a consistent mineral suite through

millions of years. The primary minerals are auto

genic, forming mostly in the lake sediment. Smith

(1974) and Smith and Robb (1973) provide geochemical

explanations of the mineral genesis. Their mecha

nisms depend on the stratified lake, chemical diges

tion of incoming mineral material, and mineral

formation due primarily to C02 production from

organic matter in the sediment. This C02 lowered

the pH in the sediment to initiate formation of

quartz, albite, and potassium feldspar.

One novelty in the Colorado silicate mineral

suite deserves discussion. Although both minerals

formed in the sediment, albite (NaAlSi-Og) and

potassium feldspar (KAlSi30g), are completely sepa

rate. No potassium appears in the soda feldspar,

and no sodium appears in the potassium feldspar. No

calcium or other substitution appears in either

mineral. The albite has the crystal form corres

ponding to low albite. No mineral name has been

specifically tied to the potassium feldspar because

its X-ray diffraction spacings don't correspond

precisely with any of the ordinary
K- feldspar forms--

microcline, adularia, etc. However, the crystal

spacings in the K- feldspar of Colorado's Green River

Formation indicate the lowest of low temperature

forms--an unnamed crystal. Direct formation of

albite from the effect of C02 on interstitial water

chemistry is straightforward, but why was

K- feldspar formed cleanly and independently in a

sodium-rich solution? Apparently, potassium was

collected on the residual silicate particles which

managed to enter the sediment, a known process in

more normal lakes. Collection must have been

rather efficient because no potassium evaporates

have been detected, and potassium occurs at rather

low levels in the halite and nahcolite. These

potassium-bearing residues either formed the ubiqui

tous illite or were directly altered to potassium

feldspar in the sediment. Illite and potassium

feldspar appear to be inversely related in the

mineral profiles presented by Robb et al . (1978).

Illite is hard to detect and quantify because of its

poor crystal! inity, but its high concentration below

the Blue Marker and its low concentration in the

overlying saline mineral zone are inversely reflec

ted in the K-feldspar quantities. So is the in

creased illite content in the Mahogany zone.

These postulated mechanisms were strongly

supported by mineral relationships developed from

mineral analysis of hundreds of samples representing

the entire stratigraphic sequence of the Formation

(Robb et al . 1978). The consistency of the minerals

in oil shale depends on the stability of stratifica

tion and the consequent geochemical stability of

ancient Lake Uinta.

8. Clay-to-Dolomite Mineral Change

A marked change in mineralogy takes place near

the boundary between the Parachute Creek Member and

the underlying Garden Gulch-Douglas Creek unit of

the Green River Formation. This change progresses

and regresses for perhaps 100 feet, but in the basin

center it is complete about 30 to 50 feet above the

Blue Marker, usually designated as the bottom of the

Parachute Creek Member. Below this point, illite

makes up perhaps two-thirds of the total mineral

material. Above the transition zone, dolomite is

the primary oil shale mineral and illite becomes

only a small component. Both sections are oil

shale, and the organic matter itself is the same in

both sections. This change from illite to dolomite

requires geochemical explanation. Smith (1974)

provided one.

When the stratification came into existence,

the minerals entering the lake were attacked chem

ically. Sodium was released, and some silica was

dissolved. To accomplish this, acid was consumed,

gradually making the water more basic and raising

the pH of the lake's lower layer. The undissolved
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residue after this extraction was incorporated in

the sediment and altered to clay. When the water's

pH was lower initially, the clay formed was perhaps

kaolin. As the pH of the monimolimnion gradually

increased, more silica was dissolved and the clay

formed became smectite. With continued pH increase,

more silica was dissolved, and the relatively
silica-

poor illite became the stable clay formed. Most of

the mineral matter entering the lake contributed to

formation of illite because aluminum released during

hydrolysis formed a protective hydroxide gel around

the particle. This protective coating transported

the particles to the bottom. Production of this

protective coating continued until the pH of the

water in the lower layer passed 10. At this point,

aluminum hydroxide becomes soluble amphoterically.

The protective coating disappeared, and the lake

water could attack the mineral particles more com

pletely. Only a fraction of the tiny particles

survived to reach the sediment. In sediments deposi

ted after the lake's lower layer reached pH 10,

illite forms a much smaller part of the mineral

fraction. Dolomite becomes the primary mineral

constituent and continues to be so.

9. Calcium-Magnesium Balance

A good deal of heavy weather has been made

about the inadequacy of the amount of magnesium in

the Green River system to explain formation of

dolomite. This arises because magnesium must be in

substantial excess for dolomite to precipitate

directly from solution. The mineral material enter

ing the lake probably had a composition similar to

igneous rocks. In these rocks the Ca content is

slightly larger than the Mg content when expressed

as chemical equivalents. No opportunity existed to

build up sufficient magnesium concentration to

precipitate dolomite directly from the lake water.

It didn't. In Green River oil shale, dolomite is a

matrix mineral formed in the sediment after deposi

tion.

Dolomitization in the sediment completely

alters the requirement for massive magnesium buildup

in the entire lake. In the geochemistry outlined

for carbonate mineral formation, Smith and Robb

(1973) point out that calcium is supplied to the

sediment as calcium carbonate either as calcite or

as aragonite. Calcite formed immediately from

calcium released to the sodium carbonate water of

the lake's lower layer. This release occurred

during chemical attack on the mineral particles

dropping through the monimolimnion. Aragonite

formed in the surface water. Both crystals found

their way into the sediment. Magnesium and iron

released in the lake's high pH lower layer precipi

tated as hydroxides and also joined the sediment.

Iron was all reduced to the ferrous state.

In the sediment CaCO- remained insoluble, but

the magnesium and ferrous iron hydroxides dissolved

as pH decreased. In effect, all of the Mg was

mobile, while none of the calcium was. Dolomitiza

tion proceeded directly in place by the mechanism

shown in the following equation.

CaCO- (solid) + Mg +

C03
= *

CaMg(C03)2 (solid)

Lippman (1968) described this reaction for low

temperature formation of dolomite after observing

the development of norsethite, BaMg(C03)2, the

barium analog of dolomite first described in natural

occurrence in the Green River Formation. Ferrous

iron substitutes for some of the magnesium in the

dolomite formed. Smith and Robb (1966) demonstrated

this from enlarged X-ray diffraction spacings,

concluding that in the oil shale samples they stu

died ferrous iron made up about 15 mole percent of

the dolomite's magnesium layer. Because this did

not explain the size of the spacing enlargements

observed, they investigated other possible substitu

tions. A significant correlation between Sr and the

enlargements beyond that due to ferrous iron was

detected. However, this really couldn't explain the

residual enlargement. Only much later did the

proper interpretation developcalcium (and stron

tium) substitution for Mg in the magnesium layer.

This is an expected result of dolomitization of

solid calcium carbonate. Dolomitization of calcium

carbonate in sediment to produce dolomite continu

ously as a major oil shale component requires stable

existence of the stratified lake.

10. Saline Minerals

The Green River Formation is noted for huge

collections of novel minerals, particularly sodium

carbonate minerals. In Wyoming, trona, nahcolite,

wiegscheiderite, shortite, and even dawsonite have

been observed. Utah has nahcolite and shortite.

Colorado's saline mineral suite is truly unique

because it contains most of the world's natural

supply of dawsonite [NaAl (0H)2C023 and nahcolite
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(NaHC03). Formation of these minerals in huge

quantities over a long time period requires extreme

ly rare natural conditions. Smith (1974) neatly

explained the chemistry behind their natural develop

ment from chemical conditions in stratified Lake

Uinta.

The raw materials for generation of nahcolite

and dawsonite continually accumulated in the lower

layer of the stratified lake. Sodium accumulated

from hydrolysis and solution of minerals entering

the lower layer of the lake. Aluminum accumulated

in solution as the aluminate ion after the lower

layer passed the pH of 10. Carbonate accumulated

from C02 arising from decomposition of the organic

matter. Continuous accumulation of the necessary

materials was enhanced by gradual loss of water from

the lake. Eventually the ion concentrations reached

the point where dawsonite began to form in the

sediment. This process is exactly analagous to a

dawsonite synthesis process developed by Bader and

Esch in 1944 in which dawsonite precipitated directly

upon slow addition of gaseous C02 to a sodium alumi

nate solution containing a large excess of sodium

ion. This formation of dawsonite was shown to be

related to processes which formed the nordstrandite

[Al (OH) ] which always accompanies dawsonite in the

oil shale but has not been found separately in the

oil shale. (Smith and Young, 1975).

Colorado's nahcolite is also a product of this

process. Addition of C02 to a sodium carbonate

solution shifts the balance toward sodium bicarbo

nate as the following equation indicates:

Na2C03
+

C02
+ H20 ->

2NaHC03

By this process 106 grams of sodium carbonate becomes

168 grams of sodium bicarbonate, and sodium bicarbo

nate is less soluble than sodium carbonate by a

factor of 3 or 4. Saturated sodium bicarbonate

solutions crystallize nahcolite as found in Colorado

oil shale. Nahcolite can only crystallize from

systems in effect maintaining high C02 pressure. In

Colorado, the stratified lake persisted throughout

saline mineral deposition. Otherwise the product

formed would have been trona (NaC03
*

NaHC03

2H20) as occurred in Wyoming where the lake went to

dryness and lost its top. Halite interspersed with

nahcolite appeared as a final lake concentration

product in Colorado, and in Wyoming halite is incor

porated in trona. In each case, oil shale deposi

tion reestablished itself. In Colorado, oil shale

reappeares immediately on top of the salt, while in

Wyoming a clastic deposit may appear before oil

shale was again deposited. This is best explained

by persistence of the stratified lake in Colorado

and redevelopment of the stratification in Wyoming

by solution of sodium carbonates as the water came

back.

Continued stability of the stratified lake and

an ability to reestablish itself make this explana

tion of the saline mineral deposition valid.

PALE0LIMN0L0GY MODEL

The previous discussions of chemical mechanisms

operating to form Green River oil shale emphasize

how important the stability of the lake stratifica

tion is. All of the mechanisms depend on the de

velopment, stability and persistence of the strati

fied lake. Assuming this stratification's develop

ment and long-term stability is a fine tool, but at

least part of it can be tested. A model of the

ancient Lake Uinta (Lee and Smith, 1976) was enlisted

to test the lake for stability and persistence.

Trying to project a model back through 50

million years is a procedure that makes direct

observation difficult. As with the chemical postu

lates, the only information available to test against

is present-day observations. Since the lake that

generated Colorado's Green River oil shale has no

modern analogs, no comprehensive current model can

be used. However, lake behaviors somewhat analagous

to that required in evaluating ancient Lake Uinta

have come under study with the growth of computers

capable of handling the vast masses of numbers

required. For example, both wind coupling and

meromixis (stratification) have been investigated.

Study of the physical limnology of ancient Lake

Uinta involves examination of the properties of

stratification, lake morphology and circulation

patterns as they relate to depositional conditions.

The first step was examining the dynamic character

of ancient Lake Uinta. Since the mathematical

simulation technique can be applied to the entire

lake which changed continually in shape and size, a

specific point in time had to be selected. The time

of deposition of the Mahogany zone was chosen, and

the lake circulation during this time was modeled.

Lee and Smith (1976) report the required equations

and wind coupling factors.
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To model a lake, its dimensions must be known

and described mathematically. The Mahogany zone has

some limits in Colorado which make some of its

boundaries better than guesses. The east boundary

of the Mahogany zone was provided by the Grand

Hogback, a geologic uplift present during deposition

and still present. A west boundary is offered by

the Douglas Creek Arch, active and elevated during

Mahogany zone time. Lake Uinta reached maximum

expansion during Mahogany zone time, and its south

ern boundary was postulated as gradually rising

land. The northern boundary is more difficult

because some positive connection existed into the

Uinta Basin. However, because circulation of the

stratified lake through this connection would be

limited, the north end of Mahogany zone deposition

was postulated as roughly rectangular.

One additional dimension, depth, remains to be

postulated. We chose extremely shallow contours to

impose the worst possible condition on stability of

the stratified lake. The real lake in place was

undoubtedly deeper, but any deeper lake would be

more stable. Lake geography and depth contours

tested for stability are shown in Figure 4. We

chose relatively smooth bottom contours because of

the lateral uniformity in the deposit and because we

have no better information. It must be emphasized

again that depth and bottom contour assumptions are

"worst
case"

choices, not projections of reality.

We now postulate the stratified lake of Figure 2

into the Piceance Creek Basin. The names mixolim

nion and monimolimnion are applied to emphasize the

chemical nature of the stratification. The name

chemocline is applied to the lake level separating

the layers. These names are used to distinguish

these effects from the normal thermal stratification.

A density stratified lake is a stable system

because it requires increasing the potential energy

of the lake to mix the heavier bottom layer with the

lighter upper layer. Thermal stratification can be

readily overturned just from changes of water densi

ty with temperature. This effect is quite small,

however, in relation to chemically induced density

differences. Stability of a stratified lake can be

thought of as the work required to raise the center

of gravity of the stratified lake to the level of

its center of volume. Meromictic stability (S) per

unit area of the lake can be expressed as

where AQ is the surface area of the lake, Azis the

lake's cross-sectional area at a depth z, (Pn~Pz)

is the difference between the density of a complete

ly mixed lake and that at any depth z, g is the

gravity constant, and Z is the maximum depth of the
m

lake. Also, z is the center of the volume of the

lake calculated as

- I fZm
v gy

zAzdz

= _9_

Ao
oj^ z-zg)Az(ph-pz)d2

where V is the total volume of the lake.

The meromictic stability for the postulated

ancient Lake Uinta shown in Figure 4 was calculated

for static conditions. As can be seen from the

equations, the meromictic stability of the lake at

rest depends on the density difference between the

two layers and the location of the chemocline divid

ing them. Figure 5 gives meromictic stability of

the modeled lake as a function of depth for three

density differences. The maximum meromictic stabili

ty appears at about 5 meters (16 feet) for the

postulated lake. At depths above and below this,

the stability becomes appreciably less. This forces

shifts in the chemocline location and the lake

stabilizes itself near the depth of maximum stabili

ty.

For an ordinary thermally stratified lake with

the upper layer at 15C, the bottom layer density
3

would be about 1.0028 gm/cm . At this density it
2

requires 350 joules/m to completely mix the lake

with this density difference. During the time of

Mahogany zone deposition, the monimolimnion density
3

is postulated at 1.03 gm/cm , a conservative value

for water that sometimes formed nahcolite. Mixing

these two layers requires 3500 joules/m , work not

available from temperature changes. At earlier

times during saline mineral deposition the monimo

limnion density might have been as high as 1.06

3 2
gm/cm , requiring 7000 joules/m to mix the lake.

The effect of the density difference on stability is

cumulative because when the water doesn't mix, the

density difference must increase.

The meromictic Lake Uinta is basically a sta

tically stable body of water. The buoyancy of the

water in the upper layer tends to inhibit mixing

across the chemocline. In addition, sodium carbo

nate doesn't diffuse well. Only violent external

forces can alter this stability. Tides, earthquakes,

and seiches move the lake bodily and fail to induce
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FIGURE 5. Meromictic Stability in the Modeled Lake as a Function of Depth

urbulent mixing. Only wind can realistically be

considered a mixing agent. So we tested wind effects,

Wind stress applied over the free surface of

the lake can generate strong surface currents in the

mixolimnion and produce a small free surface tilt.

This will also generate weaker opposing currents in

the monimolimnion and a larger opposing tilt in the

chemocline. Figure 6 illustrates these tilts. The

velocity difference across the chemocline, when it

becomes large enough, can cause instability which

leads to a violent breakdown of stratification at

and around the chemocline. This instability, known

as Kelvin-Helmholtz type instability, is practically

independent of water viscosity but is dependent on

the velocity difference across the interface. If

this velocity difference is below a critical value,

the buoyancy force on the mixolimnion will suppress

the disturbance. When that velocity difference is

exceeded, the disturbance will grow as waves along

the interface which will become steep fronted and

break into patches of turbulent mixing. If the

sheer force created by the velocity difference is

not sustained, the turbulence will decay as the

mixed layer spreads out.

The stability of a stratified lake under wind

stress can be expressed in terms of the overall

Richardson number, R, which is essentially the ratio

of the buoyancy force to the inertia force. This

can be written as

R =

where H is depth, p2
and

p1
are the densities in the

monimolimnion and mixolimnion, respectively, g is
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the gravity value, and AU is the velocity differ

ences between the two layers. Using this overall

Richardson number as a stability criterion, Miles

(1961) stated that a sufficient condition for an

inviscid stratified flow to be stable is that the

Richardson number be larger than 0.25. Mortimer

(1974) inferred this same stability judgment in a

lake.

A computer program was developed to compute the

overall Richardson number in the Mahogany zone under

various postulated dynamic conditions. This program,

an extension of the program described by Lee and

Smith (1976) for their initial circulation model for

ancient Lake Uinta, includes wind coupling factors.

Using this program, the overall Richardson number

can be computed at every location in the modeled

lake including the sensitive fringe of the chemo

cline. The program can accommodate a variety of

wind speeds, directions, and durations, as well as

assorted density values for the two layers. The

program plots the base 10 logarithm of the overall

Richardson number to get the wide range of magnitude

Chemocline Tilts in a Meromictic Lake

into manageable sized numbers. The stability cri

terion for the overall Richardson number becomes

-0.6 (log 0.25). Any log value less than 0 is

classed as indicating a potentially unstable area.

Log numbers larger than this indicate more stable

areas.

It is postulated that prevailing winds came

from the northwest for purposes of this report.

Other directions were tested with results not appre

ciably different. Wind speeds of from 20 miles per

hour (8.94 m/s) to 60 miles per hour (26.82 m/s)

from the northwest were tested. The entire strati

fication at all density differences was stable

through winds of 40 miles per hour (17.88 m/s)

blowing for 40 hours. An average wind of 40 miles

per hour lasting through 40 hours is not too likely

to have occurred during even a million years. Winds

60 miles per hour blowing for 40 hours were required

to develop any indication of instability of the

stratification. This average speed for 40 hours is

substantially less likely than 40 miles per hour.

Figures 7, 8, and 9 show plotted contours of loga-
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riths of the overall Richardson numbers for density

differences as follows:

Figure 7; monimolimnion 1.03 gm/cm , mixolimnion

3
1.00 gm/cm .

Figure 8; monimolimnion 1.06 gin/cm , mixolimnion

3
1.00 gm/cm .

3
Figure 9; monimolimnion 1.02 gm/cm , mixolimnion

1.002 gm/cm3.

The shaded areas indicate unstable and poten

tially unstable areas in the lake's area developed

under extreme wind stress. They appear only along

the edges of the chemocline. These are definitely

only a small fraction of the total lake area. The

lake would remain stable under wind stress. The

highest numbers in the figures correspond to the

most stable areas. These seem to concentrate around

the Mahogany zone depositional center.

Computer modeling of stability of stratified

Lake Uinta arranged to test the least stable con

figuration and the most ferocious wind stresses

indicates that the lake would be persistently stable.

This would provide the environment required for all

of the postulated geochemical and depositional

conditions to exist.
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RESULTS OF THE GEOLOGIC MAPPING PROGRAM DURING SHAFT SINKING

AND SUBSEQUENT STATION DEVELOPMENT AT C-B TRACT

Nick Stellavato

Cathedral Bluffs Shale Oil Co.

P. 0. Box 2687

Grand Junction, Colorado 81502

ABSTRACT

Geologic and hydrologic studies of the Piceance

Basin have taken place over the past 50 years from

core data, well log data, outcrop data, and sub

surface mapping in the mines that exist around the

perimeter of the basin. From this data the sub

surface geology and hydrology was inferred. The

sinking of three large diameter shafts at C-b

presented a unique opportunity to physically map the

subsurface under Tract C-b. Geologic and hydrologic

data was collected in the shafts and also in the

laterally developed stations off the shafts. Photo

graphs were taken during this development to

document the geologic and hydrologic observations

made of the subsurface in the shafts.

INTRODUCTION

The shaft sinking operation at C-b Tract pro

vided an opportunity to not only map the entire

vertical geologic section of the Uinta Formation

from the surface to the mid R-5 Zone but to also

observe and record the natural groundwater conditions

that exist prior to the advent of mining and dewater-

ing. Because of its important influence on shaft

sinking, mine design and subsidence, water handling

facilities, and environmental considerations, a

geologic and hydrologic mapping program was initiated

in July 1979.

Previous to shaft sinking, all subsurface inter

pretations were based on approximately 30 cored and

drilled holes on and around C-b Tract. The proposed

three large-diameter shafts and the associated

lateral workings off the shafts presented the first

opportunity to observe and map the exposed rock

formations and compare this data with the previous

corehole data. Table 1 is a summary of all stations

in the three shafts and their corresponding

elevations and depths. The following list covers

the major points included in the mapping program:

1. Rock Types

2. Major Structural Features

A. Joints and Fractures

a. Dips

b. Orientation

c. Planar or non-planar

d. Open or closed

e. Coatings

B. Breccia Zones

a. Collapse

b. Fracture

C. Vuggy Zones

D. Folding

3. Water Conditions

A. Water-Bearing Intervals

a. Flows and pressures

b. Water quality samples

4. Stratigraphic Horizons Penetrated

A. Uinta Formation

a. Basal - Transitional Zone

B. Top Parachute Creek Formation

C. Four Senators Zone

D. Interval Four Senators to A-Groove

E. A-Groove

F. Mahogany Zone

G. B-Groove

H. Lower Oil Shale Zones, R-6, L-5, R-5

VENTILATION/ESCAPE SHAFT

Cathedral Bluffs Shale Oil Company

commenced sinking three large-diameter shafts in

January 1979 following construction of permanent

headframes. The smallest of the shafts was

located on the north edge of the C-b Tract.

This shaft is called the Ventilation/Escape (V/E)

shaft and has a 15-ft. inside completed diameter.

It is concrete-lined but the lining is not de

signed for hydrostatic pressure. The V/E shaft

was collered at an elevation of +6,705-ft. and

its total depth was 1,617-ft. (elevation

5,088-ft.), corresponding stratigraphically to

the base of the R-6 Zone. Small pump stations
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were cut laterally from the shaft at elevations of

6,490-ft. (215-ft. depth) and 6,090-ft. (615-ft.

depth); with larger stations developed at 5,745-ft.

(960-ft. depth) at the base of the Uinta Formation;

5,655-ft. (1,050-ft. depth) at the base of the Four

Senators; 5,533-ft. (1,171-ft. depth) called the

Ignition Level development midway between the Four

Senators and A-Groove; 5,396-ft. (1,309- ft. depth)

called the Upper Void Level located 40-ft. below the

A-Groove, with the Mahohany Marker exposed in this

station. The final two stations developed were the

Intermediate Void Level at an elevation of 5,245-ft.

(1,460-ft. depth) located in the B-Groove and the

Lower Void Level at an elevation of 5,133-ft.

(1,572-ft. depth) located in the mid R-6 Zone. The

small pump stations that were developed at 215-ft.

and 615-ft., were only excavated 50-ft. laterally

off the shaft but still afforded the opportunity to

collect fracture and water data. The larger stations,

however, permitted more extensive data collection.

These stations were excavated laterally in two

directions off the shaft; and in the case of the

960-ft. pump station, Ignition Level, Upper Void

Level (UVL), Intermediate Void Level (IVL), and

taken for lab analysis. After this, grout

(cement) was pumped into the zone to seal off

the water. By using this probing procedure,

uncontaminated and unmixed water samples were

obtained. As sinking progressed after each

grout cover, observations could be made as to

what geologic setting existed where water was

encountered, and ultimately compared to the

corehole geologic and hydrologic data for better

understanding of corehole data.

SERVICE AND PRODUCTION SHAFTS

The Service and Production shafts are

located 3,600-ft. directly south of the V/E shaft

(Figure 1). The Service shaft is 300-ft . north of

the Production shaft and is the larger of these two

shafts. It has an inside diameter of 34-ft. and is

concrete lined from the surface (elevation 6,829-

ft.) to the bottom (elevation 5,067-ft; 1,763-ft.

depth). As in the case of all shafts at C-b, the

concrete lining is not designed to withstand hydro

static head, but designed to leak. The second of

the two big shafts is the Production Shaft which has

a diameter of 29-ft. It has a collar elevation of

6,829-ft. and bottoms out an an elevation of

TABLE 1. SHAFT STATIONS AT C-B TRACT

Station

Collar

960 Pump Station

Mid Shaft

Ignition Level

Upper Void Level

Intermediate Void

Lower Void Level

Shaft Bottom

Service Shaft

Elev. - Depth

6,829'
-

0'

6,095'
-

734'

5,644'
-

1,185'

5,481'
-

1,348'

5,341'
-

1,488'

5,202'
-

1,627'

5,067'
-

1,763'

Production Shaft

Elev. - Depth

Lower Void Level (LVL), extensive data was collected.

Hydrologic data was also collected in these stations,

but the bulk of hydrologic information was obtained

during probing and subsequent grouting phases

during sinking to quantify and mitigate any sur

prises of high water inflow and/or methane emissions.

At the V/E shaft, it was known from previous

data from Corehole 33X-1 located 90-ft. west of the

shaft that water and gas would exist as sinking

progressed. A series of probe holes were drilled

ahead of sinking, and if water was encountered, its

pressure was recorded and a water quality sample was

6,829'
-

0'

6,095'
-

734'

5,647'
-

1,181'

5,487'
- 1,342

5,346'
-

1,483'

5,208'
-

1,620'

4,962'
-

1,867'

Ventilation/Escape

Elev. - Depth

6,705'
-

0'

5,745'
-

960'

5,533'
-

1,171'

5,396'
-
1,309'

5,245'
-
1,460'

5,133'
-

1,572'

5,084'
-
1,621'

4,962-ft. (1,867-ft. depth). The majority of

all geologic data was collected in these two

shafts due to their large size, ease of access,

and because these two shafts are connected on

all levels. Figure 2 is an isometric view of

the levels and the amount of drifting associated

with each. Geologic data was collected in each

opening and compared with corehole 32X-12 which

was drilled 90-ft. west of the Production shaft

in 1977. This corehole and corehole 33X-1 near

the V/E shaft provided excellent data for refer

ence during sinking.
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Each hole was cored from the surface through the

R-4 Zone. Detailed geologic, hydrologic, and gas

evolution data was collected from these holes and

proved invaluable during shaft sinking.

JOINT DATA

Joint data was collected in all three shafts.

Table 2 summarizes all joint data collected in each

station development from the Uinta Formation to the

Upper Mahogany Zone. No data was collected in the

Intermediate Void Level and Lower Void Level due to

the determination that joints, although still present,

did not control rock quality. Leaching and other

structural anomalies exhibited more control at these

levels than did fracturing. These features will be

discussed later. Also included in this table are

surface joint measurements taken at 89 stations on

and around C-b Tract for comparison. As can be seen

from the V/E shaft data, dips in each set tend to

steepen with depth. The major N75W set in the

basin dipping 66NE steepens to 85NE at the 1170-ft.

level then to
90

at the Upper Void Level. The lower

part of the table shows data taken in the major

stations of the Service/Production shafts. A large

number of measurements were possible in these

stations due to the size of excavation which

took place. As was indicated in the V/E shaft,

dips steepened with depth in the section. The

major joint set mapped in the Mid-shaft Station

(14% of observations) N68W, 55NE, steepened to

69NE at the 1180-ft. level and to 83NE at the

Upper Void Level. Definite steepening in the

Upper Void Level took place at the Mahogany

Marker. Joints changed dips from 69-
70

to

83-
90

one foot above the marker. Figures 3

through 5 illustrate the type of jointing

observed in the three major stations. Figure 3

shows typical Uinta jointing which has large

planar faces extending greater than 50-ft.

vertically and laterally. Figures 4 and 16 show

these same joint sets at the 1180-ft. level

(Ignition Level) in the oil shales of the zone

between the A-Groove and Four Senators. Joints

here are shorter due to the alternating rich

and lean oil shale beds. Joints tend to truncate

at rich beds and persist in lean beds. Figure

5 shows these same northwest joints at the Upper

Void Level .

Figure 1. Plan map of C-b tract showing location of shafts.
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Figure 2. Isometric of Service and
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As previously mentioned, the dips of these

joints changed at the Mahogany Marker. Figure 6

shows this dip change; a large dip face (60-70)

cuts across the photo and at the bottom of the photo

changes dip to 85-90. Another observation concerns

the lack of water in the Upper Void Level as compared

to the levels higher in the section. This will be

discussed later in the hydrology section. Schmidt

equal -area pole plots of the measured joint lines

in the shaft stations and three plots of data taken

on out-crop north of Piceance Creek, south of

Piceance Creek around C-b Tract, and data measured

on C-b Tract are shown in Figures 7, 8, and 9.

These plots show that the major joint sets seen on

the outcrop are basically the same sets seen in the

subsurface. Dips of joints tend to be steep on

outcrop
(70- 90), become shallower in the sub

surface in the Mid-Uinta (50- 70), (Figure 10)

then steepen with depth in the Parachute Creek

member oil shales (Figures 11, 12, and 13). Another

feature illustrated is that dips are steeper at

the V/E shaft area on the north edge of C-b, than

at the Service/Production shaft area. This feature

may be due to the V/E shaft being near to the axis

of the Hunter Creek Syncline whereas the Service/

Production shafts are located on its gently dip

ping south limb. Dips tend to steepen near the

axis of fold structures and are shallower on the

limbs.

STRUCTURAL ANOMALIES

The structural setting of C-b, as determined

from core data, indicated beds striking eastwest

and dipping to the north at approximately 150-ft.

per mile. As sinking progressed into the oil

shale section, some interesting structural

features became evident. The first anomaly

encountered was the tuff injection dikes exposed

during station development. As noted previously

in the joint data, the major sets were the

west to northwest striking ones. But the north

east striking minor sets were the ones which

the tuff dikes tended to follow. As the Ignition

Level off the Production shaft was started, the

first dike was encountered. Figure 14 of the

Ignition Level (Service/Production shafts)

development shows this first dike and an other

intersecting dike encountered in the north-south

TABLE 2. SUMMARY OF CB JOINT DATA-VENTILATION/ESCAPE SHAFT

SURFACE*
IGNITION LEVEL UPPER VOID LEVEL

MEASUREMENTS 615 PUMP STATION
960'

PUMP STATION
(1170'

STATION)
(1300'

STATION)

NORTH OF E-W, 62N, - N69W, 69SW, (28%) N87W, 85NE, (10%) N70W, 90, -

PICEANCE CREEK
3'

SPACING
3'

SPACING
6'

SPACING -

N50W, 35SW N78W, 62NE, (6%) E-W, 90, (10%)
0(14%)

6'

SPACING

N87E, 65SE

n(10%) N70E, 75NW, (6%) N30W, 80SW, (10%)
N57W, 60NE

4'

SPACING

( 8%)

N82W, 65NE

( 8%)
SERVICE PRODUCTION SHAFTS

SOUTH OF MID SHAFT STATION IGNITION LEVEL UPPER VOID LEVEL

PICEANCE CREEK
(736'

LEVEL)
(1180'

LEVEL)

N59W, 69NE, (16%)

(1345'

STATION)

N76W, 83NE, (12%)
N75W, 60NE

n(14%)

N66W, 55SW

N68W, 55NE, (14%)
4'

SPACING
6'

SPACING
2'-6'

SPACING

0( 6%)
N81E, 45NW

( 5%)

N86W, 51SW, (7%) N77W, 60SW, (8%) N57E, 85NW, (9%)
16.5'

SPACING
6'

SPACING

N89W, 65NE

( 5%)
N55W, 54SW (6%) N60E, 85SE, (8%)
7'

SPACING

ON CB TRACT

N72W,
88

SW
N32E, 85NW, (7%) N78E, 82NW, (8%)

n08%)

2'

SPACING
6'

SPACING

N72W, 88NE

(10%)
E-W, 90, (7%)

*FR0M AMEUD0 AND IVEY, NOVEMBER 1975
, PLATE 6 EXPLANATION OF DATA: STRIKE , DIP_

SPACINGS (% OF OBSERVATIONS)
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Figure 3

Typical Uinta Formation

Mid Shaft Station

/

Figure 4. Ignition Level Jointing - Service/Production Shafts
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Figure 5. Upper Mahogany Jointing - Upper Void Level

Figure 6. Dip change in Upper Mahogany Zone - 1 foot above Mahogany Marker
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connecting drift. This first dike trended N50E and

had a variable dip and the second dike trended N75W.

At the shaft, the northeast trending dike dipped
70

to the northwest, became vertical at the ore pass

southwest corner but dipped to the southeast in the

lower half of the ore pass east wall. Figures 15 and

16 show this dike on the east wall of the ore pass.

Also note in these pictures the fracture sets. The

dike followed the southeast dipping set then vertical .

The southeast set must have existed previous to the

northwest dipping set since it is offset by the north

west dipping set. Injection also occurred after the

oil shales were compact enough to break. As can be

seen in the pictures, the rich oil shale beds are

jointed with the northwest dipping fractures. After

some degree of compaction of the oil shale,
implace-

ment of the dike was from below as indicated by the

upturned beds adjacent to the dike. The dike-oil shale

contact was abrupt with the dike face smooth, except

where the main dike formed a large pod, approximately

5-ft. across. In this area, the oil shale dikecontact

was irregular and jagged leading to another possible

theory that this pod is filling a leached vug, thus

postdating leaching. Again at the sill of the ore

pocket, a small leached vug contained some dike

material .

Figure 17 is a plan map of the Production

shaft Upper Void Level Station some 150-ft.

below the Ignition Level. As in the Ignition

Level, tuff dikes were encountered. However,

in this station the dikes are approximately
3-

inches to 1-foot thick and more numerous. All

dikes, except for one, follow the
N35

E to

N70E trend and have steep dips. The lone

exception was mapped trending N45W and dipping

78

NE and intersected the NE dikes in the wall

of the Production shaft. Figures 18 and 19 are

typical of the dikes in this station. In both

of these, the contact is abrupt and smooth at

the roof of the station but toward the sill the

dike becomes irregular and tends to wander

around. Figure 20 shows one of the dikes as it

intersects the Mahogany Marker. The dike-oil

shale contact is highly irregular and did

not seem to follow any set of fractures.

The marker was not a source of the tuff since

it did not thin where a dike cut across it.

The marker remained 6 to 8 inches thick when

Figure 7. Surface jointing north of Piceance Creek (From Amuedo and ivey, 1975)
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Figure 8. Surface jointing south of Piceance Creek -around C-b tract (FromAmuedo and ivey. 1975)

N

Figure 9. Surface jointing on C-b tract (From Amuedo and ivey, 1975)
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Figure 10. Mid shaft station jointing

Formation

Service/Production shafts
- Mid Unita

Figure 1 1. Ignition Level Jointing
Service/Production shafts - Upper Parachute

Creek Member
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Figure 12. Upper Void Level Jointing Service/Production shafts - Upper Mahogany Zone

N

Figure 1 3. 960 Pump station jointing Ventilation/Escape shaft - Upper Parachute Creek Member
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measured in all three shafts. The next possible

source of tuff for these dikes would be the curly-

bedded tuff as reported by John Donnell, 1961 and

J. Ward Smith, Personal Communication. This tuff

bed has been mapped up to 18-inches thick with

characteristic thickening and thinning. It is

stratigraphically located in the Lower Mahogany

immediately above the B-Groove. As the Intermediate

Void Level at the B-Groove was excavated, a 3-inch

thick trace of the dike was mapped in the station

roof but could not be traced down the walls. It

became highly irregular until it disappeared near the

top of the station, which is located immediately

above the B-Groove. More importantly, however, the

curly-bedded tuff has not been detected at C-b in

any of the cores taken near the shafts and was not

observed in either of the three shafts. Also, during

coring in 1981, a dike was cored into in the Upper

Mahogany Zone in a well located 2, 000- feet west of

the V/E shaft. Again, no curly-bedded tuff was

observed in the core. Due to deep burial (1400-ft.-

1500-ft.) at C-b, the curly bed became mobile and

was injected throughout the formation. The

characteristic thickening and thinning of this tuff,

wherever it has been mapped, is most likely due

to it being a source of the injection tuff dikes

mapped throughout the basin and in the Uinta

Basin. The thinning occurring as it became

mobile and migrated laterally, then being

injected in any fissure or crack which existed.

As stated earlier in the joint data sec

tion, the Lower Void Level rock quality was no

longer controlled by the joint sets but was

overshadowed by a fold with an amplitude

around 10-ft. affecting a vertical section

of 50-ft. to 75-ft. Again, as in the case of

the dikes, the axis of the fold trended

N40E with the axial plane dipping 55NW.

Figure 21 shows this fold looking to the

northeast. In a small opening this fold

may not have caused many problems but

it was located at the top of the Production

Shaft Loading Pocket which was an area of

major excavation for the shaft rock loading

facilities. Figure 2 shows this Lower Void

Level development, an excavation of

35'

x
65'

x 75'. In order to ensure integrity

of the station, steel and concrete arches were

V* extending from

^
v\

production shaft

SCALE 1
"
= 42

/^-Oriented along \\

__
strike F major "J

? ,
o

-^

fracture set &

Figure 1 4. Plan view of Ignition Level station - Service/Production Shafts showing
tuff dikes
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Figure 15. Tuff dike in east wall of ore pass cutout - Ignition Level,

Service/Production shafts

Figure 16. Tuff dike showing southeast dipping and northwest dipping joint sets.

127



\\ N 60 E

N 45 W

Figure 1 7. Plan view of Upper Void Level - Service/Production shafts showing tuff

dikes

installed at the top of the development where the

folding was encountered, (Figure 22). This area

was mapped in detail and the fold was not encounter

ed in any of the other drifts opened. The beds in

the fold were affected according to grade. The rich

oil shale beds were folded but not broken. However,

the lean beds between the rich beds were crushed and

would thicken and thin and then pinch out. Figure

23 is a view south from the shaft; the light gray

(lean beds) pinch out whereas the dark (rich beds)

are continuous. Joints can be seen in the roof but

do not extend down the walls. The occurrence of the

northeast trending folding is further indication

of subtle northeast folding superimposed on the

gentle north-dipping structure at C-b. With more

dense drilling, this trend seems to become more

apparent.

SHAFT HYDROLOGY

This paper is not an indepth hydrologic study

of the C-b Tract. It reports some water flow

observations associated with the geology of the

three shafts. Each shaft had its own different

character and provided a great deal of information.

Data presented here will be only major observa

tions associated with water.

1977 testing of the two pre-shaft coreholes,

33X-1 at the V/E shaft and 32X-12 at the Produc

tion shaft, indicated the V/E shaft would make

more water than the Service and Production shafts

However, actual water production in all shafts

was lower than predicted. It was estimated the

V/E shaft would produce 1500-2000 GPM and the

Service/Production shafts each another

500-1000 GPM. Maximum water production from

the V/E shaft was 950 GPM and 500 GPM from the

Service/Production shafts combined. Table 3

shows the water production of the Service/

Production shafts and V/E shaft related to depth

and activity in the shaft.

Return water production from Corehole

32X-12, located 90-ft. west of the Production

shaft, reached a maximum of 600 GPM during

drilling. The maximum flow from the Service/

Production shafts combined was 460 GPM with the

greatest increase occurring at the Ignition

Level, located stratigraphically in the water

production zone between the Four Senators and
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Figure 18. 1 foot wide tuff dike in roof of the Upper Void Level.

Figure 19. 3 inch widetuff dike in roof of Upper Void Level.
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Figure 20. Tuff dike intersecting the Mahogany Marker in Upper Void Level

Service/Production shafts

A-Groove. Flows increase from 75 GPM to 390 GPM

from fractures and fracture brecciated zones.

Most leached vugs encountered in mining were dry.

Those containing water drained off and would not

contribute any additional water production.

Figure 24 is a vug encountered in this zone that

produced no water. This particular vug was
4'

x
3'

and extended back into the wall of the shaft approxi

mately 5-feet. The largest leached vug encountered,

also dry, was
10- ft. high by 7-ft. wide and was

connected to smaller vugs which extended upward

around
15- ft. An additional 50 GPM was encountered

in the B-Groove (Intermediate Void Level) but no

major production throughout the remainder of sinking.

Higher inflows were encountered at the V/E

shaft as shown in Table 3. As seen at the Service/

Production shafts, the zone between the Four Senators

and A-Groove produces the majority of water influx.

Flows from the base of the Four Senators increased

from 165 GPM to 830 GPM above the A-Groove. Heavily

jointed ground accounted for the majority of water

influx. At the Ignition Level, joints cutting

through leached vugs, fracture
brecciated rock and

rock bolt holes intersecting fractures produced 90%

of the water. As sinking progressed, an unexpected

high inflow of water was encountered at the

A-Groove. A series of three small folds con

fined to the 15-ft. of A-Groove rock on the

east-half of the shaft were mined into;

Figure 25 and 26 show these folds. The first

picture is of the southernmost folding and the

next picture shows the largest of the three. At

this fold the unlined wall of the shaft excava

tion released a large quantity of gas and water.

Estimates of the initial water influx were of

1500 GPM, with upwards of 1600 CFM of methane.

Within 24 hours, the water had declined to

200 GPM and gas to 55 CFM. The fold which

produced the water (shown in Figure 26) was a

small
1'

x
1'

channel that extended to the east

approximately 25-ft., then turned southeast.

Monitoring wells completed in this zone around

the area responded to this influx of water with

in a couple of hours. The third fold was located

in the northeast quadrant of the shaft but only

produced 5 to 10 GPM. Figure 27 shows this fold

in the lean thin bedded A-Groove. The left-

half of this picture shows the horizontal oil

shale beds but the right-half shows the beds

after being sharply folded (Chevron-type fold).
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Figure 21. Fold in Lower Void Level - loading pocket, Production shaft

Figure 22. Steel arches at the top of the loading pocket - Lower Void Level
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Figure 23. View south at the lower void level. Joints at roof do not extend down

walls.

TABLE 3.

WATER PRODUCTION DEPTH-ELEVATION

10 GPM
310' 6395'

165 GPM
960' 5745'

245 GPM
1050'

5655

410 GPM
1123' 5582'

830 GPM
1171' 5534'

1060 GPM
1262'

5443

740 GPM
1308' 5396'

940 GPM
1460' 5245'

930 GPM
1573' 5133'

WATER PRODUCTION DEPTH-
ELEVATION

20 GPM

75 GPM

300 GPM

390 GPM

460 GPM

460 GPM

450 GPM

370'

730'

1185'

1348'

1489'

1624'

1864'

6459'

6099

5644'

5481'

5341'

5202'

4966'

VENTILATION/ESCAPE SHAFT

WATER PRODUCTION

STRATIGRAPHIC INTERVAL

UPPER UINTA

BASE UINTA-TOP PARACHUTE CR,

BASE 4 SENATORS

75'
BELOW 4 SENATORS

80'

ABOVE A-GROOVE

MID A-GROOVE

UPPER MAHOGANY ZONE

B-GROOVE

MID R-6 ZONE

SERVICE AND PRODUCTION SHAFTS

WATER PRODUCTION

STRATIGRAPHIC INTERVAL

UPPER UINTA

MID UINTA

MID 4 SENATORS TO A-GROOVE

UPPER MAHOGANY ZONE

B-GROOVE

LOWER R-6 ZONE

MID R-5 ZONE

SHAFT ACTIVITY

SINKING

960 PUMP STATION

1050 STATION

SINKING

IGNITION LEVEL

SINKING-ENCOUNTERED WATER & GAS

UPPER VOID LEVEL

INTERMEDIATE VOID LEVEL

LOWER VOID LEVEL

SHAFT ACTIVITY

SINKING

MID SHAFT STATION

IGNITION LEVEL

UPPER VOID LEVEL

INTERMEDIATE VOID LEVEL

LOWE.R VOID LEVEL

BOTTOM OF PRODUCTION SHAFT
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Figure 24. Large vug in Production shaft in the zone between the 4 senators and A-

groove.

Figure 25. Southernmost fold in A-groove at Ventilation/Escape Shaft.
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Figure 26. Largest fold in A-groove (Ventilation/Escape shaft) shown making 250

gpm water.

Figure 27. Small (Chevron type) fold in A-groove lean thin bedded oil shale,

produced 5-10 gpm water.
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The western half of the shaft, however, was undis

turbed with all beds essentially horizontal.

Sinking progressed to the Upper Void Level

which is located 25-ft. below the A-Groove. Although

water production from the zones above this station

was 1060 GPM, water produced in the Upper Void Level

was zero, with the only water entering the station

coming down the shaft or entering through rock bolt

holes (Figure 28). This demonstrates that the Upper

Mahogany is a tight restriction to vertical movement

of water through the system. Joints, although pre

sent, are tight and do not permit water to move

freely along them. The Lower Mahogany and R-6 Zones

produced the remainder of the total water production

for the shaft. As part of the total flow, the lower

zones did not contain substantial quantities in

storage.

SUMMARY

Joint data collected in the three C-b shafts

agrees with data collected on the surface. The major

northwest trending joint sets present on the surface

are also present in the subsurface, however, the dips

of each set steepen with depth. The dips at the sur

face range from
60

to vertical whereas in the Mid-

Uinta Formation, dips are 50-55, then steepen in

the upper Parachute Creek to 69, then to vertical

in the Upper Mahogany Zone. Below the Mahogany in

the R-5 and R-6 Zones, the northwest trending joints

are still present but do not control rock quality.

Joints in the lower zones tend to be curved and dis

continuous.

Folding and tuff dikes were encountered in the

subsurface at C-b. Trends of the folds and dikes

followed the northeast, minor fracture sets. These

features caused rock quality problems when present.

Water in-flow to the shafts was less than

predictions, ^ery little water was encountered

below the Upper Mahogany Zone with the major

production from the upper oil shale zones. The

upper Mahogany Zone acts as a tight restriction to

vertical water movement as do numerous other rich

oil shale zones above the Mahogany Zone. The major

of these upper zones above the Mahogany being the

Four Senators Zone.

during underground mapping by recording data and
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Figure 28. Dry Upper Void Level (Ventilation/Escape shaft) excavation.

can be seen in roof but are tight and dry.

Fractures

136



DEPOSITIONAL ENVIRONMENT OF THE OIL SHALE-BEARING CRETACEOUS TOOLEBUC

FORMATION AND ITS EQUIVALENTS, EROMANGA BASIN, AUSTRALIA

S. Ozimic

Bureau of Mineral Resources, Geology and Geophysics,

Canberra, A.C.T. Australia

ABSTRACT

The widespread Early Cretaceous oil shale-

bearing Toolebuc Formation in the Eromanga Basin,

eastern Australia, consists of various proportions

of calcareous oil shale and coquinite. To the south

it passes laterally into sequences lacking oil shale

and consisting of limestone, siltstone, and sand

stone.

The oil shale appears to have resulted from the

accumulation and preservation of planktonic and mat

like algae in a deep (below wave base) restricted

marine basin that shallowed southwards.

The normal anoxic conditions were periodically

interrupted as benthonic shelly scavengers became

established in parts of the basin.

INTRODUCTION

The oil shale of the Toolebuc Formation has

been prospected for about 10 years, but most of the

published information has centred on the signifi

cance of shale-oil yield (of the order of 60 litres

per tonne), and little has been published on the

depositional environment.

The results presented in this paper are part of

a research project being carried out jointly by the

Bureau of Mineral Resources, Geology and Geophysics

(BMR), and the Commonwealth Scientific and Indus

trial Research Organisation (CSIRO). The project is

being partly funded by the National Energy Research,

Development and Demonstration Council (NERDDC). The

major subsurface sampling localities of the Toolebuc

Formation and its lateral equivalents which were

used in this study are shown on figure 1 and listed

in table 1.

GEOLOGICAL SETTING

The Toolebuc Formation (Senior and others,

1975) extends throughout much of the Eromanga Basin

and extends into the southern part of the

Carpentaria Basin in eastern Australia (fig. 1).

Both basins contain 2-3000 m of Jurassic to mid-

Cretaceous continental and marine sequences, the

Toolebuc Formation being present in the uppermost

third of the successions in both basins.

The Toolebuc Formation is part of the Early

Cretaceous Rolling Downs Group, and crops out along

the margins of the southeastern Carpentaria and the

northern half of the Eromanga Basins, mainly as

calcareous rubble.

The formation is overlain by the Allaru

Mudstone, a unit up to 270 m thick of blue-grey

mudstone, siltstone, minor labile sandstone,

calcareous in part, and which contain molluscs,

including ammonites and pelecypods; foraminifera,

pollen and microplankton, and plant fragments.

The Toolebuc Formation is underlain by the

Coreena Member of the Wallumbilla Formation, which

consists of up to 220 m of mudstone, siltstone,

labile sandstone and minor intraformational conglom

erate, and which contains an impoverished shelly

fauna, foraminifera, pollen, and plant fragments.

TOOLEBUC FORMATION AND LATERAL EQUIVALENTS

The Toolebuc Formation (Senior and others,

1975) consists of about 10.5 m of black calcareous

shale (kerogenous) interbedded with coquinites up to

2.5 m thick. A late Albian age was assigned to the

formation by Dettmann and Playford (1969). Fossils

reported include: pelecypods and scaphopods

(Dickins, 1952; Day, 1969); foraminifera and fish

remains (Scheibnerova, 1978); pollen and dino-

flagellates (Dettmann and Playford, 1969; Burger,

1981).

In this study, two facies of the Toolebuc

Formation (kerogenous facies A and kerogenous facies

B) and two apparently laterally contiguous time-

equivalents of it to the south and southwest (fig.

2) are described and utilised in assessing the

environment of deposition of the oil shale. They

appear to grade into each other imperceptibly,

although this is by no means certain owing to the

sparsity of the data points (fig. 3).

Kerogenous facies A is up to 10.5 m thick, and

consists of black laminated calcareous shale (oil

shale) and light-grey coquinite layers (fig. 4).

The calcareous shale displays fine laminations owing

to the presence of abundant dark-brown organic

laminae set in a microcrystalline calcite and clay

matrix. The matrix never exceeds 10 percent of the

total rock. Pyrite occurs as well -developed

framboids. Foraminifera and phosphatised fish
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Extent of the Toolebuc Formation and its equivalents

6 Major sampling locality

Fig. I Regional setting of the Toolebuc Formation and its equivalents
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remains occur throughout.

The laminae are typically about 10 y thick,

opaque, or show dark-reddish-brown translucence in

thin section. The organic matter is lamellar and

mainly nondescript; it differs both morphologically

(Ramsden, 1980c) and chemically (Saxby and Riley,

1980) from kerogen of most other oil shales.

Hutton and others (1980) have proposed the term

'lamosite'

(lamellar oil shale) to describe such

rocks and refer to the organic matter they contain

as Alginite B in order to distinguish it from the

more generally recognised Alginite A, in which clear

evidence of algal morphology can be observed.

Alginite A contains Botryococcus, Tasmanites, and

Gloeocapsomorpha related genera which occur as

discrete colonial or unicellular (planktonic)

forms. Alginite B comprises elongate anastomosing

films derived from benthonic algae (mats) which are

referrable to the Cyanophyceae genera of blue-green

algae. Hutton and others (1980) have identified

both Alginite A and B in the calcareous shales of

the Toolebuc Formation.

The coquinite layers comprise single or

multiple laminae of crystalline calcite derived from

shells of the pelecypods Inoceramus and Aucellina

(fig. 4, a and b). They are up to 4.0 mm thick and

show tightly interlocking prismatic calcite crystals

that have grown perpendicular to the axis of the

pelecypod shells. In core samples the laminae are

continuous and in outcrop samples they extend up to

50 cm. Some laminae are partly recrystallised and

some show development of ellipsoidal concretions.

Parallel laminations (fig. 4, a and b) and

soft-sediment deformation (fig. 4, c and d) are

common sedimentary structures within the calcareous

shale. The coquinite layers show small scale

faulting and concretions (fig. 4, c and d). Uneven

parting of organic laminae by recrystallised calcite

(probably due to crystal growth pressure) occurs

throughout the sequence.

The lower boundary of kerogenous facies A with

the underlying Wallumbilla Formation varies from

gradational (from indistinctly bedded silty mudstone

below into finely laminated calcareous shale) to a

sharp boundary (from a conglomerate bed at the top

of the Coreena Member overlain by finely laminated

calcareous shale). The conglomerate is from 3 to

25 cm thick and comprises phosphatised sandstone

pebbles, shale clasts, fragmental belemnites,

pelecypods and scaphopods, in a calcareous and

phosphatic cement (Reynolds, 1968a; Senior and

others, 1975; Ozimic, 1981a; 1981b; Gibson, 1982).

The upper boundary of kerogenous facies A cor

responds, however, in most reference sections to a

marked lithological change, from coquinite layers to

the massive montmorillonite-rich mudstone of the

overlying Allaru Mudstone.

Kerogenous facies B: this facies is up to 20 m

thick and is characterised by the same lithologies,

age, sedimentary and biogenic features, and boundary

Table 1.Eromango Basin: Major sampling localities, Toolebuc Formation, and its lateral equivalents

Locality Hole Name and No. Reference Latitude Longitude

1 Boulia-3A (Senior and Others, 1975)

2 Springvale-5 (Senior and Hughes, 1972)

3 Bedourie-1 (Gibson, 1982)

4 0odnadatta-l (Hess, 1957)

5 Gidgealpa-1 (Wopfner, 1965)

6 Betoota-1 (Delhi-Frome-Santos, 1961)

7 Urisino-1 (Ozimic, 1981a)

8 Toompine-1 (Stephenson, 1982)

9 Charleville-5 (Ozimic, 1981b)

10 Augathella-6 (Ozimic, 1981a)

11 Jericho-11 (Ozimic, 1981a)

12 Longreach-6 (Ozimic, 1981a)

13 Manuka-1 (Balfe, 1978)

14 Richmond- 1 (Burt, 1976)

15 Julia Creek-1 (Burt, 1976)

2247'

2343'48"

2415'40"

2726'

2756'46"

2542'30"

2928'27"

27'48'

2623'17"

2536'13"

2351'30"

2337'35"

2143'

2045'30"

2056'30"

14043"

13958'51"

13920'30"

13521'

14004'56"

14049'46"

14317'52"

14442"

14602'04"

14605'35"

14531'18"

14519'16"

14322'

14308'15"

14131'
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characteristics as the kerogenous facies A (Ozimic,

1981a, 1981b; Burger, 1981). However, a marked

difference in proportions of coquinite and cal

careous shale (limestone/shale ratio) between the

two facies (kerogenous facies A: 1.20 to 0.70,

between Julia Creek and Boulia; kerogenous facies

B: 0.24 to 0.05 between Barcaldine and Charleville)

is the basic criteria for their differentiation.

Depositional environment

The totally marine fauna, fine laminations and

the lack of sharp erosional boundaries indicates

quiet marine conditions during the deposition of

these two facies. Their great lateral extent points

to a large body of water extensive enough to have

permitted the development of full -si zed ocean waves

having a wave base as much as 50 m beneath the

surface.

The presence and the nature of the organic

matter indicates, besides deposition in quiet con

ditions, a prevailing reducing environment. Because

of the fineness and low-specific gravity of the

organic matter, the formation of regular fine

laminations would not have been possible on the sea

bottom in which the water was agitated by waves or

currents. On the other hand, preservation of

organic matter was possible because of poor oxygen

ation and probably lack of scavengers in the lower-

water column of the Toolebuc sea.

Recognition of Alginite A and B (Hutton and

others, 1980) suggests algal productivity in the

euphotic zone and the growth of algal mats on the

sea bed. The preservation of dead algal matter can,

however, be related to an oxidising/reducing bound

ary, probably situated at the base of the living

algal mat layer and transgressing with its rate of

growth. Bubela (1980) has found in his experimental

conditions that algal mats constitute an effective

boundary between the oxidising environment of the

water that they grow in and the strongly reducing

environment of the sediments that they grow on. Mat

destruction can, however, result from environmental

stresses, e.g. salinity, temperature, and light

changes.

The coquinite layers within the calcareous

shale represent intermittent conditions suitable for

establishment of specialised, low-oxygen tolerant

large-sized benthonic shelly fauna, and the sub

sequent destruction of the underlying mats because

of limited passage of light necessary for algal

growth. (Cretaceous Inoceramus shells were up to

1 m long, Dickins, personal commun.).

Figure 4. --Photographs of lithologies and sedimen

tary structures of the Toolebuc Formation

facies. a - finely laminated calcareous shale

with a single coquinite lamina; b - finely

laminated shale with sparse crystalline calcite

laminae bands; c - irregularly banded recrys

tallised coquinite and laminated calcareous

shale, showing small scale intrabed faulting

and developments of calcite carbonate? concre

tions; d -

strongly deformed, irregularly

banded coquinite and laminated calcareous

shale, showing soft sediment deformation, small

scale faulting and uneven parting of calcareous

shale laminations by recrystallised calcite.

On the other hand, the destruction of shelly

fauna is attributed to the relative productivity of

the phyto- and zooplanktons. A persistent high

productivity in the euphotic zone would have limited

the continuous growth of shelly fauna by depletion

of oxygen in the lower-water column and by

contaminating it with plankton debris, making it

unsuitable even for low-oxygen tolerant epiboent
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filter feeders e.g. Inoceramus and Aucellina

(Kauffman, 1978).

Wooldridge Limestone Member

This rock unit is a member of the Oodnadatta

Formation (Frytag, 1966) and occurs in the south

western part of the Eromanga Basin (figs. 2 and

3). It is of the same age as the Toolebuc Formation

and probably grades into it. The member is about

8.5 m thick and consists of glauconite-bearing

calcareous siltstone and sandstone interbedded with

coquinite. Individual beds are up to 50 cm thick.

Fossils identified include pelecypods and scaphopods

(Frytag, 1966; Wopfner and others, 1970),

foraminifera and fish remains (Ludbrook, 1966;

Scheibnerova, 1978), and pollen and dinoflagellates

(Dettmann and Playford, 1969; Burger, 1981).

The siltstone is grey or greenish, calcareous

and in places contains coaly material. The sand

stone consists of very fine to coarse, angular to

subangular quartz and feldspar, cemented by

calcite. Carbonaceous silt laminae are common in

sandstone beds. Both siltstone and sandstone con

tain up to 20 percent of glauconite pellets. The

coquinite beds are light grey, show reworking and

developments of ellipsoidal concretions. Small

intrabed faults within the coquinite are common.

The lower boundary of the unit is commonly the

base of a coquinite layer that overlies sandstone of

the
Coon"

ki ana Member (Coreena Member equivalent).

The upper boundary is commonly the top of a

coquinite layer that is overlain by silty shale of

the Oodnadatta Formation (Allaru Mudstone equiva

lent). In places the upper boundary is gradational

from calcareous siltstone into silty micaceous

shale.

The occurrence of calcareous siltstone with

coaly material, together with glauconite-bearing

sandstone and coquinite, possibly indicates a

transitional environment of deposition with both

nonmarine and marine influences; and the depo

sitional waters must have been sufficiently alkaline

for the precipitation of calcite cement but at times

slightly reducing, suitable for preservation of

carbonaceous material.

"Urisino
beds"

(New name)

In the southern part of the basin, the "Urisino

beds"

(figs. 2 and 3) are the Toolebuc Formation

equivalent. In the reference section in BMR

Urisino-1 stratigraphic hole, the beds are up to

20 m thick and consist of siltstones with

glauconite-bearing sandstone and a few thin beds of

nonfossiliferous limestone (Ozimic, 1981a; Byrne,

1981). Individual beds are up to 3 m thick. Burger

(1981) dated this unit to be the same age as the

Toolebuc Formation and the Wooldridge Limestone

Member. Besides foraminifera, fish remains

(Scheibnerova, 1980), dinoflagellates (McMinn, 1980)

and pollen (Burger, 1981), occur. No megafossils

were found.

The siltstone is dark-grey, micaceous,

carbonaceous, sideritic, and pyritic. The sandstone

framework consists of fine to coarse, angular to

subrounded quartz and feldspar grains, volcanic and

chalcedonic rock fragments and glauconite pellets,

and is cemented with siderite and pyrite. Abundant

macerated coaly fragments of plants are typically

associated with the siderite lenses in the sand

stone. The limestone consists of light grey, almost

transparent anastomosing 0.2 to 5.0 cm thick bands

of calcite. In places, these horizontal bands form

into almost solid carbonate up to 15.0 cm thick. In

the lower (sandier) part of the unit, high-angle (up

to 25) crossbedding occurs in fine- to coarse

grained sandstone. In the upper (finer) part of the

unit, low-angle (up to 5) planar crossbedding is

common with fine laminations of carbonaceous and

sideritic matter; minor sand dikes, churned bedding,

burrows, and a few vertical cylinders of carbona

ceous residue after plant roots or stems also occur.

The upper boundary is here taken to be the top

of a limestone bed which is overlain by mudstone of

the Allaru Mudstone equivalent. The lower boundary

coincides with the base of a siltstone bed overlying

a massive medium- to coarse-grained glauconite-rich

sandstone of the Coreena Member equivalent.

The predominance of silt-sized detrital

material;
low- and high-angle crossbedding; presence

of carbonaceous matter and diagenetic minerals (sid

erite and pyrite); as well as overall paucity of

marine microplankton in the assemblages (Burger,

1981) suggests deposition of this unit under prob

able deltaic low-energy conditions accompanied by

minor marine influxes.

Gamma-ray radiation

In boreholes, the presence of the Toolebuc

Formation has in the past been suspected from a

marked isolated peak or set of peaks on gamma-ray

logs (fig. 4). Senior and others (1978) attributed

the anomaly to uranium-bearing phosphate minerals
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associated with shell debris. Recent detailed

studies at Julia Creek and Boulia (Ramsden, 1980:

Ramsden and others, 1980) have confirmed uranium,

associated with both carbonaceous matter and

phosphatic fish remains.

The anomaly is easily recognised, and corre

lates with the Toolebuc Formation facies throughout

the central and northern Eromanga Basin (Senior and

others, 1978). In the southern part of the basin in

BMR Urisino-1 (Ozimic, 1981a), an anomaly occurs in

the upper part of the Coreena Member equivalent but

not in the overlying "Urisino
beds."

Burger (1981)

found the age of sediments giving the gamma-ray

anomaly in BMR Urisino-1 to be slightly older than

the Toolebuc Formation in central and northern parts

of the basin.

Examination of the gamma-ray logs of a number

of petroleum exploration wells, water bores in South

Australia, New South Wales, and Queensland, and

those from holes drilled during this project shows:

- that the gamma-ray anomaly possibly rises in

the succession from the southern to the northern

parts of the Eromanga Basin, from the upper part of

the Coreena Member to the upper beds of the Toolebuc

Formation kerogenous facies (fig. 5);

- that the character of the anomaly changes

from weak, broad and serrated, along the central and

northern basin margins to intensive, narrow, single,

or double peaked in the centre of the basin;

- that where calcareous shales (oil shales)

have been proven they are associated with a gamma-

ray anomaly; the reverse proposition is not true for

the whole basin, as the anomaly below the Toolebuc

Formation equivalent "Urisino
beds"

in the southern

part of the basin demonstrates (fig. 5); and

- that the intensity of the gamma-ray opposite

calcareous shales does not bear a simple relation

ship to oil-shale grade.

The great areal extent of the gamma-ray anomaly

is thought to be evidence for widespread partial and

intensive reducing conditions (during the deposition

of upper Coreena Member in the south; the Wooldridge

Limestone Member in the southwest; and the Toolebuc

Formation in the north) suitable for fixation of

soluble radioactive matter into insoluble minerals

as well as for preservation of organic matter

constituting the bulk of the oil-shale component of

the Toolebuc Formation.

ENVIRONMENTAL SYNTHESIS

The Toolebuc Formation facies and their
lateral

equivalents in the Eromanga Basin are
interpreted to

have been deposited:

- in and towards the southern boundary of a

late Albian transgressive Toolebuc sea,

- on a northerly dipping palaeoslope, and

- in a quiet anaerobic, relatively deep-water

marine environment in the north, grading to a

higher-energy aerobic, shallow-water marine to

brackish environment in the south and southwest.

The conditions envisaged are those of a

'positive water balance
basin'

(Demaison and Moore,

1980) (fig. 6) in which saline water entered over

the narrow Euroka Arch in the north and freshwater

from the basin hinterland flowed northwards out of

the area. The sea was therefore most likely strat

ified with a permanent halocline below a layer of

freshwater. Such conditions would have: enhanced

prolific productivity in the euphotic zone, led to

permanent or intermittent oxygen depletion in the

lower part of the water column of the deeper parts

of the basin, limited the establishment of normal

benthonic marine fauna, and favoured preservation of

organic matter. In the southern and southwestern

parts of the Toolebuc sea, along the shelf and shelf

margins (fig. 6), shallow, higher energy, and mostly

oxidising conditions effectively prevented the

growth and preservation of organic matter.

The areal distribution of the Toolebuc

Formation and its lateral equivalents (fig. 3)

reflects the interplay of basin geometry, water

circulation, and sedimentary processes. The

conditions which favoured oil -shale deposition were

apparently terminated with the return of normal

marine conditions, probably the result of increase

in saltwater inflow arising from rising sea level

and possible variations in conditions limiting the

productivity in the euphotic zone.
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SOME QUESTIONS ON PICEANCE BASIN HYDROLOGY

Joseph H. Birman

Geothermal Surveys, Inc.

South Pasadena, California

ABSTRACT

Most of the ground water in the Piceance Creek

basin, Colorado, may be in shallow aquifers

(alluvium and Uinta Formation) and not in signif

icant contact with deeper bedrock aquifers of the

underlying Green River Formation. Ground-water

movement in the deeper aquifers may be exceedingly

slow.

INTRODUCTION

This paper presents a set of working hypotheses

alternate to some of the concepts that seem to be

held at present in Piceance basin hydrology. If

these hypotheses are correct, mining in and beneath

the Mahogany zone of the C-b Tract should be possi

ble without hazard to the usable ground water, the

springs, and the streams. We present these ideas

not to teach but to learn. We hope to test them

until we can accept them with confidence, or until

we must reject them for better interpretations.

Very little of this interpretation is new. It

is an extrapolation of some established concepts and

a little modification of others using existing

data. In brief, it holds that lateral ground-water

migration within much of the Green River Formation

is so slow as to be, in practical effect, nonmoving;

that away from through-going faults, the deep ground

water is not in significant communication with the

near-surface water; that some of the water in the

Green River Formation is ancient and is not being

actively recharged now; and that some of the

leaching of the Green River Formation may have

occurred in ancient times, after which through-going

continuity of open space was destroyed.

WORKING HYPOTHESES

The underlined statements which follow are ten

tative working hypotheses, followed by some explan

atory discussion including some useful references.

The geohydrologic setting of the Piceance basin has

been described in many publications and need not be

repeated here.

1. Lateral or intraformational migration of

ground water may be extremely slow. Drill stem test

data are available from drillhole SG-17 in the

southeastern corner of the C-b Tract (Energy

Consulting Associates, 1977). In 33 intervals over

a total depth range of 1,638 feet (500 m), measured

hydraulic conductivities range from 0.02 gal /day ft

(9.44xl0'9

m/s) to 4.1 gal/day
ft2(1.94xl0'6

m/s).

On the C-b Tract, the hydraulic gradient for

both the Upper Aquifer and Lower Aquifer is reported

to be about 100 ft/mi (19 m/km) (Weeks, et al ,

1974).

Substituting these values in Darcy's Law,

v = Ki , where v is Darcy or discharge velocity

(Todd, 1980), and i is hydraulic gradient, the range

of Darcy velocities is 0.018 ft/yr
(5.49xl0"3

m/yr)

to 3.79 ft/yr (1.16 m/yr).

These are the extreme limits, and if other

things are held equal, are not real. To arrive at

the actual velocities through the rock mass, the Ki

function is divided by porosity as the Bernoulli

Principle must apply. The real velocities are thus

greater than the Darcy velocities by orders of

magnitude depending on what values for porosity are

used and assuming that discharge remains the same.

For the Piceance basin this seems too simple an

approach. All the hydraulic factors are related--

discharge, gradient, hydraulic conductivity, and

porosity. Of these factors, effective porosity is

one of the most difficult to assess, but ranges from

0.1 to less than 0.01 (Chestnut and Cox, 1977) have

been used, and in very tight formations, the

porosity can be extremely low. Although porosity

does affect hydraulic conductivity (normally as

porosity decreases, hydraulic conductivity also

decreases), the relationship is highly complex

(Scheidegger, 1957).

It seems unreasonable that an equivalent

thickness of Mahogany will carry the same discharge

and at faster rate than the A-Groove, especially as

the potential (Domenico, 1972) to drive water

through smaller and smaller pore spaces is limited

by the elevation of the Roan Plateau, or whatever

area is the principal source of recharge.

If most of the water is carried in the alluvium

and the Uinta Formation, the deeper beds of the

Green River Formation may be characterized by little

discharge and low velocity.

For these reasons, it is worthwhile to examine

the extent to which the limiting Darcy velocities

may be approached in the real sense.
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The drill stem tests provide the lowest Darcy

velocity values. The highest Darcy velocity values

were from transmissi vity calculations based on data

from a reinject ion program at the C-b Tract in the

spring of 1981. From the reinjection tests, the

range of Darcy velocities derived in the Green River

Formation is 0.55 ft/yr (.17 m/yr) to 16.4 ft/yr

(5.00 m/yr) (Geothermal Surveys, Inc., 1981; Tiab,

et al , 1980). The transmissivity values, which

provide these velocities, are in reasonable

agreement with or larger than transmissivity values

based on other approaches such as test pumping on

the C-b Tract (Tipton, et al , 1977).

2. Given the range of Darcy velocity values,

the maximum time for water to travel across the

Piceance basin within the deep bedrock aquifers of

the Green River Formation might be measured in

thousands of years or even greater orders of magni

tude. Maps of the potentiometric surface for the

Upper Aquifer and the Lower Aquifer are provided by

the U.S. Geological Survey (Weeks, et al , 1974;

Robson, et al ,
1980).

It is about 30 miles (48 km) from the south or

southeast rim of the Piceance basin to the White

River, south of which the beds of the Green River

Formation are exposed. The potentiometric surface

is steeper at the C-b Tract than throughout most of

the Piceance basin. Therefore velocity values

derived for the C-b Tract should be reasonably

representative and may be conservative.

Using the data, the shortest limiting time for

ground water in the deep aquifers to move across the

Piceance basin is 9,600 yrs (reinjection anal

ysis). The longest limiting time is 8.8 million yrs

(drill stem test SG-17). Again, the values repre

sent extreme or limiting cases based on the Darcy

velocity not the actual velocity. The actual

velocities would be greater depending on what

porosity values are used.

3. Except along through-going fault zones,

vertical leakage across the stratigraphic units in

the Green River Formation may be insignificant.

There are several categories of evidence that bear

this out.

Geologically the layered arrangement of strata,

and the fact that the layers are arranged essen

tially horizontal, inhibits downward or upward

ground-water migration. While it is true that the

ground water is in the fractures, it is also true

that the fractures are largely controlled by the

rock type. Brittle marlstones are able to hold open

fractures to some depth. Oil-rich shales are not.

Water in different strata show differences in

chemistry. These differences do not change
con-

tinously downward but increase and decrease with

depth. This means that if vertical leakage is

occurring it is not sufficient to smooth out or

eliminate the differences in water chemistry.

During shaft sinking, large differences were

found in rates of water production from different

horizons. As with water chemistry, there was not a

continuous change downward. There were increases

and decreases in rate, and some intervals were

completely dry.

There are well pairs at or near the C-b Tract

in which wells completed in alluvium show no draw

down while companion wells completed in the bedrock

show much drawdown. Such is the case with

alluvial /bedrock pairs WA-06/SG-20 and WA-07/SG-

19. If leakage downward from the alluvium is

occurring into the deep bedrock, it is still too

slight to be discerned after more than a year of

observed drawdown in the bedrock wells.

In well 32X-12, completed in the Upper Aquifer,

water stands about 800 feet (244 m) below the sur

face. Ninety feet (27 m) from this well are the

Service Production Shafts, now about 1,800 feet

(549 m) deep. These shafts have undergone de-

watering since the beginning of sinking in March

1979. The shafts are lined but not sealed and are

designed to leak. The fact that water still occurs

in a "partially
penetrating"

observation well so

close to the two great (more than 30 feet [9 m]

diameter) "production
wells"

is strong evidence that

both the horizontal and vertical hydraulic conduc

tivities are extremely small.

Using a statistical approach (Fetter, 1980) and

the hydraulic conductivity values from the drill

stem tests of SG-17, the vertical permeability is

about one-tenth the horizontal permeability. How

ever, because this is based on horizontal perme

ability data, the true vertical permeability is

likely to be even smaller.

Leakance studies using the Newman and

Witherspoon (1972) equation were made by General

Electric Company - Tempo in a study for the Environ

mental Protection Agency (1980). They report:

"Leakance values, estimated from type-curve matching

(table 5-7), were small, showing that the water

level in any aquifer was not affected by pumping any
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other aquifer. A computer solution of the Neuman

and Witherspoon leaky aquifer equation was developed

which indicated that the vertical hydraulic

conductivity was less than
5xl0'7."

Perhaps, the most striking evidence of non

communication between shallow aquifers and the deep

bedrock is that some horizons encountered during

shaft sinking were absolutely dry (Stellavato,

1981), even though the overlying bedrock contained

water. These dry horizons must be considered as not

reached by either vertical leakage nor by horizontal

migration from vertical leaky zones elsewhere.

4. The leached zone may represent an ancient

event. During sinking of the shafts, large vugs

were found, some of which were dry and some of which

contained water that flowed strongly for a short

time and then stopped.

If the vugs are interconnected from source to

outlet, and if there is active recharge to the deep

formations; they should still contain water, and the

water should continue to flow into the open shaft.

That some vugs were found to be dry and that others

flowed strongly and then stopped, suggests that the

vugs are not interconnected from recharge source to

outlet; but that at least some of the water in the

deeper formations, if not connate, may have been

trapped there for a very long time.

Donnell (1961) shows unconformable relation

ships among some of the formations. This implies

erosion, and therefore leaching may have occurred

shortly after the depositing of any of the saline

deposits. If so, later blanketing by the overlying

formations would tend to seal off and isolate some

of the leached zones.

Such processes would provide today, long after

the Eocene, a system of partially interconnected

vugs and channels showing the effects of earlier

activity, able to contain water but not able to

transmit water for long distances.

This would also provide high-transmissivity

values for short-term tests, but this would not

necessarily indicate that through-basin flow at high

velocity is going on.

5. Some upward leakage does occur from the

deep aquifers to the shallow formations in the

stream bottoms in the northern part of the basin;

this leakage is likely controlled by major faults.

Through-going faults are mapped (Donnell, 1961)

across Black Sulphur Creek and across Piceance Creek

near the mouth of Ryan Gulch. Recent mapping by

Beard (1981) shows faulting in the north rim of the

basin, with directional trends across Piceance and

Yellow Creeks.

It is in such localities that upward leakage

could occur and may have been occurring for a long

time. In such areas, soils with higher salinities

may be due to upward leakage and deposition at the

surface.

In these localities, the salines are not

excessively thick even though they have been exposed

for a very long time (except for stream alluvium

there are no post-Eocene deposits). This implies

that unless flushing at the surface is going on, the

upward leakage to the surface is either a very

recent event or it goes on at an extremely slow

rate.

6. Most of the springs may be from very

shallow sources. Many of the springs in the C-b

Tract area show very short-term changes in flow

rates, are along exposed stratigraphic horizons in

the bedrock, or are along the bedrock-alluvial

contact.

If the slow ground-water migration rates as

described in the foregoing paragraphs are correct,

it is difficult to believe that short-term changes

in flow rates can occur in springs that are outlets

of the deep aquifers.

The C-b area springs may be derived from two

shallow sources. One source, from the high-periph

eral areas may provide water to the major springs

via the shallow formations. In addition, some of

the springs may be fed by water that infiltrates

into the near-surface fractures in the bedrock

ridges, maintains high mounds of saturated storage

during wet periods, and feeds the springs along

adjacent slopes and valley bottoms. During dry

periods, these storage mounds are lowered, and the

springs may reduce in flow or go dry.

In this concept, some of the springs are con

trolled very locally by bedrock, by near surface

fracture distribution, and by short-term changes in

climate. Others are substrained by long term and

long distance migration in the shallow formation.

7. The Uinta Formation may contain both

unconf ined and confined ground water in the C-b

area, and may be responsible for much of the

recharge to Piceance Creek: and its tributaries.

Recent geologic mapping (Beard, 1981a) shows that

the Black Sulphur Tongue subcrops beneath the

alluvium of Piceance Creek north of the C-b Tract
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and dips southerly beneath the tract. The layers

above and below the Black Sulphur Tongue are thus in

position to receive infiltration from (or provide

water to) Piceance Creek in the north, from sur

rounding areas in the south and east, and by down

ward seepage from above. The Black Sulphur Tongue

appears to be the uppermost significant confining

layer, and above this the water is unconf ined.

It seems likely that confined water occurs in

the Uinta Formation between the Black Sulphur Tongue

and the Thirteen Mile Creek Tongue at the base, and

that it is this confined water in the lower Uinta

Formation, recharged from the higher slopes to the

south, the north, and the east that can provide

significant recharge to Piceance Creek.

In this concept, the flow of Piceance Creek and

its tributaries near the C-b Tract is derived mostly

from surface runoff, from shallow-source springs,

and from the Uinta aquifers.

8. That the potentiometric contours bend

around Piceance Creek is not necessarily due to

upward leakage from the bedrock aquifers. An inter

pretation held by many is that this configuration of

the potentiometric surface shows that the deep

bedrock aquifers discharge into Piceance Creek along

most of its length. Piceance Creek is thus acting

as a drain for the deep aquifers and thus depresses

the potentiometric surface. This is reasonable, but

there may be another explanation.

The potentiometric contours closely resemble

any set of structure contours in the Piceance

basin. The Piceance Dome north of Piceance Creek is

quite well defined by the potentiometric contours,

and Piceance Creek flows almost along the structural

downwarp axis of the basin.

The potentiometric configuration may reflect a

combination of structural control of the ground

water and very slow migration not upward into

Piceance Creek, but outward into the White River

through the Green River outcrops. We agree with the

U.S. Geological Survey (Weeks, et al, 1974) that

fracturing should be greatest along the structural

axis of the basin. If fractures are more abundant

in the competent beds and less abundant in the

incompetent (oil -rich) beds, the entire axial zone

should thus drain laterally more efficiently than

the limbs (Stearns, et al, 1972) toward the outlet

region south of the White River, while maintaining

confining integrity in the vertical direction,

except where locally cut by faults.

We suggest this concept to explain the

configuration of the potentiometric surface
because

it appears to explain why the major tributaries
to

Piceance Creek do not similarly have to be

interpreted as drains for upward leakage, nor does

Yellow Creek which, second to Piceance, is the

largest drainage in the Piceance basin. Zones of

upward ground-water potential (Robison, et al , 1980)

are indicated in the lower and upper Yellow Creek

system, yet the published maps do not show the

potentiometric contours bending around this stream.

9. The deep bedrock aquifers in the Piceance

basin may have experienced relatively little

flushing since the end of Uinta time. If the

ground-water migration rates are very long as

suggested in this interpretation (Item 2), the

ground water does not course rapidly through the

deep formations, and at least in some of the

formations there may have been few or no transits

through the system.

10. Of the recharge that does occur to the

deep bedrock, a significant proportion may enter the

upturned Green River Beds along the eastern rim of

the basin. At least for the Piceance Creek part of

the Piceance basin, the deep bedrock aquifers are

exposed along the eastern margin. It would seem

that the easiest way for water to enter these forma

tions is along the upturned eroded edges of the

beds, and from infiltration from uppermost Piceance

Creek and its tributaries which flow directly upon

them or where the alluvium is coarse grained and

thin.

11. At the C-b Tract, vertical leakage if it

occurs as a result of mining, would be downward.

Based on many wells, the head elevations for the

Lower Aquifer horizons are slightly lower than are

the heads in the Upper Aquifer horizons.

Therefore, we would expect that during and

after mining and abandonment of retorts, there

should be no leakage upward from the retorts into

the shallower formations, if the overlying

aquicludes have not been broken, and the shallow

aquifers have not been dewatered.

12. From the mining zone at the C-b Tract.

lateral migration, if it occurs, should have no

effect on quantity and quality of the usable ground

water. From the C-b Tract, it is 8 miles (13 km) to

the nearest expected zone of upward leakage to the

surface. This is where through-going faults

intersect the structural axis of the basin near the
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mouth of Ryan Gulch (Weeks, et al, 1974).

The fastest Darcy velocities (our own work

based on reinjection) and the slowest Darcy veloc

ities (drill stem tests, SG-17) if used as limits

and extrapolated across this distance give indicated

times of 2,600 yrs and 3,250,000 yrs respectively to

reach this locality. The actual times, of course,

would depend on what values are used for the other

hydraulic parameters. The Darcy velocities are so

slow; however, that even if the average linear real

velocities are higher by an order of magnitude or

more, and if the drill stem test results are more

accurate than our own interpretations, the time to

reach the locality may be measured in thousands to

tens of thousands of years or even more.

Some criticisms of this interpretation are that

with fracture porosity, discharge can be quite large

because it varies with the cube of fracture width

(Witherspoon, et al, 1980). A second is that fin

gering (Verma, 1970) that can occur in a cracked

porous medium may take place locally in some of the

formations.

However, there is another aspect of the problem

that should be considered. What we are largely

concerned with is not simply the established steady-

state transport condition, but the time for first

arrival from a source of potential contamination to

where it can become a hazard. In a region as large

as the Piceance basin, a mining area even as large

as the C-b Tract can be considered more or less a

point source. Flows emanating from such areas

after abandonment should be subject to the laws of

dispersion (Hubbert, 1940) and the processes of

matrix diffusion (Grisak, et al, 1980). It would

seem that the time for first arrival of a contam

inant could be extremely long.

In summary, the foregoing analysis contains

some surprisingly large numbers in regard to the

migration time of water through the Piceance

basin. The times are so large that they appear

unrealistic, and they probably are. Yet they are

based on observed data, and their validity can be

tested. It seems reasonable to consider the time

ranges stated here as extreme limits, and that what

actually occurs is at some intermediate value.

Whatever the final results, the time for water

migration through the Piceance basin seems to be

long, and the geohydrologic setting seems to favor

protection of the environment. These conditions

appear to occur widely throughout the Piceance

basin, and this should be of interest to other

developers of oil from shale in the Piceance basin.

Finally, the excellent work by the U.S.

Geological Survey and by other organizations (Fox,

1981; Mehran, et al , 1980), in developing models for

ground-water flow and solute transport are based on

the best data available to them at the time. By

responding to their repeated requests for data, we

can greatly help them in improving their models.

Their willingness to do this and their receptivity

to new ideas is obvious to any of us who have worked

in the Piceance basin.
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PICEANCE BASIN HYDROLOGY: AQUITARDS AND AQUICLUDES

D. B.

Anaconda

Denver,

Joe Birman in the preceeding paper presented a

series of ideas which he felt should be looked at

and evaluated before a final model of the hydrologic

regime of the basin could be drawn. I am in agree

ment with all of the statements made. Based on the

ideas and data presented and with a thorough under

standing of the geology of the area, a workable

hydrologic model of the basin can be developed.

Most models of the basin are based on the principal

that because the rocks are so highly fractured,

there is relatively free movement of water both

horizontally and vertically with vertical perme

ability generally being within about one order of

magnitude of the horizontal permeability.

If we look at the stratigraphy of the basin, we

find that from the top down we have the Uinta Form

ation outcropping over the major portion of the

basin. This unit is composed of interbedded sands

and silts with scattered interbeds of marlstone.

The sands and silts typically display a well -devel

oped fracture and joint system. The Uinta

intertongues with the upper part of the Parachute

Creek Formation. In the north end of the basin, the

Uinta Formation rests almost directly on the

Mahogany zone, while in the south side of the basin,

there are about 300 to 400 feet (90 to 120 m) of

Parachute Creek beds intervening between the Uinta

and Mahogany zones.

In the high elevation areas along the south

margin of the basin, there are numerous springs

which issue from this Uinta Formation. Almost all

of these springs originate at a sandstone--marl stone

contact, or at a lean-rich marlstone contact, sug

gesting that the water has moved downward through

the sand or fractured lean marlstone until it

encounters the relatively impermeable marlstone.

The Cattle Tank Bench marl in the south end of the

basin is a notable example.

A similar relationship exists in the C-b Tract

area toward the center of the basin. The waters

issuing from the springs in both areas are surpris

ingly similar. In the C-b area, springs normally

occur on the east side of the valley wall or at the

termination of a ridge in a northerly direction into

the Piceance Valley. These springs normally show

increased flow rates in the springtime which more or

Tait

Minerals

Colorado

less reflects the amount of snowfall which fell in

the high country to the south, suggesting a rather

direct connection between the two events. However,

an analysis of the water shows that no tritium is

present, suggesting that the issuing water was

recharged prior to 1957 and, thus, quite old. The

inference here is that there has been long distance

migration from the high country down to the Piceance

Creek through a permeable and fractured sandstone

confined by marlstone layers. There has been no

deep migration or percolation of this water. The

waters are uniformly cold whether they issue from a

spring producing 2 gallons per minute (.3 1/s) or

1,000 gallons per minute (63 1/s).

Below the Uinta, the Parachute Creek Member of

the Green River Formation is made up almost entirely

of marlstone of varying degrees of richness. These

beds are well exposed in the deep canyons cutting

into the south margin of the basin, and are also

well exposed along the Cathedral Bluffs along the

west edge of the basin. The member has been

subdivided into a series of named units such as the

Four Senators zone, the Mahogany zone, as well as

various other rich and lean zones. The Parachute

Creek member, as a whole, is well jointed and

fractured throughout on the outcrop. In many

instances, the rich zones often exhibit fewer

fractures per unit area than do the leaner zones.

In studying the richer zones, it was found that

at a richness of about 29 gallons per ton (121

1/tonne), the dolomite grains are no longer in

contact with each other, but essentially float in a

sea of kerogen. This kerogen is an organic solid,

but under conditions of elevated temperature and

pressure such as that found in the subsurface can

act as a plastic or relatively incompetent rock. In

some instances, these organically rich rocks remain

unfractured, but under sufficient overburden pres

sure to keep the fracture closed to water move

ment. The plastic kerogen matrix is in itself

impermeable.

An examination of the detailed stratigraphy of

the Parachute Creek section in the C-b Tract area

shows that there are 17 of these rich zones 1 m

thick above the mine zone and an additional 22 rich

zones within an 80 m interval below the mine
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floor. The mine zone was originally defined as a

unit about 25 m thick within the Mahogany that aver

aged 35 gallons or more per ton (146 1/tonne) in

richness. All of these rich zones, including the

mine zone itself, are essentially impermeable.

Thus, these rich zones act as significant retardants

to vertical movement of water in the basin. In

general, the leaner the rock the more fractures

there are per unit area. The lean rocks thus act as

an aquifer unit with the rich zones acting as

significant aquitards or aquicludes.

In the C-b area, we have found that there is

significant variation in water chemistry from the

first encounter of the water table down to the

Mahogany zone and below. This data suggests that

there is little or no vertical communication among

waters trapped between the many thin rich zones

found in this section. If there were relatively

free vertical movement of water, there would be a

greater degree of uniformity of the water chemistry.

Many temperature logs have been run on wells

scattered throughout the basin. Almost all of these

logs show water movement either up or downward in

the bore hole. Imbalance is found between zones

below the Mahogany, between zones above the Mahogany

zone, and between zones above and below the Mahogany

zone. These data suggest that there are pressure

imbalances within the Parachute Creek section and

that these imbalances occur because the Parachute

Creek section is separated into a multiplicity of

thin aquifers which are behaving independently and

are not in vertical communication with each other

except where man has created a path of communication

by drilling holes across them.

In much of the central part of the basin,

especially in the area immediately adjacent to Black

Sulfur Creek, the Parachute Creek section contains a

number of zones that produce gas along with the

water. Most of this gas is found below the Mahogany

zone. There are several wells on and immediately

adjacent to the C-b Tract that contain gassy

zonesboth above and below the Mahogany zone.

Perhaps this gas has been generated within the

Parachute Creek rocks and is slowly being moved

toward the basin center by the slow natural flow of

the water in this direction. Perhaps it is still

there because it has been confined or trapped

between imprevious oil -shale layers or aquicludes.

Had there been significant amounts of vertical water

movement within the aquifer systems, this gas should

have long since been dissipated.

Based on work done primarily in the late 1960's

and early 1970's and prior to the concentrated

drilling and hydrologic testing on Tracts C-a and

C-b, the basin was considered to have had a two-

aquifer system with the Mahogany zone being the

separating unit between the two systems. Because of

the very fractured nature of the rocks, it was

believed that there was relatively free communi

cation vertically: consequently deep basin water

was free to circulate throughout the Uinta and

Parachute Creek sections with the Mahogany zone

acting only as a minor aquitard. With the advent of

the concentrated drilling and hydrologic testing

programs on Tracts C-a and C-b as well as on other

tracts in the basin, we have come to realize that

the aquifer system is much more complex than

originally thought. The two aquifer concept with

its attendant deep circulation of water into and out

of the basin should be abandoned in favor of a model

which recognizes that there are many thin imperme

able zones scattered throughout the Uinta and

Parachute Creek sections. These impermeable zones

cause the flow in the system to be almost totally

horizontal .

In summary, if we create a computer model which

recognizes that the flow within the aquifer system

is almost totally horizontal, we will have come a

long way toward a more realistic characterization of

the flow system within the basin.
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OIL SHALE MINING UPDATE

SURFACE AND ROOM AND PILLAR SYSTEMS

Gordon B. French

Science Applications, Inc.

Golden, Colorado

ABSTRACT

Mining and crushing expenditures make over 30%

of the total cost of an oil shale development project.

A well conceived mine design and an efficient mining

operation could very well dictate the economic via

bility of an oil shale project.

Oil shale mines to be developed for future pro

jects, will surpass or equal the size and capacity of

the largest existing operations. In this paper, the

problems associated with large scale oil shale mining,

open pit and room and pillar are discussed. The bat

tery limits economics of new mining methods, specifi

cally fitted to large scale operations, are reviewed.

Finally the infrastructure, maintenance and site

support facilities and requirements, an area that

is often underestimated by designers of large

scale mining projects, is highlighted and the

difficulties involved in, and the enormousness of

such undertakings are realistically underlined.

INTRODUCTION

Shale Oil Production Systems

Most of the current planned or developing oil

shale projects fit within the following product

ion systems: Figure 1.

All have a mining component, a retorting

extraction component, and an oil /water/gas handling
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component. This paper will deal with only two mining

techniques, namely room and pillar and surface mining.

Preferred Mine Site Locations

The following Figure 2 illustrates the Piceance

Basin oil shale outcrop or near outcrop area. It is

envisioned that most initial oil shale development

will be conducted within the generalized narrow band.

Because the oil shale does outcrop in this belt,

patented land ownership positions have been obtained.

Further the potential to install a first generation

non-gassy mine or limited thickness of overburden

surface mine makes the area potentially more econom

ically attractive. Thus, it is predicted that most

development will initially be conducted within this

zone, even though such lease sites as C3 and C. do

not conform to the area.

A typical near outcrop oil shale histogram has

been analyzed by computer techniques to determine

the optimal location for specific mining systems.

A high grade 70 foot thick room and pillar mine

level has been selected as have various grade open

pit zones. Note that it is possible to obtain a

quite thick 671 foot open pit mine level having an

average grade of 16.5 gpt. Note, however, that

<n*f* l;iin<nir all.** *f bftr* ** Fkboivi

^^** fklCiarll tt UMMI VTC1* ferrrg^iaj

pile* al <l pn la*. Ir*

& Urn
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Figure 2 - POSSIBLE NON-GASSY MINE LOCATION IN THE PICEANCE CREEK BASIN
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when 25 gpt is desired only 170 foot zone is avail

able with obvious high overburden ratios, Figure 3.
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Open Pit Systems

Having selected an open pit mineable zone, a

typical end around strip mine system having continu

ous land reclamation operations might be selected as

illustrated in the preceding Figure 4. Benches are

thought to be fifty feet high, other than vertical

and at least two hundred feet wide to allow room for

production functions.

Some typical dimensions of this pit for a

30,000 BBL/day surface plant handling 25 gpt as
min

ed shale might be as illustrated in Figure 5. The

chief advantage of the strip system is its simplic

ity and ease to develop as opposed to an open pit

circular or horse shoe configuration.

If your site were so selected that minimal

overburden existed over high grade shale a well mech

anized end around strip systems equipment might be

similar to that shown here in figure 6.

Figure 5 - TYPICAL DIMENSIONS OF PIT FOR 30,000 BBL/DAY

Figure 6 - TYPICAL MINING EQUIPMENT FOR OPEN PIT
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The specific equipment illustrated in Figure 6

is shown with some dimensions in Figure 7.

Figure 7 - SOME DIMENSIONS OF EQUIPMENT ILLUSTRATED IN FIGURE 6.

"
" r ,r

Having touched briefly on the grade vs overbur

den problem, it is now well to look at the grade vs

production problem for various oil production rates,

Figure 8. Note that even with a nominal 30,000 BBL/

day production, the open pit mine must produce enor

mous tonnages of ore. Given an overburden ratio of

say 1:1, the 16.5 gpt case is already as large as the

state of the art in existing mines, most of which

have had the benefit of years of time to develop to

their production level.

Figure 9 compares the potential operating costs

without return on investment for selected grades of

oil shale. The lower cost for open pit mining with

minimal overburden is illustrated for the 16-17 gpt

range. However, the surface processing costs for

these low grade ores make a cost to produce that is

not all that attractive. If a higher grade ore is

obtained, the open pit mining costs increase due to

the higher overburden ratios and the reduction in

processing costs do not do that much to overcome the

problem. If on the other hand, a selective high

grade zone is mined by room and pillar methods, the

higher costs for mining only high grade ore and the

lower processing costs now make the total system

more attractive. The increased volumes for crush

ing and spent shale handling do not drive the

system selection.

Breaking down further the costs illustrated

in Figure 9, Figure 10 illustrates only the mining

component costs. Note the 16.5 gpt case with a

stripping ratio (S.R.) of only 0.45:1 having a nom

inal mining cost of less than $2.00/ton of ore pro

duced. While the open pit high grade 25 gpt case

results in most of the cost/ ton of ore produced be

ing associated with overburden removal at a nearly

4:1 stripping ratio. Putting the room and pillar

case in perspective, the cost/ ton to mine 34 gpt

is over $3. 00/ ton.

Completing a battery limits (no offsites in

cluded) cost analysis of the capital to develop and

equip an open pit system, we approach $70,000/daily

BBL of production. Whereas, the adit room and

pillar mine is only about $34,000 for capital and

development costs per daily barrel, Figure 11.
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Oil shale economics are highly site dependent.

The mining costs for example are dependent very heav

ily on grade, as shown, and land acquisition expenses

with associated fee/royalty requirements. Total cap

ital investment may contain as much as 20% in the

total offsites costs due to water acquisition, socio

economic requirements or new roads, right of ways,

and power line/pipeline corridors. The decision to

add on site oil upgrading could add eight to ten thou

sand dollars per daily barrel of capital costs. U-

nique geologic or hydrological conditions may in

crease or decrease costs substantially. For this

reason all illustrated economic evaluations are

battery limit totals only based on average conditions

expected at a near outcrop non-gassy mine
operation

on the periphery of the Piceance Basin.

Typical breakdown of a battery limits surface

mined oil shale facility and any of the major process

systems results in the following Figure 12 distri

bution of fixed capital costs. Note the large

percentage of costs for gas handling and assumed

on site power generation.

The normal operating costs for a typical sur

face mine located in this peripheral zone can be

expected to be broken down about as shown on

Figure 12. With production labor accounting for

the lion's share at about 34% and mining costs at

about 25%. Again battery limits costs are only

illustrated for comparative purposes.

SURFACE MINE

FIXED CAPITAL COSTS NOMINAL OPERATING COSTS

GAS HANDLING 12. AX

RETORT 24. BX

GENERATION 12. AX

MGMT-CONT 14. 3Z

ENGR-DESIGN 3.7Z
SITE PREP-BLDGS 3. 31

MINING EQUIP. 7. 91

MAT HANDLING 9.7Z

MAINT. MAT'LS 9.9Z

CHEM-SUPPL. 7.3Z

SUPPL/FUEL 10, 1Z

MINEDEVEL. 11. 5Z
REPLACEMENTS 14. 2Z

PROD, LABOR 33. 5Z

MINING LABOR 25Z

Figure 12 - BREAKDOWN OF SURFACE MINE NOMINAL OPERATING COSTS

AND FIXED CAPITAL COSTS
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To further clarify the differences in costs for

the systems resulting from grade vs overburden and

mining methodology, Figure 13 illustrates the selec

tion of a grade associated with a typical 2:1 strip

ping ratio open pit mine.

40 -,
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30

25

20 -

15
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Open Pit (2:1 Stripping Ratio)

5 10 15

MINING COSTS ($/bbl Equivalent)

20

Figure 13 - MINE OPERATING COSTS VS. OIL SHALE GRADE
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Room and Pillar Systems

Turning now to the room and pillar system, the

following Figure 14 illustrates an artist's rendition

of a typical deep room and pillar shaft mine located

in the middle of the Basin as opposed to an outcrop

adit mine. This mine would in all probability be

classed gassy.

Figure 14 - AN ARTIST'S RENDITION OF A TYPICAL DEEP ROOM AND PILLAR SHAFT MINE

166



Development of the high grade segment of the ore

body by room and pillar system is largely a material

handling, ventilation system. Figure 15 illustrates

a top slice, lower bench, perhaps 70 feet high, typi

cal, planned room and pillar system of mining, which

is developed with multi-entry mains and isolated panel

development having relatively high extraction ratios.

This concept of mining is state of the art, but not

at the total rates contemplated. The mine

illustrated is non-gassy, schedule 24, diesel,

mobile equipment operated with conveyor main

haulage.

Figure 15 - PANEL DEVELOPMENT ISOMETRIC VIEW
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Again depending on the production plant capacity,

the following Figure 16 illustrates rates of mining

vs grade of ore vs room height. Note that even the

30,000 BPD case is at the capacity of a well known,

multi-shaft, black caving, huge mine operation.
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Figure 16 - MINE PRODUCTION VS. ROOM HEIGHT AND GRADE

"UNDERGROUND
MINING"

168



The basic elements of such a mine are related

to the mining cycles per round of production for

various items of equipment. Figure 17 illustrates

the cycle times for various state of the art func

tions in the sub-mains, as well as, panel develop

ment (first pass).

4.Or -i4.0

2.5 *

O

O

Mining Function

Figure 17 - MINING CYCLE TIME FOR ONE ROUND PER SHIFT
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The fixed capital battery limits costs for

such a room and pillar mine are expected to be

divided about as shown in Figure 18, with re

torting, gas handling and power generation con

suming the major portion.

The operating costs for oil shale
production

battery limits without upgrading can also be ex

pected to be heavily controlled by process costs.

Typically, 41% is for productive process labor,

while mining labor only amounts to about 18% as

shown in Figure 18.

UNDERGROUND MINE

FIXED CAPITAL COSTS

RETORT 31. 2Z

GAS HANDL 15. 6Z

MAT'L HANDLING 5.7Z

MINE DEVEL 6.3Z

MINING EQUIP 3.92

SITE PREP 3.9Z

PERMIT-ENGR 3. 4Z

MGMT-CONT-TAX 15. 3Z

NOMINAL OPERATING COSTS

GENERATION 14. 7Z

PROD. LABOR 41. 3Z

MAINT MAT'S 15. 2Z

MINING LABOR 18Z

REPLACEMENT 7.8Z

SUPPLIES-FUEL 8.8Z

CHEM-SUPPL B.9Z

Figure 18 - UNDERGROUND MINE FIXED CAPITAL COSTS

AND NOMINAL OPERATING COSTS
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Another way of looking at these costs is illus

trated in Figure 19, where the total mining at 31.3%

is compared to processing at 58.9%. From this we

can see the heavy dependency of both capital and

operating costs on the cost per barrel of oil. In

closing, I am reminded that at the huge, open pit

mines for tar sands in Canada, it is often the

process hydro- treater or fluid coker that reduces

production or effects capacity, not the mining

systems. Perhaps, mining is more capable of meeting

the challenge of synfuels development than is the

processing technology.

MATT HANDLING 9.8Z
MINING 31. 3Z

PROCESSING 58. 9Z

Figure 19 - NOMINAL OPERATING COSTS UNDERGROUND MINE
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ABSTRACT

This paper presents a new mining method

developed for oil shale mining and is

particularly adaptive to gassy mines. The

Room and Pillar-Sill mining method is based on

mining one room and pillar mine panel section

overlying another room and pillar mine panel

section leaving a
"sill"

interval between the

two panels. The sill will be recovered on the

retreat, thus reducing personnel exposure to

the full height mining to a minimum. The

method incorporates backfilling of processed

shale into the mined-out sections for pillar

encapsulation, with smaller pillars left in

place, thus increasing resource recovery.

Gassy classification affects mining

operations most in ventilation, eguipment and

explosives. A new ventilation control

approach was developed to reduce ventilation

problems. Federal regulations for gassy mines

were. incorporated into the plan. This

included use of schedule 31 equipment. With

the limitation on schedule 31 horsepower,

mining equipment was selected for the proposed

method. Four potentially feasible haulage

systems were evaluated . An economic cost

analysis was performed.

The results demonstrated that low cost

production, good recovery rate (60 to 70%) and

high productivity can be achieved by the room

and pillar-sill mining method while meeting

the gassy mine regulations.

INTRODUCTION

Experience has shown that room and pillar

mining is the most promising and feasible

underground mining method for oil shale. The

development of the room and pillar sill mining

method was based on constraints imposed by the

thick flat-bedded deposits and by gassy

conditions .

Besides being highly flexible, highly

mechanized, and productive, the room and

pillar-sill method (RPSM) has some other

advantages over the standard room and pillar

mining methods. Major advantages are shown in

Figure 1.

Figure 1. Major Advantages of the Room and

pillar-Sill Mining Method.

The following was considered in the

development of RPSM:

Gassy Mine Classification

Limitation on Schedule 31

Horsepower

Additional Ventilation for Methane

Reclamation Requirements

Surface Subsidence

Ground Problems

Manpower

Increased Safety

DETAILED MINE DESIGN

The RPSM is based on mining one room and

pillar mine panel section overlying room and

pillar mine panel section leaving a
"sill"

interval between the two panels. The sill

will be recovered on the retreat.

A hypothetical mine is designed to

extract, at full production, an average of

55,000 metric tons (60,000 tons) of oil shale

per day. The average oil shale grade

considered is 104.3 litres/mt

(25 gallons/ton). The area of the mine site

is estimated to be 2.2 kilometers (1.4 miles)

wide and 6.4 km (4 miles) long.

?This work was supported by the U.S.

Department of Energy (DDE) under Contract DE-

AC-22-80PC14189
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Access to the mining area is achieved by

drifts from the outcrop. Main entries are

driven through the center of the mine. Main

entries consist of seven parallel entries. The

Number One and Number Seven entries are 4 m

(12 ft) high and 17 m (55 ft) wide. These two

entries are used for ventilation (intake and

exhaust airways). The other entries are 8 m

(25 ft) high and 17 m (55 ft) wide. Cross

cuts have the same dimensions (Figure 2.).

? ? ? ?

? ? ? D

Q-a a "5

? ? a

RocWstcppms

Figure 2 . Plan View of Main Entry System

During the initial development of main

entries, pillars 19 m (60 ft) wide and 54 m

(175 ft) long, are left until panel

development work starts . The main entry

system has a total width of 227 m (745 ft) and

runs the entire length of the mine . Figure 3

shows plan view of the main entry system and

panel development.

Panels are driven perpendicular to the

main entries and connected to the main entries

with three entries. Barrier pillars, 89 m

(290 ft) wide and 52 m (170 ft) long are left

between main entries and panels. The middle

entry is used for haulage, and the other two

are used for ventilation. The dimensions of

all entries and breakthroughs in the panels

are the same as these of the main entry

system. However, 19 m (60 ft) square pillars

are left. Panels are 227 m (745 ft) wide and

928 m (3045 ft) deep. A ventilation bleeder

entry is established at the final depth. The

bleeder entry is protected by adequate pillars

for long term openings. This provides

ventilation at the back of the panel under

gassy mine regulations.

A new ventilation control approach using

rockstoppings, was developed. While panels

are being developed, the intake and exhaust

entries are driven at a lower height, 4 m

(12 ft), so that rock stoppings can be

constructed by blasting from the higher

height, 8 m (25 ft), into the lower height

crosscuts. The development of rock stopping

is illustrated in Figure 4.

The RPSM is based on mining two levels

with a sill interval. Three access drifts are

driven to the lower level as the development

work continues. These drifts are so designed

that they enable belt conveyor haulage.

Figure 5 is a cross-section showing access

drifts to the lower level. Once again, the

middle entry is used for haulage purposes.

The other two are used for ventilation. The

upper main entry development progresses two or

three crosscuts ahead of lower level

development due to safety considerations

(Figure 6) .

Upon the completion of panel development,

the sill will be mined on the retreat by

drilling down from the top level and blasting

the rock to the lower level .

Backfilling of processed shale into the

mined-out sections is commenced as soon as

retreat mining of the sill begins. Under

ground disposal of processed shale will reduce

the amount of material on the surface

requiring reclamation by as much as 85

percent. A study of Earnest, et al . , 1981,

estimated that up to 16 percent resource

recovery may be increased when backfilling

provides some supplementary support so that

smaller pillars may be left in place.

MINE OPERATION

It is assumed that development of the

mine and production are achieved on a two

shift, seven day per week basis. It was also

assumed that, at least, four panels would be

in production . Conventional mining operations

such as drilling, blasting, mucking, scaling

and roof bolting would be practiced .

Equipment and men are assigned to particular

faces . The equipment is phased into an

operational cycle. At full production,

sufficient working faces are available so that

all phases of the mining operation run

continuously without any cyclic conflict. Cut

sequence is shown in Figure 7.

A face is drilled by a two-boom hydraulic

drill jumbo which is capable of drilling the

entire round from one set up. A total of 39

holes with 64 mm (2 ^ - inch) diameter are

required for a 6 m (20 ft) advance. A V-cut

round pulls about 1725 mt (1900 tons). Lower

height entries require rounds with 19 holes .

Two drilling jumbos per panel are necessary to

maintain the desired production rate.
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Figure 7.

ROOM &c PILLAR

SILL MINING METHOD

( PLAN VIEW SHOWING CUT SEQUENCE )
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As the round is being drilled, two roof

bolting machiens are used to bolt the roof

with 2.2 (7 ft) split set bolts on 1.5 m

(5 ft) centers. Permissible explosives or

other types of explosives (e.g. AN/FO) which

must be approved by MSHA are used for

blasting. Due to the gassy nature of the

mine, onshift blasting may be prohibited.

Therefore, oil shale may have to be blasted

between shifts or at the end of a shift when

no personnel are in the mine.

Mine fans located on the surface supply

ventilation. The rock stoppings are

constructed to control air flow. The

estimated ventilation requirement of the mine

is about 71,000 m3/min. (2,500,00 ft3/min.).

The calculatins are based on providing

3.5 m3/min. (125 ft3/min) of fresh air per

diesel horsepower and 2.8 m /min.

(100 ft3/min.) per man. A 50 percent leakage

loss of intake air is assumed. A 15 percent

contingency
factor is also used.

To initiate sill mining, a large hole is

drilled in the middle of the next to last

breakthrough (Figure 8.). This hole provides

a second free face for blasting. The sill is

drilled using
mobile down-hole drilling

jumbos .

I_
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Figure 8. Plan View of the Room and Pillar-

Sill Method

Drilling is then expanded as shown in

Figure 9. Sill drilling operation is not

restricted by any other mining operations,

therefore, vertical holes can be drilled

continually. The sill is mined on the retreat

as shown in Figures 10. and 11. While the

sill is being mined out, no roof bolting is

required. Mucking is done from the lower

level (Figure 12 . ) .
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This reduces personnel exposure to full height

of the sill to a minimum. Figure 13 shows an

isometric view of retreat mining operations.

This type of mining provides enough working

spaces so that no cyclic conflict can occur.

Water drainage is achieved through the lower

bleeders.

Mined out sections are backfilled simul

taneously with retreat mining of the sill

(Figure 14.). Processed shale as the backfill

material is introduced from the upper level

bleeders in slurry form. As retreat mining

progresses, pipelines are used to distribute

processed shale into the mined-out areas.

Figure 15 illustrates two panels. In the

first panel, backfilling is completed.
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Retreat sill mining continues in the second

panel .

HAULAGE COMPARISON

A comparison of four potentially feasible

haulage systems was performed to select the

best haulage system for the room and
pillar-

sill mining method (Senocak, 1982). The

haulage systems evaluated in this research

are:

Loading Secondary Haulage Primary Haulage

1. FEL Truck Truck

2. FEL Truck Conveyor Belt

3. LHD LHD Conveyor Belt

4. FEL Conveyor Belt Conveyor Belt



DIRECTION OF RETREAT

Figure 13. Isometric View of Retreat Sill

Mining

Major consideration was given to the

limitation on Schedule 31 horsepower.

According to the regulations, every
diesel-

powered equipment to be used in gassy mines

must have MSHA
'

s approval. Presently, the

MSHA diesel testing facility is capable of

testing diesel engines up to 400 hp. However,

MSHA is expanding its testing facility. In

the near future, it will be capable of testing

diesel engines up to 650 hp. Based on this

information, diesel equipment having engines

up to 650 hp is considered to be permissible

in this study.

An interactive computer program was

written to simulate the four haulage

systems. The program consists of a main

program and seven subprograms. The simu

lation model is event-oriented. After each

mining operation, related reports are

printed. The model permits some degree of

flexibility in specifying parameters associ

ated with mine operations. Sensitivity

analyses can be conducted.

The selection of the best haulage system

for the RPSM was based on comparisons of

haulage cost, productivity, labor and

ventilation requirements. For the proposed

method, a combination of Load -Haul -Dump units

and belt conveyors was found to be the best

haulage system. This system offers distinct

advantages over the other systems. It

provides the lowest haulage cost. High

productivity rates can be obtained.

Ventilation required is less than those for

the other haulage systems. LHDs with Schedule

31 approval are currently available. All of

these reasons make this system the best choice

among the others.

CONCLUSIONS

It is the
authors'

opinion that low cost

production, good recovery (60 to 70%) and high

productivity can be achieved by the RPSM while

meeting the gassy mine regulations. Economic

analysis of the mining method and backfilling

is recommended for further research.

Spent Shale

jaWJSSS

BLEEDERS

":,v.'"|*R9

Figure 14. Side View Showing Sill Mining and Backfilling
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ABSTRACT

Pillar design in oil shale by the induced

horizontal stress method is based on in-situ stress

determinations of pillars before and during failure,

on computer analysis incorporating site specific

rock properties, and on the pre-mining stress field.

An empirical strength equation which relates vertical

and horizontal stresses at failure was developed

from stress determinations through the center of

60-ft cube pillars. Induced horizontal stresses

within the pillars are then evaluated for different

width-to-height ratios by simple finite element

analysis. Design curves are developed relating

pillar stresses and strength with pillar widths and

extraction ratios.

The induced horizontal stress method, which is

based on the in-situ strength of large pillars, has

been used for planning and resource recovery evalua

tions throughout the Piceance Creek Basin.

INTRODUCTION

Design of mine pillars is performed by

empirical methods because of difficulties in assess

ing and quantifying the in-situ rock strength of

large pillars. Pillar design methods have been

developed mostly from coal mining experience where

many years of room and pillar mining provide a good

background for linking experience and theory, and

field and laboratory work.

Pillar strengths can be determined essentially

by two methods: the width-to-height (W/H) ratio, and

the confined core methods. In the first method,

described extensively in the literature {I, 2, 3,

4, 5_), the strength is related to the pillar width,

height, and the laboratory unconfined strength. In

the confined core method, the strength is obtained

by using a Mohr-Coulomb formulation based on labora

tory triaxial strength values and an assumption of

a failed outer zone confining an unfailed core (6).

Applications of both methods to oil shale have been

proposed and are described in the literature (7, 8).

This paper describes another empirical

design technique, the induced horizontal stress

method, developed for oil shale. This method

is based (1) on strength criteria obtained by

stress determinations in 60-ft cube pillars

performed before and during failure; and (2)

on field calibrated computer analysis to project

the induced horizontal stresses and strength to

locations with different material properties

and stress fields. Basic pillar strength

criteria was developed at the Colony Pilot Mine

and has been described in previous publications

(9, 20, JJJ. This experimental mine is located

in the Colony property owned by Exxon Company,

the operator, and Tosco Corporation.

GEOLOGIC STRUCTURE OF THE PICEANCE CREEK BASIN

The Piceance Creek Basin contains about

80 percent of the oil shale resources of the

Green River Formation; this amounts to about

1200 billion barrels of petroleum equivalent

with 600 billion barrels occurring in material

with a grade of 25 gal/ton or more. Oil shale

is an economic term used for marl stones with a

recoverable kerogen content of more than 5 to

10 gal /ton.

Most of the oil shales of economic interest

occur in the Parachute Creek Member of the Green

River Formation. In this member, the oil shale

is divided into rich zones designated R2

through R6, Mahogany and upper oil shale

separated by leaner zones designated L2 through

L5, A- and B-grooves. Most of the experimental

mining operations have been conducted in the

Mahogany zone because it is shallower and

contains nearly 30 percent of the basin's

resource.

Wet sediment deformation features result

ing from lake bottom sediment slumping are

common through most of the oil shale intervals,
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and range from simple pinching-out of thin beds to

folding with faults. Folds are broad with north

westerly trending axes. A number of normal faults

have been mapped in the central basin; these all

strike northwesterly, approximately parallel to the

fold axes. Numerous joints occur through the oil

shale with two dominant trends: northwest to west-

northwest, and northeast to north-northeast.

Locally, well defined systems of joints and

bedding planes are present and control the rock

mass quality. Joint inclinations may vary from

vertical to 45 and more with spacings from a few

inches to 10 or more feet. These variations,

together with variations in bedding thicknesses,

affect rock quality. Generally the rock quality

in the richer zones is better than in the leaner

zones. For example, rock quality in the mining

interval in the Mahogany zone may vary from fair

to very good while in the B-groove it may decrease

to very poor. These large variations make the

assessment of rock quality a
very*

necessary part

of every geotechnical program. During the last

four years, work has been performed in applying

rock mass quality classification systems to oil

shale but none of these studies have yet been

published.

MECHANICAL PROPERTIES

The mechanical properties of oil shale are

greatly dependent on grade as shown by numerous

laboratory tests. This dependency can better be

described by a series of regression curves of test

results relating grade (modified Fischer assay) and

various mechanical properties. Figures 1 to 5

show the curves relating grade with density,

unconfined compressive strength, Young's modulus,

Poisson's ratio, angle of internal friction, and

cohesion. Correlations between grade and density

are excellent, and quite good with unconf ined

compressive strength and Young's modulus. Corre

lations with Poisson's ratio are poor to fair.

There is little published data on grade correla

tions with the angle of internal friction and

cohesion because of the smaller number of triaxial

tests performed as compared to uniaxial tests.

The available data indicates good correlations with

the angle of internal friction, and poor correla

tions with cohesion. There is little or no

correlation between grade and the tensile

strength obtained from Brazilian tests.

IN-SITU STRENGTH CRITERIA

The pillar strength information used in

developing the induced horizontal stress method

of pillar design was based on overcoring stress

determinations made in pillars before and during

failure. The term failure is used here to

describe the unloading that occurs when the

ultimate load capacity of a pillar is reached.

During failure, stresses are transferred to

adjacent unfailed pillars or unmined ground.

In most cases, failure at the Colony Mine has

occurred in a slow, stable manner without

extensive pillar spalling or fracturing. Only

two pillars out of nine spalled extensively.

No complete pillar collapse has occurred.

Failure in the case of the two more extensive

fractured pillars occurred over a period of a

few months, and in the other pillars over a

period of years.

Pillar stress determinations were made

through the center at mid-pillar height. Stress

profiles obtained from these measurements have

been published in previous papers Q0, 11).

Average vertical (a ) and horizontal stresses

(a^) were obtained by dividing the area under

the stress profiles by the length overcored.

These stresses were then used to find a relation

between the maximum shear stress (a - a. )/2,
_ _

v n

and the normal stress (ay
+ oh)/2 at mid-pillar

height. Figure 6 shows the best fit curve

through this data which is represented by the

equation:

(D

where: Tmax
= maximum shear stress (a -

a.)/2,

(psi)

an
= normal stress (ay + ah)/2, (psi)

A =7, constant

a =0.7, constant

Each point in Figure 6 pertains to a set

of stress determinations in one pillar. A

plan view of the mine with the pillar locations

is also shown. Pillar failure is shown by the

progressive decrease in stress. Equation (1)
represents an in-situ Mohr envelope for the

Tmax
=
^n)'

180



35

3.0-,

2.5

~

2D-

1.0-

0.5-

-NAVAL OIL SHALE RESERVE (12)

ANVIL POINTS (13)

UNION (|5>

10 20 30 40 50

GRADE, MODIFIED FISCHER ASSAY (GPT)

175

150

-125

-100 <.

75 -o

-50

25

60

FIGURE I -GRADE -DENSITY CORRELATIONS

3.0 -

25 -

co

o 2.0 -

_i

o

o

5

co 1.5 A

2

1.0 -

0.5-

- COLONY (9)

NAVAL OIL

SHALE RESERVE (12)

MOBIL (16)-

UNI0N(I5)

U-a 8 U-b ( 14)

I l I 1 1
> 20 30 40 50 60

GRADE, MODIFIED FISCHER ASSAY (GPT)

FIGURE 3- GRADE -YOUNG'S MODULUS CORRELATIONS

30000

25000

20000

w 15000

10000

R 5000

NAVAL OIL SHALE RESERVE (j2)

-MOBIL (16)

-UNION (15)

COLONY (9)

U-a Q IK> TRACTS (14)

~l 1 1 1 1 1

10 20 30 40 50 60

GRADE ,
MODIFIED FISCHER ASSAY (GPT)

FIGURE 2-GRADE-UNCONFINED COMPRESSIVE

STRENGTH CORRELATIONS

0.6-1

10
1 ' 1

30 40 50 60
GRADE, MODIFIED FISCHER ASSAY (GPT)

20

FIGURE 4 -GRADE -POISSON'S RATIO CORRELATIONS

181



1-5000

20 30 40 50 60

GRADE
,
MODIFIED FISCHER ASSAY (GPT)

FIGURE 5 - GRADE - ANGLE OF INTERNAL FRICTION CORRELATIONS,

AND GRADE-COHESION CORRELATIONS

II ( t t M 60 FT HEIGHT

PLAN VIEW OF

COLONY PILOT MINE

1 1500-1

1000-

500-

500

BEST FIT EQUATION

Tmax =
A(crn)a

A =6.965l

a =0 69565

INDEX OF DETERMINATION =0.86

1000 1500

NORMAL STRESS, ex.

2000

FIGURE 6 -RELATION BETWEEN IN-SITU MAXIMUM SHEAR
SSSS68 AND N0RMAL STRESSES AT MID-PILLAR
MtloHT

182



60-ft cube pillars and it was used to develop a

curve relating the average vertical and horizontal

pillar stress at failure (Figure 7). Field measure

ments indicated that pillar failure began at 3000

to 3250 psi vertical stress and 500 to 700 psi

horizontal stress. Significant fracturing was

observed only in the more extensively failed

pillars, and occurred as a result of both vertical

tensile cracks and movement along existing joints

(9). In this relatively slow pillar failure there

seems to be little or no difference between peak

and residual joint strength often observed in

laboratory testing.

An equation relating pillar strength, horizontal

stresses, and unconf ined compressive strength was

derived from the compressive region (positive

stresses) of Figure 7 with the form:

a0
=

a.
ol (V, * (3)

vFs Ol, b
3^ = 1 + B tr4
a a.

(2)

where: a = pillar strength or average vertical

stress at failure, (psi)

F = factor of safety

o
= pillar strength at zero horizontal

stress = 1300 psi

a. = average horizontal pillar stress (psi)

B = constant =3.2

b = constant = 0.82

Equation (2) can be used to calculate pillar

strength but its application requires that the

horizontal stresses for a given pillar size and

shape be known.

The curved Mohr envelope shown in Figure 7

can be approximated by a straight line. The

slope of this line can be related to the angle of

internal friction, 0. The calculated in-situ 0 is

26.5

and is very close to the laboratory values

for the same 30 to 40 gal /ton grade interval

shown in Figure 5. This similarity suggests that

laboratory triaxial tests may provide a good basis

for calculating in-situ Mohr gradients of non-

failed pillars.

The unconfined compressive strength between

laboratory and in-situ are very different, but may

be related by the following equation:

where: a = in-situ unconf ined compressive

strength

a -.
= laboratory compressive strength

V. = in-situ volume of pillar

V, = volume of laboratory specimen

a
= volume reduction coefficient

Equation (3) expresses the reduction in

strength that occurs with an increase of volume

of rock. This effect is due to larger rock

volumes containing proportionally more flaws or

geologic discontinuities than small rock

volumes. For design purposes and a given rock

type, there is a certain volume above which the

strength reduction is no longer significant.

This volume of rock must be sufficiently large

to contain enough geologic discontinuities to

be representative of an in-situ pillar. The

key element to obtain the in-situ unconf ined

strengths is the volume reduction coefficient,

a. For the mining interval in the Mahogany

zone oil shale, a value of 0.08 has been

proposed (_7_). However, there is evidence to

suggest that rock quality, specifically the

combined effect of intact rock and geologic

discontinuities, influences a. For example,

coal having low strength and quality has an

a value of 0.12 (18), while hard, good quality

quartzite has an a value of 0.06 (19, 20). As

applied to oil shale, a should be increased if,

for example, the rock quality is significantly

lower than that observed at the Colony Pilot

Mine. The effect would be to reduce a in

equation (2).

The factor of safety used in equation (2)

has a significant impact on the function of the

pillars. For example, factors of 0.8 to 1.0

may be appropriate for yielding pillar systems,

safety factors of 1.2 to 1.3 for full over

burden support systems, and safety factors of

1.4 to 1.6 for barriers and pillars in main

accessways.
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INDUCED HORIZONTAL STRESSES

The horizontal stresses in the pillar increase

with the vertical pillar load to the point of

failure. Evaluation of inducea horizontal stresses

is made by a simple finite element analysis which

models the average stresses developed at mid-pillar

height. Figure 8 shows a typical two-dimensional

model. To minimize the number of computer runs

while still taking into consideration a number of

various depths and stress fields, the induced

horizontal stresses in square pillars were expressed

by the following equation:

%p
=

t<V (F1^ + ^vp-
<W (F2>J <4>

where: a. =
average horizontal stresses at mid-

pillar height, (psi)

ahi
= initial or pre-mining horizontal

stress, (psi)

vp
= avera9e vertical stress at mid-pillar

height, (psi)

a .
= initial or pre-mining vertical

stress (psi)

F^ F,
= factors dependent on pillar shapes and

material properties.

Factors Fj and F depend on the pillar width-

to-height ratio and can be determined by two finite

element analyses incorporating site specific

properties. For very slender pillars, both factors

tend to zero; for very squat pillars, F, will tend

to 1 and F to v/(l -

v), where v is the Poisson's

ratio. Figure 9 shows typical curves relating

F, and F? to the width-to-height ratio. The rock

properties used in the model of Figure 8 were

obtained from an evaluation of oil shale grade and

laboratory test results. In this particular example,

seven horizons with different properties were used

in assembling the numerical model.

Equation (3) can be solved by using the graphs

of Figure 9 and from an estimate of the pre-mining

stress field. A series of straight lines can be

calculated for various width-to-height ratios and

stress fields. The pillar strength is obtained from

the intersection of these lines and the strength

curve obtained from solving equation (2). Figure

10 shows the results for a hypothetical case at a

depth of 1000 ft with a pre-mining vertical -to-

horizontal stress field ratio of 1.0. A vertical

stress gradient of 1 psi /ft depth and a safety

factor of 1.4 were assumed.

An empirical equation relating strength

and pillar width can be obtained for a given

property by correlating a /a. to W/H, the point

of intersection of the curves in Figure 10, for

various depths. For practical purposes, the

error introduced by combining various depths

in the same relation is negligible. Once the

room spans and mining heights are determined,

the pillar strength-width curve can be used to

obtain the pillar sizes and extraction ratios.

Figure 11 shows a simple example for an oil

shale property with a depth range of 600 to

1000 ft, 50-ft wide by 50-ft high rooms, and

a hydrostatic stress field. The vertical

pillar stresses were obtained by using the

tributary area load expressed as:

-

.

n
,,,

vp
~

vi hn (5)

and the extraction ratio by using equation:

u
2

R = i - (vfe)

where in equation (4) and (5);

(6)

a = average vertical stress

a .
=

pre-mining vertical stress

R = extraction ratio

W = pillar width

S - room span.

In Figure 11, the pillar widths were

obtained at the intersection of the strength and

stress curves, and the extraction ratios from

the projection of these intersections to the

extraction ratio curve.

The induced horizontal stress method has

been used for a number of oil shale properties

within the Piceance Creek and Uinta Basins. In

some of these projects, it has been compared to

the width-to-height and confined core methods.

Figure 12 shows a comparison of the three

methods. The induced horizontal stress method

generally gives lower strength values for

slender pillars and higher values for pillars

with a width-to-height ratio above 1.75.

Although square pillars were used in the

examples given in this paper, the method is

applicable to rectangular pillars. In this
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case, the pillar strength is controlled by the

smaller pillar dimension.

CONCLUSIONS

The induced horizontal stress method of pillar

design is based on strength criteria developed by

monitoring stable pillar failure in an experimental

oil shale mine. Overcoring measurements at mid-

pillar height made before and during failure

provided data to develop an empirical equation

relating the average vertical and horizontal stress

at failure. Simple computer analyses were then

made to obtain the induced horizontal stresses for

various pillar dimensions, depths, and stress

field. These calculated induced horizontal

stresses are used to obtain pillar strength and

sizes.

Comparison with the other empirical design

methods show relatively close agreement with the

induced horizontal stress method giving lower

strengths for slender pillars and higher strengths

for squatter pillars. The higher increase in

strength in the squatter pillars reflects the

mobilization of strength caused by the induced

horizontal stresses associated with higher vertical

loads.
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R. A. Bloomfield

Bureau of Mines

2401 E Street, N.W.

Washington, D.C. 20241

ABSTRACT

Disposal of large quantities of retorted

oil shale poses one of the most significant

environmental problems facing an oil shale

industry. This paper summarizes a portion of

the Bureau of
Mines'

contract research on the

material properties and disposal of retorted

oil shale. A data base has been developed

describing the physical-chemical properties and

geotechnical engineering properties. Results of

field compaction tests and seepage pond tests

are presented, along with results of a partially

saturated finite element seepage model used to

predict infiltration and seepage rates.

Preliminary engineering analyses are presented

for underground disposal systems, which include

material transport methods, and for a surface

disposal system, which includes stability

analyses.

INTRODUCTION

A major problem area in considering

commercial oil shale operations is the efficient

disposal of the spent shale in a structurally

and environmentally safe manner. In surface

retorting operations, the spent shale occupies

about a 20 pet greater volume than in-place raw

shale. Therefore, whether the mining operation

is open pit or underground, some surface

disposal will be required even if backfilling is

employed. If modified in situ retorting

techniques are utilized, a surface disposal

problem is still present, since raw shale is

excavated when developing the underground

retorts.

B. M. Stewart

Bureau of Mines

E. 315 Montgomery Avenue

Spokane, Washington 99207

In order to construct efficient waste

management systems and comply with environmental

restrictions, a thorough knowledge of the

physical-chemical and engineering properties of

shale waste is required. This report is

intended to summarize several in-house Bureau of

Mines research projects and Bureau-funded

contracts relating to spent shale disposal

techniques. This report covers research

conducted under the following contracts:

1. "Disposal of Retorted Oil Shale From

the Paraho Oil Shale
Project"

(Holtz, 1976).

This project included both field and laboratory

testing of the engineering properties of spent

shale. The Paraho process produces waste

material with a maximum particle size of about 3

inches (7.6 cm) in diameter, ranging down to 10

to 30 percent passing a No. 200 sieve. If a

high compact ive effort is used, the material can

be compacted to over 100 pcf (1600 kg/m3), which

results in good strength characteristics and is

semipervious to impervious. At low compactive

efforts, the spent shale is very permeable,

similar to a silty gravel. Permeability tests

were performed on field test ponds. In a

simulated rainfall test of 5 centimeters in 30

minutes, which required 17,400 liters of water,

only 7 liters permeated through the 1.1-meter-

deep test area. No water had been ponded on

this test section for the previous 3-1/2

months, so some of the water from the simulated

rainfall test was absorbed and adsorbed by the

spent shale particles. Field tests also showed

that the spent shale did not exhibit

autoignition tendencies when spread over

test fills.
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2. "Seepage Through Partially Saturated

Shale
Waste"

(Bloomsburg and Wells, 1978). Oil

shale waste disposal systems are likely to

remain in a partially saturated condition,

because of the semiarid climate and lack of

excess water. An existing finite-element

computer code was modified and tested to handle

seepage problems expected in partially saturated

waste disposal systems. Hydraulic properties of

the shale waste were determined in the

laboratory, and the program was verified by

comparing analytical results to laboratory and

field tests. Very good correlation was found

between computer results and measured seepage

from the field filtration ponds tested under the

Development Engineering Inc. project (Holtz,

1976). This program can be used to predict and

analyze seepage patterns when designing a spent

shale waste disposal system.

3. "Geotechnical Properties of Oil Shale

Retorted by the Paraho and Tosco
Processes"

(Townsend and Petersen, 1979). The objective of

this project was to obtain a complete and

detailed compilation of engineering properties

for both Paraho and Tosco shale waste. This

comprises the largest set of data available, and

results from the other shale waste contracts

will serve as supplemental and comparative data.

Properties determined included specific gravity,

compaction, consolidation, unconfined and

triaxial compressive strength, direct shear

strength, cyclic shear strength, resonant

column, and permeability tests. Results of this

project provide a complete and detailed set of

engineering design parameters, which are

necessary for the design of full-scale disposal

systems .

4. "Underground Disposal of Retorted Oil

Shale for the Paraho Retorting
Process"

(Earnest, et al. ,
1978). The objective of this

contract was to determine the most desirable

systems for underground disposal of retorted oil

shale from the Paraho process, based on

chamber-and-pillar and sublevel stoping mining

methods. The backfilling methods studies were

hydraulic, pneumatic, and mechanical, both alone

and in combination. Conveyor transport was

found to be most feasible. Indications are that

70 to 85 pet of the retorted shale can be

returned to the mine. Underground backfilling

can reduce the surface environmental impact of

retorted shale disposal by reducing the area of

land needed for total disposal. Industry can

use study results in planning of future

large-scale underground oil-shale mining.

A more detailed summary of these projects

and others can be found in Bureau of Mines

Report of Investigations RI 8544 (Bloomfield and

Stewart, 1981).

MATERIAL PROPERTIES

Spent shale used in determining the

physical, chemical, and engineering properties

was retorted by the Paraho and Tosco processes

as noted in this report. The Paraho process

produces a coarser waste with a maximum particle

diameter of about 3 inches (7.6 cm), while the

Tosco material has a maximum diameter of about

1/2 inch (1.27-cm).

Wherever possible, a range of values is

presented when describing material properties.

These results are intended to be used as a

guideline in developing preliminary designs.

Before any detailed design work is performed, a

small-scale laboratory testing program is

necessary using material from the appropriate

retorting technique processed at the anticipated

retorting conditions. Changes in retort

temperature and residence time will alter the

properties to some extent, which is one reason

why a range of values is presented wherever

possible. In addition, the tests were performed
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in five different engineering laboratories

utilizing procedures as outlined by the American

Society for Testing and Materials (1974), U.S.

Army Corps of Engineers (1979), and U.S. Bureau

of Reclamation (1974).

PHYSICAL PROPERTY TEST RESULTS

The gradation curves for both Paraho and

Tosco spent shale used in these studies are

shown in figure 1. The range of values for the

Tosco material is very close, showing little

variability in the samples tested. There is a

wider range with the Paraho material, especially

in the finer gradations. A difference in

mechanical and hand sieving accounted for a part

of this wide range, but most is attributed to

experimental crushing operations of the retort

feed that were taking place during the time when

bulk samples of retorted material were obtained.

Results of Atterberg limits tests showed

that the spent shale is nonplastic. The

plasticity index ranged from 3 to 5 pet for

Paraho and from 5 to 6 pet for Tosco. Using the

Unified Soil Classification System, Paraho

classifies as a poorly graded sandy gravel (GP),

and Tosco classifies as a silty sand (SM). The

apparent specific gravity ranged from 2.52 to

2.59 for Paraho and from 2.53 to 2.55 for Tosco.

ENGINEERING PROPERTIES

The most comprehensive laboratory

determination of engineering properties for both

Paraho and Tosco spent shale was performed at

the Waterways Experiment Station (Townsend and

Petersen, 1979). Much of this section is taken

from their report.

Compaction Characteristics

Table 1 presents the results of full-scale

12-inch-diameter (30.5-cm) compaction tests on

Paraho and conventional 6-inch-diameter

(15.2-cm) tests on Tosco and modeled (scalped

and replaced) Paraho using three compaction

efforts (60 pet of standard [60 pet std]

Proctor, standard Proctor, and modified

Proctor) .

In the case of both full-scale and modeled

Paraho, to achieve the maximum dry density,

sufficient water to practically saturate the

material is required. However, for the

full-scale material, water contents less than

optimum produced bulking, and the difference

between maximum dry density at optimum and the

dry condition is small (table 1). This

indicates that compaction of Paraho in the

retorted condition is feasible. An alternative

to using water to increase density is obviously

to increase the compaction effort. It is

important to observe that this conclusion would

not have been reached using results of smaller

compaction tests and modeled material. For the

modeled material, compaction in the dry

condition produced densities considerably lower

than those at optimum water contents.

Table 1 also presents the breakage factor,

B, which is the sum of the differences in

percent retained on each sieve before and after

compaction, with greater breakage occurring with

increased compactive effort.

The results also show that particles of the

finer modeled gradation experienced greater

breakage than did those of the coarser

full-scale gradation, which is contrary to

expectations; for example, coarser particles

generally experienced a greater amount of

particle breakage. One possible explanation for

this anomaly is that the impact energy per

compaction foot-area delivered by the hand-held

rammer used with the 6-inch-diameter (15.2-cm)

mold is
considerably (3 times) greater than that

for the 12-inch-diameter (30.4-cm) mold.
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TABLE 1 .

-

Summary of compaction characteristics for

Paraho and Tosco oil shale

1 Maximum 1 Minimum 1 Water | Breakage

Compaction effort |dry density, 1 dry density, 1 content, | factor,
I d,

KG/M3 | d,
KG/M3 | W, pet | B, pet

PARAHO (MINUS 2-INCH (5.1-CM) MATERIAL)

Vibratory 1 1429 | 1057 1 - 1 -

60 pet std Proctor | 1515 i - 1 23.3 1 11

Do 1 1482 I - | 0 I -

Standard Proctor 1 1562 | - 1 22.2 1 16

Do I 1543 I - | 0 I -

Modified Proctor 1 1692 1 - 1 18.4 1 25

MODELED PARAHO (MINUS 3/4-INCH (1.9-CM) MATERIAL)

Vibratory | 1310 1 1008 1 - 1 -

60 pet std Proctor | 1472 1 - 1 27.2 1 20

Do I 1371 I - | 0 1 -

Standard Proctor 1 1533 | - 1 25.3 1 24

Do | 1442 | - I 0 1 -

Modified Proctor | 1652 ! - 1 17.7 1 34

Do | 1602 | - I 0 1

TOSCO (MINUS 1-INCH (2.5-CM) MATERIAL)

The compaction test results using three

compactive efforts on Tosco are also summarized

in table 1. Quite unlike the full-scale Paraho,

the effect of water content on Tosco was to

produce increasing densities until optimum was

achieved. Thus, the economics of adding water

for compaction or increasing compactive effort

to achieve a specified density are much more

critical.

Results listed in table 1 show that the

maximum dry density achieved by vibration was

considerably lower than the maximum achieved by

only 60 pet std effort. It might be concluded

that Paraho does not respond favorably to

laboratory compaction using the vibratory

method. Nevertheless, field compaction tests

(Holtz, 1976) showed that a vibrating-drum

roller provided the best compaction of Paraho.

Unconf ined Compression

To investigate self -cementing

characteristics of oil shale waste,
6-inch-

diameter (15-cm) unconfined compression (U/C)

tests were performed on a number of specimens,

which were compacted using three different

compactive efforts and allowed to cure at

ambient temperatures for periods ranging from 0

to 28 days. Figure 2 summarizes the effects of

curing time on U/C strength and shows that the

strength increases with age, a characteristic

indicative of self -cementing. The magnitude of

cementation is dependent upon time and density

and increases proportionally with these

variables. The durability of several specimens

was examined by soaking them overnight ; and no

strength loss was observed.

A comparison between Paraho and Tosco shows

that Paraho reacts more slowly than Tosco and

continues to gain strength beyond 28 days.

Conversely, Tosco appears to gain most of its

strength within 3 days after compaction.

Perhaps the finer nature of the Tosco permits

cementation reactions to be completed more

rapidly than the coarser Paraho material.

The data presented in figure 2 also reveal

that Paraho is more reactive than Tosco. Tosco

initial strengths are higher than corresponding

Paraho initial strengths. The Paraho specimens,

except at 60 pet std effort, exhibit higher

strengths after 28 days'

curing. While it might

be anticipated that the finer nature of Tosco

would make it more reactive, the results did not

confirm the theory. Perhaps the fine-grained

nature of Tosco makes the self -cement ing

components susceptible to deterioration upon
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prolonged exposure, while the coarser grained

Paraho breaks down more during compaction and

exposes fresh surfaces for reaction. If this is

the case, then delay between retorting and fill

placement becomes an important construction

variable. Also included in figure 2 are the

results of 0-and 28-day tests on specimens using

a 75-pct-Paraho, 25-pct-Tosco mixture.

Triaxial Compression Strength

Strength parameters for the three

compactive efforts were determined by performing

a series of consolidated-drained (CD), or

consolidated-undrained (CU), triaxial

compression tests with pore pressure

measurements on 9-inch-diameter (22.9-cm)

specimens of Paraho material. Supplementary CU

tests were performed on 6-inch-diameter

(15.2-cm) and 1.4-inch-diameter (3.6-cm)

specimens of modeled Paraho and Paraho fines,

respectively, prepared at equivalent standard

effort density. A series of CU tests on

6-inch-diameter (15.2-cm) specimens of Tosco

compacted to three different densities were used

to determine the strength of this material.

Table 2 summarizes the total and effective

strength parameters for Paraho and Tosco. A

comparison of these results for Paraho shows

that except for a higher cohesion intercept (c),

increasing compactive effort from 60 pet std to

standard effort does not noticeably improve

strength. Similarly for Tosco, little strength

improvement is observed by increasing the

compactive effort from 60 pet std to standard

effort. Modified compactive effort is required

to significantly increase strength. The effects

of modeling on the strength of Paraho are also

presented in table 2. A comparison of these

results indicated that modeling unconservatively

overestimates the effective angle of internal

friction ((*') by
5.3*

and the cohesion intercept

by 0.3
kg/cm2 for standard effort density

specimens.

Direct Shear Tests

The results of multistaged,
consolidated-

drained (CD) direct shear tests on dry and

inundated 2-by 2-by 1-foot (0.6-by 0.6-by 0.3-m)

specimens of full-scale Paraho material

statically compacted to equivalent standard

effort density are presented in figure 3.

Comparison direct shear tests on 3-by 3-inch

(7.6-by 7.6-cm) specimens of modeled Paraho

material compacted to equivalent standard effort

density are also presented in figure 3. These

results show that the failure envelope is

curved, and selection of the angle of internal

friction is quite dependent upon normal stress.

The results also show that inundation causes a

reduction in strength for full-scale Paraho

material. Also presented in figure 3 is the

shear envelope for 9-inch-diameter (22.9-cm)

triaxial compression tests on Paraho. A

comparison of these results with those for the

inundated direct shear tests indicated a

reasonable agreement.

The angles of internal friction of CD

direct shear tests on 3-by 3-inch (7.6-by

7.6-cm) dry and inundated specimens of Tosco

material compacted to standard effort density

and sheared under a maximum normal stress of 14

kg
/cm2

were
36

and 34, respectively. These

results also indicate that inundation causes a

decrease in shear strength. For these tests,

the failure envelopes were linear, and no

reduction in friction angle with increasing

normal stress was observed.

Permeability

Figure 4 presents the results of

permeability measurements preceding shear of

triaxial compression tests on Paraho and Tosco

specimens compacted to densities comparable to

60 pet std, standard, and modified compactive

efforts. For comparison, permeability values

based upon calculations using consolidation data
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TABLE 2 -

Summary of total and effective strength

parameters for Paraho and Tosco

Material and compaction

effort

Maximum

particle

size, cm 0, deg

Total stress

c,
kg/cm^

Effective stress

<*', deg Tkg7^

Full-scale Paraho,
2 3-cm-diam:

60 pet std. . .

Standard. . . .

Modified. . . .

Modeled Paraho:

23-cm-diam,
standard*

.

15-cm-diam, standard. . ,

Paraho fines, 3.5-cm-diam,
standard

Tosco, 15-cm-diam:

60 pet std

Standard

Modified

^Based upon single test.

3.8

3.8

3.8

1.9

1.9

0.6

1.9

1.9

1.9

14.5

^l.O

17.1

23.2

20.2

18.4

24.5

1.3

0

1.7

1.7

.3

.3

1.4

33.0

32.7

32.3

38.0

37.9

33.6

36.7

35.0

43

0.9

.8

1.9

0

1.1

2.3

are also presented. Data are consistent and

show decreasing permeabilities with decreasing

void ratios. Generally, the permeabilities for

Paraho decrease from IO-3
cm/sec for 60 pet std

effort densities to 10~*
cm/sec for modified

effort densities and to 5 X 10-'
cm/sec under an

800-psi load (Townsend and Petersen, 1979) . In

the case of Tosco, the permeability decreased

from 10-^
cm/sec to

10-^
cm/sec as the

compactive effort increased from 60 pet std to

modified effort. The permeabilities determined

from consolidation tests reflect lower values

because of the lower void ratios achieved from

higher consolidation stresses.

Generally, materials are classified as

impervious if they exhibit permeability values

less than
10-^

cm/sec, and as pervious if they

exhibit permeability values greater than
10~*

cm/sec. Hence, depending upon compactive

effort, Paraho can be considered as semipervious

to impervious, while in the case of Tosco only

modified effort compaction will produce an

impervious material.

FIELD TESTS AND MODELING

A field compaction test area and two

seepage ponds were constructed of Paraho spent

shale and described by Holtz (1976). The

experiments were conducted at what is now the

U.S. Department of Energy Anvil Points test site

which is operated by Development Engineering

Inc. Finite-element modeling of the seepage

ponds was conducted at the University of Idaho

(Bloomsburg and Wells, 1978).

Compaction Tests

The purpose of the field compaction tests

was to develop compaction criteria of oil shale

that had been retorted in the direct heat mode

of the semi -works plant at Anvil Points. The

data that was collected included (1) the density

that could be achieved by different compaction

equipment with different numbers of equipment

passes on layers of different thicknesses, (2)

particle breakdown under various compaction

conditions, (3) density effect of adding water

to the fill material, and (4) comparison of the

full-scale field compactions with compaction

tests in the laboratory in which various degrees

of compactive efforts were used. Numerous tests

were performed, including in-place density,

laboratory standard compaction (ASTM D-698) ,
and

laboratory gradation tests on the materials

secured from the field test fills before and

after compaction. Table 3 summarizes the test

fill compaction data, including the percentage

of laboratory ASTM D-698 compaction obtained in

the field compaction tests.
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TABLE 3. -

Summary of test fill compaction data

! Density,
kg/rn^

| Pet of D-698 compaction 1

Compaction I Wetted shale I Nonwetted Shale 1 Wetted shale 1 Nonwetted shale 1

1 20-cm | 30-cm | 20-cm | 30-cm | 20-cm 1 30-cm 1 20-cm i 30-cm 1

1 layers 1 layers ! layers | layers | layers 1 layers 1 layers 1 layers 1
Sheep'

s-foot: | | \ | II III
6 passes | 1461 | 1341 | 1514 | 1427 1 98 | 88 1 98 1 97 1
10 passes | 1435 | 1540 | 1515 1 1439 1 94 | 91 1 97 1 98 1
14 passes | 1540 | 1301 | 1469 1 1411 | 102 | 92 1 96 1 96 1

Pneumatic rubber | | | | II III
roller: | | j | II III

6 passes | 1533 | 1435 1 1549 1 1347 | 99 1 95 1 98 1 92 i
10 passes | 1466 | 1403 | 1572 | 1480 1 97 | 94 1 99 1 98 1
14 passes | 1487 | 1408 | 1628 1 1512 | 102 1 97 1 102 1 98 1

Sheep'

s-foot, 4 pas- | | | | II III

ses, and pneumatic ) | | | II III
rubber roller, | | | | | | III

6 passes | 1548 | NAp | NAp | NAp | 108 | NAp 1 NAp 1 NAp 1

Vibratory
pad1

... .1 1567 (5) 1 1504 (12)1 21477 (6)| 21469 (6)1 104 (5)1 104 (12) | 298 (6) 1 295 (6)1

Vibratory smooth1. . . | 1597 (6) 1 1608 (12) | 1624 (6)1 1453 (9)1 110 (6)1 110 (12) 1 104 (6) 1 98 (9)1

Vibratory pad and 1 ) | | | | II!

smooth, 4 passes | | | | II III
each | 1594 | NAp 1 NAp | NAp 1 108 1 NAp 1 NAp 1 NAp 1
Tractor coverages (6) | 1560 | NAp | 1509 1 NAp | 102 | NAp 1 102 1 NAp 1
Tractor coverages (10) I NAp | NAp 1 1479 | 1495 1 NAp | NAp 1 100 1 97 1

Average, all | | | | |

panels | 1490 | 1491 | 100 1 98 |

NAp Not applicable.

1Numbers in parentheses indicate number of passes.

2Final layers not placed.

The test fill was approximately 400 feet

(122 m) long by 180 feet (54.9 m) wide, and the

completed fill was about 9 feet (2.74 m) thick.

Drainage provisions for natural runoff and for

seepage or runoff from the test fill were made

using culverts, ditches, and a lined evaporation

pond. The test fill consisted of two main

sections one section for the placement of

material wetted to about optimum moisture prior

to compaction, and the other section for

placement of material received from the plant in

a dry condition with no added moisture.

The results, although not totally

consistent, indicate that slightly better

compaction was obtained by the heavy
rubber-

tired roller than by the heavy
sheep'

s-foot

roller. The vibratory pad-type roller produced

slightly better compaction than either the heavy

sheep's-foot or heavy rubber-tired roller. The

heavy vibratory smooth-drum roller produced the

highest degrees of compaction
(8- and 12-inch

layers), averaging about 105 pet of laboratory

D-698 compaction. The results of using the

heavy D8 tractor were also good; degree of

compaction averaged about 100 pet of laboratory

D-698 densities. Combinations of various types

of equipment were also tested and resulted in

densities of 108 pet of laboratory D-698

compaction.

Seepage Ponds

Two seepage ponds were constructed of

Paraho retorted shale to investigate field

permeability values. The two types of

permeability data desired were for cases of a

moistened, highly compacted fill similar to an

impervious section of an earth dam, and for a

loosely placed, lightly compacted fill similar

to what would be expected to be placed behind a

compacted embankment making up the bulk of a

disposal site. The construction and measurement

details are presented by Holtz (1976).

In constructing each pond, a drain pipe was

laid in the subgrade with a riser pipe brought

up through a 20-mil-thick Hypalon type liner and

sealed around the liner. An 8-inch (20-cm)

layer of washed gravel was placed over the

liner, which allowed any seepage from the shale

to drain to the riser pipe and subsequently

collect at the outlet.
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For pond 1, which received the compacted

shale lining, an extra layer of loose retorted

shale approximately 6 inches (15 cm) thick was

placed over the gravel filter layer to further

protect the membrane against puncture when the

first layer of retorted shale was compacted. It

was required that the compacted lining be built

up in seven horizontal layers approximately

6 inches (15 cm) thick after compaction to a

depth of 3.5 feet (1.1 m) . After the bottom

lining was completed, the side lining was also

constructed in 6-inch (15-cm) compacted

horizontal layers in the form of horizontal

berms approximately 10 feet (3.1 m) wide. The

partially compacted fluff on the slope of the

lining was then removed for a horizontal

distance of about 2.2 feet (0.67 m) to form a

compacted lining of 3.5-foot (1.1-m) normal

thickness.

The bottom area of pond 1 was 3,010 ft2

(279 m2). The average density based on 18

in-place density tests was 100.6 pcf (1612

kg/m3). This was achieved by seven passes of a

smooth-drum vibratory roller over each layer of

shale. The pond was filled with water to a

depth of 3.5 feet (1.1 m), and the computed

permeability over a 12-week period was 4.24 X

10"
cm/sec.

For pond 2, the layers of retorted shale

were placed directly on the gravel filter. This

pond was built up to a depth of 4 feet (1.2 m)

in 8-inch (20-cm) loose layers compacted only by

the best routing of the truck, front-end loader,

and grader during construction. The bottom area

was 2,017 ft2 (187 m2). The average dry density

of this area was 93.0 pcf (1490 kg/m3).

Two types of permeability tests were run

on pond 2. The first was to determine the

steady-state seepage rate, which averaged about

2 X
IO-3

cm/sec. Several months later the pond

was sprinkled with 4,600 gallons (17,400 1) of

the water to represent a rainfall of 2 inches

(5.1 cm) in 30 minutes. Since the pond had

partially dried, most of this water was absorbed

by the shale and only 1.85 gallons (7.0 1)

seeped through the material.

A partially saturated finite-element

seepage program (Neuman, Feddes, and Bressler,

1974) was used to model the seepage from these

ponds. The model simulations are described in

detail by Bloomsburg and Wells (1978).

Figure 5 shows the comparison of

field-measured and simulated flows into the

pond. The agreement between simulation and

field data is excellent, except after 265 hours

when the measured flow was less than predicted.

Thus, during the periods between 30 and 150

hours and between 180 and 270 hours when the

outlet valve was closed, there is still water

moving into the shale, increasing the degree of

saturation. This particular flow situation

cannot be simulated with a conventional

saturated flow analysis.

PRELIMINARY DISPOSAL SYSTEMS

Surface Disposal

When investigating a hypothetical surface

disposal system, both seepage and stability

analyses were performed. The overall dimensions

of the surface fill, analyzed in figure 6, are

1,880 feet (573 m) horizontally and 300 feet

(91 m) vertically. The initial moisture

conditions (on dry-weight basis) were 25 pet

for the embankment and 20 pet for the fill.

The densities were 95 and 85 pcf (1522 and

1362 kg/m3) respectively. The fill was studied

under three seepage boundary conditions:

1. A 100-year, 1-hour storm (intensity of

0.95 inch (2.4 cm) per hour).

2. A 100-year, 6-hour storm (intensity of

0.25 inch (0.6 cm) per hour).
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FIGURE 5. - Comparison of actual and simulated flow of

water through pond 2 constructed of
loose-

packed Paraho retorted oil shale.

Saturated zone after I year of ponding

Bedrock X X X
XXX

76

Scale,meter

FIGURE 6. - Typical cross-valley fill and simulated

saturation zone after 1 year of ponding.
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3. A ponded condition of 5 feet (1.5 m) of

water on the surface for a period of 1 year, and

no infiltration or evaporation on the remainder

of the pile. The 100-year storm data are

applicable for northwestern Colorado.

The two storm intensities were selected to

determine whether rainfall would infiltrate the

waste pile or run off the surface. Results of

the two storm simulations were similar. There

was no runoff at any time during either storm

for the 85-pcf (1362 kg/m3) shale. The moisture

content in the upper layer increased by about

0.5 pet. This water would be held in the upper

layer until it evaporated, since it did not seep

down into the pile. In both cases there was

substantial runoff from the 95-pcf (1522 kg/m3)

shale (infiltration rate was less than the

rainfall rate), and therefore only a slight

increase in moisture content was detected. This

result indicates a need for berras on the down-

slope side of the embankment for erosion

control, and diversion channels for runoff

control. Contamination of surface or ground

water from leachate would not appear to be a

problem.

In the analysis of the ponded boundary

condition, the ponded area extended over the

entire surface of the 85 pcf (1362 kg/m3) shale.

This problem was studied by simulation for a

period of 1 year. The regions that became

saturated are indicated in figure 6. The

saturated zone had moved into the shale as much

as 40 feet (12.2 m) from the surface and moved

considerably deeper than that at the left end of

the 95-pcf (1522 kg/m3) shale. With this type

of situation, the simulation suggests that the

impoundment would become saturated, and

protection of surface and ground water would

have to be considered.

Stability Analysis

Using the Bishop technique, stability

analyses were performed on both a dry and

worst-case saturated valley-fill retorted oil

shale waste bank. Densities, cohesion (c), and

angle of internal friction (0) found in the

laboratory tests were used in the analysis. For

the dry condition, densities were 85 pcf (1362

kg/m3) in the fill and 95 pcf (1522 kg/m3) in

the embankment. Cohesion and $ were 3.25 psi

and 33, respectively. For the worst-case

saturated condition, densities were 90 pcf (1442

kg/m3) in the fill and 100 pcf (1602 kg/m3) in

the embankment. Cohesion and j* were the same as

in the dry state. The calculated centers of

rotation (dry and wet) and the circular arc

failure planes can be seen in figure 7. Factor

of safety is 1.673 for the dry state and 0.849

for the wet state. The unstable condition in

the wet state indicates that either an

impervious core or adequate drainage facilities

need to be installed to prevent saturation of

the fill with high-phreatic surface conditions.

Holtz (1976) found that densities between 95

and 107 pcf (1522 and 1714 kg/m3) were obtained

during construction of filtration pond 1.

Permeability rates for this pond were 4.24

ft/yr (4.2 X IO-6
cm/sec). Evaporation rates

were not measured, indicating that even a lower

permeability or a near-impervious condition was

obtained. With this in mind, the next step in

the stability analysis was to improve the safety

factor of a proposed saturated cross-valley

spent shale fill. A spent shale core, compacted

at 105 pcf, (1682 kg/m3), was placed inside the

spent shale of the simulated embankment. The

embankment material was placed at 95 pcf (1522

kg/m3) around the core, and the saturated fill

upstream of the embankment was assumed to be 85

pcf (1362 kg/m3). Cohesion and 0 were the same
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KEY

7, g /cm
oil Dry/ Wet c,

kg/cm2

<t> degrees

1 1 52/1 67 0.229 33

2 152/1.67 0 229 33

3 1 36/1.44 0 229 33

4 1.36 0 229 33

5 152 0.229 33

Factor of safety, wet = 0.849

Factor of safety, dry = 1.673

Dry center of

rotation

Control grid

Soil I

FIGURE
7."

-

Circula

I

fH1iUre Plan6S 3nd SSfety factors for
saturated and dry retorted oil shale fill.

KEY

Soil 7,g/cm3

c,
kg/cm2

*, degrees
1 ' 68 0.229 33

2 I 52 0.229 33

3 136 0.229 33

Factor of safety
= 1 613

Center of rotation

Soil I-

Soil 2

FIGURE 8. -

S2S5S!a>r"
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as in the previous saturated case. Figure 8

shows the center of rotation and circular arc

failure plane as determined by the Bishop

technique. The factor of safety was calculated

to be 1.613 using the assumed phreatic surface

shown in the figure. This analysis indicates

that under saturated fill conditions, a highly

compacted core will improve the safety factor.

However, one should never completely assume a

phreatic level in analyzing safety factors of

planned structures. Graphical solutions (flow

nets) derived by hand for simple cases, or by

digital computer methods for more complicated

cases, should be used. For the anisotropic

homogeneous case shown in figure 8, it is likely

that an inclined (chimney) drain would be

required to achieve the phreatic line, as was

assumed.

Underground Disposal

When raw shale is crushed prior to gas

combustion retorting, the volume per unit mass

is doubled. About 40 pet of this volume is then

lost in retorting, leaving a spent shale that

occupies a 20-pct greater volume than the raw

shale in place. Assuming an average grade of

raw shale to be 28 gal/ton (116.7 l/t) with an

in-place density of 129 pcf (2067 kg/m3), the

volume per day of spent shale (50,000 b/d

production total surface retorting) would be

1,395,348 ft3 (39,512 m3) . This is enough

retorted shale to cover 3.2 acres of land 3

meters high each day, if disposed on the

surface. Underground backfilling can reduce the

surface environmental impact of retorted shale

disposal by reducing the land area required to

15 to 30 pet of that required for total surface

disposal. From 70 to 85 pet of the retorted

shale can be placed back in the mine.

Under contract to Cleveland-Cliffs Iron

Co., the Bureau of Mines initiated a research

project to determine the most desirable system

for underground disposal of oil shale retorted

by the Paraho process. Two mining methods,

sublevel stoping and chamber/pillar, were

specified for backfilling. These methods were

considered the most likely conventional mining

methods to be employed in the deeper oil shale

deposits. A deep underground mine in the

central part of Piceance Creek Basin of north

western Colorado with total surface retorting

was assumed. Mechanical, hydraulic, and

pneumatic methods of transporting and stowing

retorted shale underground were studied

individually and in combinations of two or

three. Operational considerations included

cooling, ventilation, hydrology, energy

requirements, and monitoring. Cost comparisons

of total surface disposal and total underground/

surface disposal were made. The physical and

chemical characteristics of Paraho direct-

heated retorted shale that affect underground

backfilling were analyzed.

Seventeen combinations of transport and

stowing methods were evaluated and ranked in

order to select the most promising method for

underground disposal of retorted oil shale.

Separate analyses for chamber/pillar and for

sublevel stoping were made. The analysis and

final ranking were based on (1) subjective

technical evaluation, (2) objective technical

evaluation, (3) capital costs, and (4) operating

costs. The final ranking for the 17 combina

tions of transport and stowing is shown in

table 4 for chamber/pillar raining and in table 5

for sublevel stopping (Earnest, et al., 1978).

The conveyor transport and stowing methods

ranked highest of the 17 methods studied. This

method has (1) lowest personnel and energy

requirements, (2) lowest capital and operating

costs, (3) highest pillar support potential and

greatest potential for increased resource

recovery, (4) most retorted shale placement
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TABLE 4 -

Ranking analysis final selection for chamber-and-pillar mining

(RI =
relative importance factor)

Stowing

I Subjective

I technical

I analysis,
I RI = 6

Objective

technical

analysis,

RI = 3

Capital

costs,

RI = 3

Operating

costs,

RI = 1

Total

Finall Final

rank
Iposi-

I tion

I
CONVEYOR TRANSPORT

Conveyor | 6.00

Pneumatic | 8.66

Conveyor and pneu- |
matic topfill. . .| 7.29

Hydraulic j 9.12

Hydraulic and pneu- I
matic topfill. . .| 9.54

Truck | 6.08

Pneumatic | 8.36

Truck and pneumatic |
topfill | 7.27

Hydraulic | 8.74

Hydraulic and pneu-|

matic topfill. . .| 9.18

Vertical pipe . . TI 10.72

Borehole | 9.95

Hydraulic | 10.51

Hydraulic and pneu-|

matic topfill. . . j 11.17

Conveyor | 10.54

Conveyor and pneu- I
matic topfill. . .| 11.09

Pneumatic | 11.38

3.00

4.08

3.33

11.67

9.75

3.00

5.21

3.51

15.27

14.01

1.00

3.11

1.36

3.48

3.23

13.00

21.06

15.49

39.54

36.53

1 .001

1.62|

1.19| 2

3.041 11

I

2.81| 9

TRUCK TRANSPORT

3.75

5.04

4.05

12.27

10.32

6.69

8.61

7.36

17.51

16.82

1.75

3.89

2.11

3.85

3.79

18.27

25.90

20.79

42.37

40.11

1.411

1.99|

1.60| 4

3.261 13

I

3.09| 12

PNEUMATIC TRANSPORT

4.44

4.26

9.29

6.60

3.82

3.26

28.27

24.07

2.171

1.851 6

HYDRAULIC TRANSPORT

11.07

10.14

10.56

10.71

11.49

13.10

20.10

20.12

20.64

21.69

2.46

3.29

3.79

4.15

5.83

37.14

44.70

45.01

46.09

50.39

2.861

I

3.44| 14

3.461 15

I

3.58| 16

3.88| 17

TABLE 5 -

Ranking analysis final selection for sublevel stopping

(RI =
relative importance factor)

I Sub jectivelOb jectivel Capital | Ope rating I I Finall Final

Stowing | technical I technicall costs, | costs, |Total|rank Iposi-

| analysis, I analysis, I RI = 3 I RI = 1 1 I I tion

I RI = 6 1 RI = 3 | I I I |
CONVEYOR TRANSPORT

Conveyor I 6.00 I 3.00 I 3.00 I 1.00 |13.00| 1 . 00 1 1

Pneumatic 1 8.14 I 3.60 I 4.59 1 3.05 |19.47| 1.50| 5

Conveyor and
pneu- I I II III

matic topfill. . .j 7.16 I 3.33 I 3.43 I 1.35 |15.27| 1 . 1 7 1 2

Hydraulic I 8.61 1 11.19 I 13.45 j 3.41 i 36.66 1 2.82| 11

Hydraulic and
pneu- I I j I $ 1 1

matic topfill. . . I 8.95 1 9.24 I 12.35 I 3.17 j 33. 7 1 1 2.59| 9

TRUCK TRANSPORT

Truck | 6.20 | 3.75 I 6.14 | 1.69 1 17.781 1.37| 3

Pneumatic I 7.92 I 4.71 | 7.58 I 3.81 |24.02| 1.85| 7

Truck and pneumatic I I 11 III

topfill 1 7.11 1 4.02 | 5.99 I 2.03 1 19-151 1 .47 1 4

Hydraulic 1 8.23 I 11.79 I 15.42 | 3.77 1 39.21 1 3.02| 13

Hydraulic and
pneu- I I II III

matic topfill. . .1 8.65 I 9.84 I 14.82 | 3.71 | 37.02] 2.85| 12

PNEUMATIC TRANSPORT

Vertical pipe . . .1 10.16 I 4.08 | 8.18 | 3.75 |26.17| 2.01| 8

Borehole 1 9.34 I 3.90 1 5.82 I 3.20 |22.26| 1 . 7 1 1 6

HYDRAULIC TRANSPORT

Hydraulic 1 9.79 I 10.56 I 11.54 | 2.42 |34.31| 2.64| 10

Hydraulic and
pneu- I I II 111

matic topfill. . .1 10.39 | 10.11 I 17.71 | 3.23 |41.44| 3.19| 14

Conveyor 1 9.79 j 10.56 I 17.73 j 3.72 |41.80| 3.22| 15

Conveyor and
pneu- 1 1 II III

matic topfill. . .1 10.24 I 10.71 I 18.18 | 4.07 |43.20| 3.32| 16
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underground and highest fill density, (5) least

surface disruption, ground-water contamination,

and environmental degradation, and (6) safest

overall method.

Both hydraulic and pneumatic transport and

stowing systems were found to be less favorable.

The Paraho retorted shale material degraded

excessively when slurried and pumped, reducing

the dewatering capability of the fill. The

safety factor was less and costs were higher for

a hydraulic system because of the need for

large, reliable bulkheads, and the high energy

and water requirements. The pneumatic system

had excessive capital and operating costs, with

high energy requirements (horsepower per ton).

Increased ventilation would be needed to handle

the dust problem. Several blower-feeder units

and pipeline networks would be required to

attain the necessary transport and stowage.

Several methods to change the physical

properties of retorted oil shale for backfill

enhancement were investigated. Compaction of

stowed material improves its strength and

resistance to saturation by ground water. Also,

more material can be stowed if compacted. A

mechanical compactor with a blade attachment for

spreading is required for adequate compaction.

Because of degradation when hydraulically

pumped, flocculants and cementing agents did not

improve the strength characteristics of the fill

material. However, a 5-to-l retorted

shale-cement mixture at 15 pet moisture content

produced a large increase in compressive

strength after 8 days of curing. Drainage

characteristics were tested in the laboratory

using vertical perforated pipe and perforated

bottom drains. For a slurry containing 34 to 38

wt-pct solids, 71 pet of the water drained using

vertical pipe drains and 67 pet of the water

drained using perforated bottom drains.

Currently, the modified in situ method of

retorting is under investigation. Underground

depleted retorts will probably require back

filling to fill the voids of the rubblized

material for environmental and support purposes.

Conveyor stowage will not be feasible for this

method. A current Bureau of Mines contract with

Rio Blanco Oil Shale Co. will attempt to develop

a slurry filling system for modified in situ

retorts, which will minimize surface and under

ground environmental disturbance. The 20 to 25

pet of shale retorted on the surface will be

injected into the in situ shale rubble to

develop a coherent mass sufficiently strong to

resist subsidence. The filled, depleted retort

will be vertically impermeable and will

therefore minimize contamination of the ground

water and its aquifers. Control of retorted

shale slurry properties will be a problem. A

summary of the results of this study is included

elsewhere in these proceedings (Watson, et al.

1982).

CONCLUSIONS

The data and results presented in this

report are intended to summarize a vast amount

of information covering several aspects of

disposal of spent oil shale. This information

will be useful in developing preliminary designs

for either research or commercial disposal

systems.

Design engineers must keep in mind that the

spent shale used in determining the information

presented in this report was retorted under

changing, experimental retort conditions. A

commercial operation will most likely produce a

waste product having somewhat different

properties. Changes in retort conditions also

produce a slight change in the waste properties.
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Therefore, before detailed large-scale

designs are developed, a small series of tests

should be run on spent shale retorted under the

expected operating conditions. These results

should be compared with available data. If

discrepencies are apparent, some detailed

laboratory testing should be performed to obtain

valid engineering properties.

REFERENCES3

1. American Society for Testing and Materials.

1974 Annual Book of ASTM Standards.

Part 19, Soil and Rock, Building Stones,
Peats. Philadelphia, Pa., pp. 70-80,

148-153, 212-217, 252-260, 264-267; 1975

Annual Book of ASTM Standards, Part 14,
Concrete and Mineral Aggregates.

Philadelphia, Pa., pp. 84-87, 321-322.

2. Bloomfield, R. A., and B. M. Stewart.

Design Parameters for Oil Shale Waste

Disposal Systems. BuMines Report of

Investigations, RI 8544, 1981, 38pp.

3. Bloomsburg, G. L., and R. D. Wells.

Seepage Through Partially Saturated Shale

Wastes. BuMines Open File Rept. 63-79,
September 1978, 155 pp. ; available from

National Technical Information Service,

Springfield, Va. ,
PB 297 300/AS; contract

H0252065, University of Idaho.

4. Earnest, H. W.
,
R. A. Heisler, H. K. Hoe,

and V. Rajaram. Underground Disposal of

Retorted Oil Shale for the Paraho

Retorting Process. BuMines Open File

Rept. 1-80, May 1978, 379 pp.; available

from National Technical Information

Service, Springfield, Va. ,
PB 80-128739;

contract J0265052, Cleveland-Cliffs Iron

Co.

5. Holtz, W. G. Disposal of Retorted Oil

Shale From the Paraho Oil Shale

Project Final Report. BuMines Open File

Rept. 27-77, December 1976, 474 pp.;

available from National Technical

Information Service, Springfield, Va. ,

PB 263 793/AS; contract J0255004,

Development Engineering Inc. and

Woodward-Clyde Consultants.

10.

Neuman, S. P., R. A. Feddes, and

E. Bressler. Finite Element Simulation

of Flow in Saturated-Unsaturated Soils

Considering Water Uptake by Plants.

Israel Inst, of Technology, Haifa,

Israel, 3d Ann. Prog. Rept. A10-SWC-77,

1974, 104 pp.

Townsend, F. C, and R. W. Petersen.

Geotechnical Properties of Oil Shale

Retorted by the Paraho and Tosco

Processes. BuMines Open File Rept.

81-047, November 1979, 271 pp.; available

from National Technical Information

Service, Springfield, Va. , pub.

WES-A082317/9; BuMines contract H0262064,

U.S. Army Corps of Engineers of

Engineers, Waterways Experiment Station.

U.S. Army, Corps of Engineers. Laboratory

Soils Testing. Eng. Manual 1110-2-1906,

1979.

U.S. Bureau of Reclamation. Earth Manual.

2d ed., 1974, pp. 327-642.

Watson, G. H., E. A. Ziemba, P. Bissery,

D. Namy, R. Griffis, and D. Nicholson.

The Filling of Oil Shale Mines with Spent

Shale Ash Ash Characteristics and Grout

Development. Proceedings 15th Oil Shale

Symposium, Golden, Colorado, April 28-30,
1982.

3Bureau of Mines Open File Reports cited are

available for consultation at the Bureau of

Mines libraries in Denver, Colo. ,
Twin

Cities, Minn., Bruceton and Pittsburgh, Pa.,

and Spokane, Wash.; U.S. Dept. of Energy

facilities at Carbondale, 111., and

Morgantown, W. Va. ; the National Mine Health

and Safety Academy, Beckley, W. Va. ; and the

National Library of Natural Resources, U.S.

Dept. of the Interior, Washington, D.C.
209
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ABSTRACT

The U. S. Minerals Management Service's Oil

Shale Office (OSO) has compiled a wealth of

environmental, minability, and management data from

the four Federal Prototype Oil Shale tracts in

Colorado and Utah. These tracts were competitively

leased in 1974 for bids totaling $449 million.

Development plans for the Colorado tracts were

approved in 1977. Joint development of the Utah

sites was approved in March 1982, following

dismissal of court injunctions stemming from

conflicts with state land selection and prior

claimants.

On Colorado Tract C-a, the $132-million

modified in-situ (MIS) test program was concluded

with the successful burn of Retort #1 (400 feet

high x 60 feet square), which produced 24,440

equivalent barrels of oil at a recovery rate of 68

percent within the retort column. Planned con

struction of a 4,400 ton-per-day (TPD) Lurgi demon

stration surface retort and mini-open-pit mine were

delayed when engineering studies indicated that the

demonstration unit could not be incorporated into

the first commercial module. A 1-5 TPD pilot unit

is being constructed at Gulf's Harmarville, Pa.,

test facility. The lessees will maintain the

on-tract test mine to obtain Mahogany Zone shale

for the Harmarville facility. They are also

preparing commercial open-pit and surface retorting

plans to be implemented if legislation is enacted

giving the Department of the Interior authority to

lease off-tract sites for processing and waste

disposal.

On Colorado Tract C-b, three commercial mine

shafts have been completed to depths of nearly

2,000 feet. By midsummer 1982, headframes and

hoist works should be operationally complete. In

mid-December 1981, efforts were suspended to seek

OSO approval of development plan modifications and

a Synthetic Fuels Corporation loan for a
three-

phased 100,000 barrels-per-day (BPD) commercializa

tion program. A detailed engineering study indi

cated that operating costs would yield an unaccept

able rate of return on the nearly $6 billion

required for commercilization. An in-house engi

neering prorgram is now underway to prepare a

minimum cost development plan.

After nearly 4 1/2 years, the court ordered

injunctions blocking development of the Utah Tracts

(U-a and U-b) due to a state land selection suit

and other conflicting claims were lifted, clearing

the way for the OSO to approve development plans .

The tracts will be jointly developed using under

ground room-and-pillar mining and surface retorting

to ultimately produce approximately 100,000 BPD.

Monitoring indicates that development to date

on the Federal tracts has not significantly

affected the natural environment. All impacts will

be either naturally mitigated or should respond to

available reclamation technology. It has been

noted that:

Mine dewatering has lowered the ground water

surface nearly 700 feet at the C-a and 1,500

feet at the C-b shafts;

Surface mine water discharge has resulted in

channel scouring and localized saturation of

alluvium;

Shafts and mine workings have locally altered

connection between aquifers;

Coring, mining, and MIS retort operation suggest

that significant variation can occur in oil

shale grade, structure, and sulfur content

within the same stratigraphic interval. This

may require selective mining to achieve

desired retort feed grade and may limit the

size of stable mine workings;

Raw shale stockpiles may spontaneously heat under

still poorly understood conditions of particle

size, oil shale grade, and sulfur and

moisture content;

Raw shale will yield leachates under natural

precipitation initially containing as much as

20,000 mg/L dissolved solids;

Air quality is typical of an arid environment with

concentrations of pollutants, except non-

methane hydrocarbons, particulates, and ozone

at or below instrument detection limits*
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Some processed shale can be directly revegetated

after intense leaching and heavy amendment

with a complete fertilizer;

Construction of a capillary barrier and replacing

soil-like material over processed shale

appears, at this time, to be the most suitable

reclamation method for the Piceance Basin;

Browse utilization has declined, consistent with a

nearly 50-percent decrease in deer population;

Deer telemetry, started in 1979, has revealed a

high rate of fawn predation by coyotes around

Tract C-b;

Habitat augmentation and use of special roadside

reflector posts have been implemented to

reduce deer road kills ;

Biotic/abiotic ecosystem interrelationships are

being identified that will assist operational

planning to minimize impacts;

Accident rates at Tracts C-a and C-b have been half

those for underground coal mines, and for

metallic and nonmetallic mines; and

Low ton value of oil shale will require underground

mine efficiency equal to that of most surface

operations.

The outlook is for cautious development

emphasizing minimum production in the range of

10,000 to 30,000 BPD until process economics, scale

factors, and efficiencies can be more accurately

determined. Nevertheless, Interior has announced

intentions to lease one or two more prototype

tracts for multi-product or in-situ recovery.

INTRODUCTION

About 72 percent of the 11 million acres in

Colorado, Utah, and Wyoming underlain by oil shale

potentially suitable for commercial development is

Federal land. These lands contain about 80 percent

of the high-grade (>25 gpt) oil-shale resource.

In early 1970, a task force was established

within the U. S. Department of the Interior (D0I)

to evaluate the feasibility of developing federal

oil shale lands. Based on the task force's

recommendation and the President's energy policy of

1971, D0I solicited nominations for tract sites.

Public hearings were held and concurrence was

obtained from the Governors of the three affected

states. Terms for leasing and a 3,200-page,

six-volume environmental impact statement (EIS)

were released in August 1973.

In November 1972, the Secretary of the

Interior announced the Prototype Oil Shale Leasing

Program (POSLP). A Notice of Sale was published in

the Federal Register on November 30, 1973. Sealed,

competitive bids were opened by the Bureau of Land

Management (BLM) in January 1974. Bids totaling

$449 million were received for four tracts in

Colorado and Utah. No bids were received for the

two Wyoming tracts.

After leasing, administration of the tracts

and enforcement of lease terms became the

responsibility of the Conservation Division, U. S.

Geological Survey (USGS) (now the U. S. Minerals

Management Service). A special program office, the

Oil Shale Office (OSO), was established in Grand

Junction, Colorado. The office is staffed with a

15-member multidisciplinary group needed to

effectively administer the complex, environmentally

oriented lease terms
,
and to compile data crucial

to meeting the programmatic goals, which are:

1. To provide a new source of energy to the

nation by stimulating the development of commercial

oil-shale technology by private industry;

2. To ensure the environmental integrity of the

affected areas and, at the same time, develop a

full range of environmental safeguards and

restoration techniques that will be incorporated

into the planning of a mature oil-shale industry;

3. To permit an equitable return to all parties

in the development of this public resource; and

4. To develop management expertise in the leasing

and supervision of oil-shale development in order

to provide the basis for future administrative

procedures.

Authority for lease administration is derived

from the Mineral Leasing Act of 1920 (41 Stat.

437), as amended (30 U.S.C. 181-263), including

requirements in 30 CFR 231, 43 CFR 23, and group

3000. Pursuant to lease requirements for

compliance with all applicable federal, state, and

local statutes and permits, the OSO regularly

consults with BLM and other concerned agencies.

The DOI-convened Oil Shale Environmental Advisory

Panel, made up of representatives from concerned

government, special interest, and public groups,

reviews all major development plans and makes

recommendations to the OSO and BLM on their

environmental and socioeconomic aspects.
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STATUS OF TRACT DEVELOPMENT

To date, lessees of the four POSLP tracts have

completed the lease-required 2 years of environ

mental baseline monitoring and geotechnical explor

ation needed to define the biotic and abiotic

setting of the tracts and surrounding areas. From

baseline data, each lessee has prepared Detailed

Development Plans (DDPs) describing the schedules,

methods, and environmental controls that will be

implemented to bring the tracts to commercial

production. DDPs for the two tracts in Colorado

were approved by the OSO, with DOI concurrence,

after public hearings in the summer of 1977. A DDP

was submitted for joint development of the two Utah

tracts in September 1981 and approved on March 2,

1982. Approval followed lifting of the 4

1/2-year-old court-ordered injunction stemming from

Utah's in-lieu land selection suit and prior

claimants.

An integral part of the DDPs is the exhaustive

operational monitoring program. Data are routinely

gathered on several hundred parameters including

air and water quality, meteorology, hydrology,

flora and fauna, health and safety, geotechnical

conditions, and development impacts. This infor

mation is compiled by the lessees and reported to

the OSO semiannually. Yearly, the lessees analyze

the monitoring data and report these findings,

together with trends and interrelationships, as a

major part of their Annual Operations Report to the

OSO.

The DDPs are by no means static plans. They

have been revised twice for the Colorado tracts.

The lessees of the Colorado tracts have also filed

11 quarterly baseline data reports, seven semi

annual development monitoring reports, and three

annual progress reports. Based on these plans and

reports, and on tract inspections made by OSO staff

members, the following observations can be made on

tract development and related environmental

effects.

Tract C-a

The lessee of Tract C-a, the Rio Blanco Oil

Shale Company (RBOSC) (Gulf Oil Corp. and Standard

Oil Co. of Indiana), has completed the $132-mlllion

modified in-situ (MIS) test portion of the Modular

Development Program (MDP). The principal emphasis

of this program was to test RBOSC s MIS retorting

technology. This method is a potential alternative

if open-pit mining, as contemplated in the

prototype EIS and in the first DDP, cannot be used.

As originally configured, the MDP called for

an ambitious scheme of some eight mine levels to

create rubble-filled chambers of oil shale up to

300 feet long x 150 feet wide x 750 feet high.

Between each mine level, the oil shale would be

drilled and explosively rubblized in stages from

bottom to top of the chamber. Approximately 40

percent of the rubble volume would be mined out and

hoisted for surface retorting. Air and steam would

be fed into an attic at the top of each MIS chamber

to sustain and control the burn rate.

During sinking of the 15-foot-diameter 979-

foot-deep Service and Production Shaft, it became

evident that it would not be economically feasible

to develop large in-situ retort chambers from a

multititude of mine levels. The MDP was then

modified to make use of only two mine levels. The

lower-most production level was used to remove

initial rubble. Later, portions were sealed to

convey retort gases and liquids to the product

shaft. An intermediate mine level was also driven

to dewater the area around the MIS test retorts to

minimize possible retort quenching and creation of

additional sour water.

A pattern of blast holes for retort rubbliza-

tion was drilled from the surface to the production

level and used for staged blasting from the bottom

upward. Following initial blasting, shale rubble

equal to nearly 40 percent of the final retort

volume was withdrawn and hoisted to the surface.

This shale was stockpiled for future surface retort

testing. Rubblization was continued to fill all

but a low attic at the top of the retort chambers.

Each of the two MIS test retorts was ignited

with RBOSC's specially designed downhole burners.

Air and steam to sustain and control the burn were

supplied through selected blast holes. Because of

the high void volume, burn rates of more than 2

feet per day were achieved.

MIS test Retort
"0"

produced the first shale

oil from the POSLP. This 166-foot-high x 30-foot-

square retort was ignited on October 13, 1980, and

produced 1,876 equivalent barrels of oil and con

densable hydrocarbon vapors for a recovery rate of

nearly 68 percent based on Fischer Assay of the raw

shale rubble. Although the retort contained a

minimum of instrumentation for evaluating the burn

flow tests prior to the burn indicated that there
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should be minimal problems with burn channel

ization. Retort "0", however, produced more H2S

than had been anticipated. The source of most of

this excess H2S is thought to be pyrite.

The Department of Energy's Oil Shale Task

Force ran detailed analyses on sulfur species

generated during the burn of Retort "0". Their

preliminary report showed that unscrubbed retort

off-gas contained nearly 4 percent H2S by volume.

Their results also demonstrated that a fraction of

the sulfur in the off-gas, varying from 0.9 percent

to 4.2 percent, can exist in forms other than

H2S, including carbonyl sulfide, carbon

disulfide, methyl mercaptan, thiophene, sulfur

dioxide, and methyl thiophene.

Water from Retort
"0"

was also produced in

greater volume (about 31,000 bbls) than expected,

but was of better quality than anticipated Quench

water, steam for processing, formation water

influx, and other sources contributed to this water

production and the resultant dilution of

combustion-produced process water.

The second MIS test retort was ignited in

mid-June 1981. Retort
"1"

was nearly half

commercial size (400 feet high x 60 feet square)

and produced 24,440 equivalent barrels of shale oil

and condensable vapors for a recovery rate of 68

percent of the potential oil from rubblized shale.

Instrumentation provided information on retort

temperatures, differential pressure, gas flow

rates, inlet and exit temperatures, gas compo

sition, gas Btu content, and other data. Although

much of the operational data is proprietary, some

information is available to the public through the

OSO and will be discussed in another paper given at

this symposium.

Flow tests on Retort "1", before ignition,

indicated leakage between the retort and the mine

and the instrument shaft. Attempts to seal the

retort, mainly by shotcreting, reduced some of the

leakage. The instrumentation shaft was slightly

pressurized with inert gas to further minimize

oxygen influx into the retort. Ignition and retort

burn were conducted without adverse consequences

from remaining leaks. Some channelization did

occur, but had little effect on the overall

recovery rate.

Retort
"1"

was operated in several air and

steam injection modes to evaluate MIS operational

parameters and burn control schemes to vary off-gas

quality. Steam injection greatly enhanced off-gas

quality by promoting the water-gas reaction while

contributing to burn control by limiting maximum

retort temperatures. Air-steam retorting produced

off-gas of about 80 to 90 Btu per SCF, while
air-

only injection produced an off-gas of 60 to 70 Btu.

Initially, Retort
"1"

burn rate exceeded the

rate for Retort "0". Later, the burn rate was

slowed to about 2 feet per day when the scrubber

stack began to corrode from sulfuric acid generated

in the gas stream. The scrubber stack was made of

soft steel lined with a petroleum-based mastic.

Field welding during construction of the
200-foot-

high stack damaged the mastic liner and allowed

sulfuric acid to react with stack metal.

Retort
"1"

produced less H2S than Retort

"0"

even though the retorts were generally no more

than
100*

apart. Maximum H2S in Retort
"1"

off-gas was only 1.2 percent by volume about a

third of the volume found in Retort
"0"

gas stream.

The reason for this difference in retort perfor

mance is under investigation, but less pyrite in

the zone contributing the rubblized material may,

in large part, explain the difference.

Cooling and abandonment procedures for Retort

"1"

are under discussion. The most expedient

approach would be to minimize the cooling period by

using water to flush the retort. Because the burn

was highly successful, it may be desirable to first

sample the retort in order to gain data essential

for planning commercial retort operation and

abandonment. Although the retort is completely

shut in, it appears to be cooling at a rate of
10

to
20

F per month, which might negate the need for

water cooling prior to post-burn studies.

The final step in the MDP, prior to making a

decision on commercialization of the tract, was to

select and test a surface-retorting method to

process the shale directly mined during MIS retort

development. Lurgi-Ruhrgas technology was selected

because it appeared to combine good oil recovery

with high thermal efficiency. The carbon residue

on the retorted shale, which is burned in a

pneumatic lift pipe, may generate nearly all the

heat required for processing. The hot, processed

shale is then mixed with incoming, finely ground

raw shale to pyrolyze the kerogen.

Because combustion of residual carbon on the

processed shale occurs in the lift pipe, which is

isolated from the retort, Lurgi process gas

contains little nitrogen or carbon dioxide and has

a high enough Btu value that it can be used to

generate either process heat or electricity. The

carbon-free, processed shale has cement-like

properties when wetted, which may simplify surface

disposal procedures for the large volume of waste

material and may provide a possible means for

stabilizing MIS retort chambers. The Lurgi lift
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pipe may also remove large quantities of sulfur

from the gas stream as it would be oxidized and

combined with the calcined shale generated in the

carbon combustion process.

A 4,400 TPD Lurgi demonstration retort was to

be built on land acquired from the Colorado

Division of Wildlife north of the tract. The Lurgi

demonstration retort would have been operated on

shale stockpiled from the MIS test mine and from a

36-acre
"mini-pit"

to be opened in the northwest

corner of the tract.

Following site evaluation and layout, a

definitive engineering study indicated that the

Lurgi test would cost significantly more than would

be feasible for a pilot facility that could not be

incorporated into the first commercial module.

Still desiring to obtain
"hands-on"

experience with

the Lurgi process, Rio Blanco is now constructing a

1-5 TPD pilot plant at Gulf's Harmarville, Pa.,

test facility.

For the remainder of 1982 and early 1983, mine

ventilation and pumping will be maintained at Tract

C-a. A bulk oil shale sample will be mined across

the Mahogany Zone and processed at the Harmarville

test facility. The development monitoring program

will be scaled back until development work is

resumed on tract.

A major engineering effort has been initiated

by Rio Blanco to design facilities for commercial

open-pit mining and surface retorting. This mode

of development will result in recovery of 5 billion

barrels of shale oil as compared to only 1.7 to 2.5

billion barrels from combined MIS and surface

retorting. Critical to this approach, however, is

the ability to use off-tract areas for initial

overburden and waste disposal, and for plant sites.

During the remainder of 1982, legislation now

before the U. S. Senate may be enacted granting the

DOI authority to lease land surface near the

tract(s) for such uses.

Tract C-b

Federal Tract C-b is leased to the Cathedral

Bluffs Shale Oil Company (C.B.), a partnership of

Occidental Oil Shale, Inc., and Tenneco Shale Oil

Co. The approved DDP calls for accessing a 300-

foot-thick interval of oil shale beneath 1,200 feet

of overburden through three large diameter mine

shafts. Four mine levels will be established. The

upper level will be driven above the ore zone to

supply air and steam to the top of each MIS retort

chamber through short slanting boreholes. On the

three development levels, approximately 20 to 30

percent of the oil shale in place in each retort

chamber will be mined out on a room-and-pillar

system. The intervening oil shale will be drilled

from these mine levels and explosively rubblized to

create bulk full chambers up to 160 feet wide x 400

feet long x 290 feet high. After an entire panel

of MIS retort chambers has been rubblized, 40 to 90

units would be ignited in clusters to produce

approximately 50,000 BPD. Oil shale directly mined

will be hoisted to the surface and stockpiled for

future surface retorting.

Since 1978, major activities on Tract C-b have

centered on the construction of commercial-scale

headframes and sinking of three large-diameter mine

shafts. Excavation of the 15-foot-diameter

Ventilation/Escape Shaft was begun in May 1978, and

completed to design depth of 1,617 feet on

August 27, 1981. To minimize ground-water inflow,

the shaft was ring drilled and stage-grouted

throughout most of its depth in advance of

blasting. Foregrouting limited ground-water inflow

from productive aquifers below the 1,200 foot level

to about 900 gpm. Peak inflow of 1,070 gpm came

during excavation of brecciated, vuggy ground near

the top of the
"A"

Groove. Several ignitions of

methane gas occurred near the
960'

level. This

resulted in the shaft being declared
"gassy"

by the

Mine Health and Safety Administration on January 2,

1980. A methane and water blowout occurred at the

1,255 foot level on October 8, 1980, temporarily

flooding the shaft bottom. During latter stages of

sinking, methane readings averaged .4 percent in

station level headings. After the last of the

shaft steel and concrete were placed in the Lower

Void Level station, the shaft was allowed to

temporarily flood in September 1981 to reduce the

amount of mine water that had to be treated and

disposed of. The shaft will be dewatered when

needed for further mine development. As of April

1982, the water level in the shaft had risen to

within 410 feet of the collar which was left open

to vent any methane.

Sinking on the 34-foot-diameter Service Shaft

was begun in February 1978, and completed to 1,757

feet on April 10, 1981. Ground-water inflow

increased to 280 gpm below 1,100 feet and remained

fairly constant thereafter. Planned foregrouting

of the shaft column was not needed. Methane

concentrations were generally nil at all times.

After shaft sinking was completed, the sinking

galloway was modified and used to install permanent

utility lines and fixed hoist guides. This work
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was completed by September 25, 1981. A 30-ton

bridge crane was installed at the top of the 178-

foot-high concrete headframe. It is being used to

place steel, concrete, and equipment on the several

hoist and power control floors. The 1,500-h.p.

(30,000 lb.) friction hoist motor and drum for the

240-man cage were installed and the cage assembled.

The two 300-h.p. auxiliary hoists are nearly

completed. Precast concrete utility tunnel

sections were placed from air locks on the
head-

frame subcollar level to the subgrade levels of the

adjacent electrical substation and foundation of

the Operations/Changehouse. Cableways, ducting,

lighting, and heating systems are being installed

throughout the headframe and tunnelways. The

Service Shaft and headframe should be operationally

complete by the summer of 1982.

Sinking on the 29-foot-diameter Production

Shaft was begun in February 1978, and completed to

final depth of 1,867 feet on September 29, 1981.

Ground water inflow increased when sinking

penetrated the
"A"

Groove 1,300 feet below shaft

collar and remained fairly constant thereafter at

140 gpm. After the Ventilation/Escape Shaft was

flooded, combined Service and Production Shaft

pumpage increased by 150 gpm. Planned grouting of

the shaft column was not needed. Methane

concentrations were generally nil. Shaft sinking

was slowed significantly in early 1981 when

incompetent, brecciated ground was encountered in a

compaction flexure (stratigraphic fold) at the

Lower Void Level. Extensive structural steel and

concrete were required to stabilize the ground.

The remainder of 1981 was needed to excavate the

skip loading pockets and cleanout drift, set shaft

steel, and install loading facilities and rope

guides for the four skips. A 60-ton bridge crane

was installed at the top of the 313-foot-high

concrete headframe. The crane is being used to set

steel, pour concrete, and place equipment on the

hoist and power control floors. Two 9,500-h.p.

friction ore hoists were installed. Each hoist

will pull two 52.5-ton capacity ore skips in

balance. Foundations were completed for reclaim

conveyor feeder extensions at the bottoms of the

two 800-ton headframe ore bins. Installation of

electrical wiring, ductwork, lighting and heating

systems are in progress throughout the headframe

and utility tunnels connecting with the Service

Shaft. The shaft and headframe should be

operationally
complete by the summer of 1982.

A 1,771-foot-deep reinjection well was drilled

adjacent to mine water Pond
"C"

in the SW part of

the tract and successfully tested in a series of

30-day Injection tests at flows up to 450 gpm.

Since dewatering of the Ventilation/Escape Shaft

was terminated, this well and its ancillary water

filtering and deoxygenation system have accepted

all excess mine water from combined pumpage from

the Service and Production Shafts, which has

increased to as much as 570 gpm. Since September

1981, surface discharge has been essentially zero.

Prior to this, approximately 28 million gallons of

mine water per month were treated and discharged.

This water had an average fluoride and ammonia

concentration of 18 mg/L and 0.7 mg/L,

respectively.

During 1981, C. B. began preparation of

modifications to their DDP and to major air and

water permits. An application to the Synthetic

Fuels Corporation was also prepared for a $3

billion loan guarantee to cover a three-phased

commercialization program. These plans called for

production of nearly 100,000 BPD by the mid-1990s

from combined MIS (53,000 BPD) and surface

retorting (47,000 BPD). This scheme would achieve

nearly 70-percent recovery of the 2.8 billion

barrels of resource from a tract-wide 290-foot-

thick zone.

On December 17, 1981, C. B. announced that

feasibility of the project would have to be

reexamined. Results of a definitive engineering

cost study indicated that operating costs would

leave an unacceptable rate of return on the nearly

$6 billion required to commercialize the tract.

The mine shafts will be completed on schedule, but

further development will await revised plans to be

prepared by an engineering program now underway for

the remainder of 1982. Fortunately, the present

shaft and mine station level layout place the C. B.

project in a very flexible position for continued

development.

During the reevaluation period, employment on

tract and at the Grand Junction headquarters will

be reduced considerably. The OSO has approved a

reduction in the development monitoring program

during the interim.

Tracts U-a and U-b

Federal Tract U-a in Utah is jointly leased by

Phillips Petroleum Company and Sunoco Energy

Development Company. Tract U-b is leased by Sohio

Shale Oil Company. The three lessees have formed

the White River Shale Oil Corporation for joint

development of the White River Shale Project

(WRSP).
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Development of the Utah tracts was delayed due

to litigation stemming from Utah's statehood land

selection rights and from prior, unvacated mining

claims. The U. S. District Court for Salt Lake

(Findings of Fact, Conclusion of Law, and Decree,

June 8, 1976) favored Utah's position of "indemnity

selections"

on an acre-for-acre basis. On May 18,

1977, the lessees of Tracts U-a and U-b filed suit

against the DOI to indefinitely suspend lease

requirements until legal conflicts were resolved.

Hearings were held on June 3, 1977, and on June 8,

1977, a preliminary injunction was granted. Then,

on May 19, 1980, the U. S. Supreme Court reversed

the lower court decisions and ruled that the

indemnity selection may be made value-for-value

which cleared the way for resolution of the

injunction.

Since June 8, 1977, the lessees of Tracts U-a

and U-b have continued a scaled-down baseline

environmental monitoring program. Data have been

collected on air quality, biological resources, and

hydrology. During 1981, in anticipation of the

injunctions being lifted, the lessees prepared a

DDP for joint commercial development of the two

Utah tracts. The plan was formally submitted to

the OSO on September 1, 1981. Public hearings were

held in Vernal, Utah, on October 21, 1981, and in

Salt Lake City on October 28, 1981. The DDP and

all public comments were reviewed by the Oil Shale

Office and the plan was approved on March 2, 1982,

following dismissal of the injunction on petition

by the lessees.

The DDP calls for a three-phased approach to

commercial production of over 100,000 barrels of

oil-per-stream-day (BPSD) by 1996. Room-and-pillar

mining will be used to produce oil shale from a
55-

foot-thick zone averaging 28 gpt from beneath 500

feet to 1,200 feet of overburden. Mined shale will

be hoisted in a Production Shaft and/or conveyor

inclines.

During Phase I, ore body characteristics will

be more accurately defined during shaft sinking and

test mining. An average of 27,330 tons-per-stream-

day (TPSD) will be mined and processed In two

above-ground retorts to produce approximately

14,840 BPSD. An on-tract upgrading facility will

be used prior to transporting the synthetic crude

oil off tract by pipeline.

Phases II and III will follow the same

general plan as Phase I and will increase net shale

oil production to 56,875 and 106,300 BPSD,

respectively. Mining will average 93,460 and

176,740 TPSD, respectively. At this production

rate, oil shale reserves of the tracts will be

exhausted by the year 2007.

The lessees plan to use a Union B retort in

Phase I. The Tosco II and Superior processes may

be added after Phase I to more effectively handle

a wide range of shale fragment sizes. The Union B

process uses <2-inch to >l/4-inch crushed shale In

an indirect-heated retort to produce a high-Btu

gas. The Superior retort uses <4-inch shale in a

direct-heated retort that produces a low-Btu gas.

The indirect-heated TOSCO II retort produces a

high-Btu gas and can handle fine shale fragments

that cannot be processed in the other units.

Estimated capital and operating costs for each

phase of the WRSP are summarized in the following

table.

Estimated Capital & Operating Costs (a,b)

Incremental Incremental Total

Capital Operating Shale Oil

Costs Costs Produced^0)

Phase (Million $) (Million $/yr) (BPSD)

I 661.8 75.5 14,840

II 1,266.1 196.9 56,875

III 1,364.4 333.9 106.300

Total 3,292.3 606.3

'a' All costs are within an accuracy of 25

percent in 1981 dollars.

(b) Estimates are based on conceptual design of

the project plan as described in the Detailed

Development Plan. Capital costs include

owners'

costs subsequent to 1981.

(c) 328.5 days per year.

From: White River Shale Project, 1981 Detailed

Development Plan.

Significant Findings

Developments to date on Tracts C-a and C-b

have had only negligible effect on the regional

environment. These effects should respond well to

natural mitigation or intentional reclamation.

Because activity on Tracts U-a and U-b has been

suspended since 1977, the environment there is

virtually unchanged, except for disturbance

associated with geotechnical drilling and access

road construction. Environmental effects of tract

development to date can be summarized as follows:

Hydrology

At Tract C-a, mine water discharged under the

National Pollution Discharge Elimination System

permit flowed directly into Corral Gulch, locally

scouring the stream channel. Most of the water
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however, seeped into the normally dry stream

channel, recharging the ground water in a reach

several miles long downstream from the tract.

Although mine water discharge has been nearly zero

for the past year, increased flow in Corral Gulch

and Yellow Creek continues from previously

saturated alluvium. Raised ground-water levels

along Corral Gulch have killed several acres of

sagebrush which have been naturally replaced with a

lush growth of native grasses.

Discharge of mine water at Tract C-b has

scoured the channel of Little Gardenhire Gulch

locally to a depth of several feet with an

accompanying increase in sediment input to Piceance

Creek. During 1980, about 690 acre-feet of the 910

acre-feet discharged from Tract C-b reached

Piceance Creek while most of the remaining 210

acre-feet seeped into the normally dry stream

channel of Little Gardenhire Gulch. During 1981

about 300 acre-feet were reinjected into the same

deep aquifer zone at Tract C-b from which it was

pumped, about 120 acre-feet were disposed of by

sprinkling, and another 170 acre-feet seeped into

the channel of Little Gardenhire Gulch. Several

hundred acre-feet were used in construction, dust

control, or were lost through pond seepage.

Water in Piceance Creek normally contains

about 0.7 mg/L of fluoride, 150 mg/L sodium, and

0.02 mg/L of total ammonia. In contrast, mine

water discharge from Tract C-b, which during a few

short periods was equal to or greater than the flow

in Piceance Creek, contained about 18 mg/L

fluoride, 550 mg/L sodium, and from about 0.2 to 2

mg/L of total ammonia. The resulting mix in a

short reach of Piceance Creek below the discharge

point contained more than 5 mg/L fluoride, 350 mg/L

sodium, and from . 1 to 1 mg/L total ammonia.

A generalized water budget for Tracts C-a and

C-b is summarized in the following table.

Dewatering of the upper aquifer at the Tract

C-a mine has lowered the ground water table approx

imately 700 feet. The cone of depression extends

northwesterly, generally along the fracture system,

but is restricted to the north, south, and east by

reinjection wells as illustrated in the figure

below. Reinjection of excess mine water has

locally raised ground-water levels from several

tens to a few hundred feet.
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1980-81 Water Budget

Tracts C-a and C-b

(All numbers in acre-feet, rounded)

Dewatering Reinjected Discharged Used*

Calendar 1980

C-a

C-b

2,860

1,460

2,200 140

0 910

520

550

Calendar 1981

C-a

C-b

2,620

1,950

2,150 4

300 1,010

470

640

*For C-a includes dust control and processing,

while for C-b includes dust control, irrigation,

and pond leakage.

At Tract C-b, dewatering has lowered water

levels approximately 1,500 feet at the shaft site.

Although the amount of dewatering at Tract C-b is

less than that at C-a, the cone of depression for

the upper aquifer is more extensive because of the

confined nature of the aquifer. As the three

shafts were deepened, the cone of depression

expanded quickly to the north of the tract as

illustrated in the figure below.
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1979

Sept. 1980

Generalized drawdown contours of upper Aquifer due to

dewatering at Tract C-b.

In the vicinity of Tracts C-a and C-b, about

40 springs and seeps have been studied. To date,

no clearly defined effects related to mine dewater

ing have been noted. In the Tract C-b vicinity,

the Four Senators Zone may be sufficiently

competent to significantly reduce the effect of

mine dewatering on surface flow.

Four events since September 1980 should cause

the eventual stabilization and perhaps local

contraction of the cone of depression in the Tract

C-b area:

a) Completion of shaft sinking operation,

b) Installation of a reinjection system,

c) Curtailment of V/E shaft dewatering, and

d) Postponement of mine development.

Ground-water inflows encountered during shaft

sinking and station development on Tract C-b

suggest that the majority of the ground water

(70-80 percent) was coming from below the ignition

level. Comparison of water production curves from

the Ventilation/Escape, Production, and Service

Shafts with monitoring well behavior indicated that

70 percent of the combined shaft pumpage was coming

from the V/E shaft possibly from source areas

generally NE of the tract. Curtailment of V/E

shaft pumping, however, resulted in a steady

increase in combined Service and Production Shaft

water make to more than 500 gpm as illustrated

below. Beneath the Mahogany Zone, water Inflow was

minimal and confined largely to the
"B"

Groove.

Geology

Extensive core drilling and mine mapping on

Tracts C-a and C-b suggest that there are signi

ficant variations in oil shale grade, subsurface

structure, and pyrite abundance along the same

stratigraphic horizon. These changes may be

related to depositional patterns during Green River

Formation sedimentation. Variations in oil shale

yield may require selective mining or blending of

ores to achieve uniform surface retort feed grade.

On Tract C-b, structural features expressed in

outcrops of the Uinta or Green River Formations

generally do not persist in the subsurface as they

do on Tract C-a. Also at Tract C-b, the structure

of the north-dipping Green River Formation below

the Mahogany Zone is complicated by
northeast-

trending folds with amplitudes up to 20 feet. Rock

strength in these compaction or slump folds is very

poor. Both tracts display a complex system of

NE-NW trending high-dip angle compaction joints and

fractures that may significantly limit the size of

mine workings that can be safely opened.

Sulfur content of Green River Formation oil

shales has usually been thought to be quite
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consistent ranging from 1.25 to 1.5 percent in the

Mahogany Zone. Sulfur, however, occurs as both an

organic constituent and part of the complex mineral

matrix. Organic sulfur content correlates well

with variations in total organic content of the oil

shale. Pyrite that was formed during shale

deposition also occurs in small and rather uniform

quantities of about 1 percent. Pyrite, however,

also appears to occur as a secondary depositional

mineral formed after the oil shale was fractured

and jointed. Little is known about the extent of

secondary pyrite deposition throughout the Green

River Formation, but it may be related to the

density and number of fractures. Variations in

total pyrite content will definitely affect the

concentration of sulfur in retort off-gases and, in

turn, affect process costs.

Raw Shale

Early in 1981, the raw shale stockpile on

Tract C-a developed spontaneous
"hot"

spots.

Initial temperature measurements of 150F were

recorded. Some of the
"hot"

section of the pile

was dozed out to cool. Thermocouples were inserted

into holes drilled over the rest of the pile. The

thermocouples equilibrated to about 115F in a few

days and then began to show a slow cooling trend.

The combination of wet weather, pyrite content, oil

shale fines, organic content, and air circulation

through a particular section of the pile were

believed to have encouraged exothermic oxidation.

No reccurrence of spontaneous heating has been

noted.

Leachability of raw shale stockpiled on the

surface is being studied at both Tracts C-a and

C-b. Leachates were found to initially contain as

much as 20,000 mg/L dissolved solids. The USGS,

Environmental Protection Agency, Department of

Energy, and Colorado State University are

participating in a study to determine the potential

for leachate degradation of surface and ground

water.

Air Quality

Analysis of air quality data from the tracts

indicates that to date there has been no

significant long-term effect on air quality by

tract development. Air quality in the oil shale

basins is characteristic of a clean air region with

no major stationary pollution sources or nearby

urbanization. The concentrations of all pollut

ants, except non-methane hydrocarbons, particu

lates, and ozone, are usually at or below the

threshold of instrument detection. Particulate

concentrations can be related to windborne dust

typical of the arid oil shale region. Suspended

particulate concentrations have decreased

continuously on the Utah tracts corresponding to a

decrease in average annual wind speed. Regression

analysis suggests that ozone concentrations

correlate with seasonal and meteorological

conditions possibly explained by long-range

transport of ozone from urbanized/ industrialized

areas to the west or from downward entrainment of

ozone from the troposphere.

There has been a slight increase in visual

ranges in the Piceance Basin over the past several

years. The mean annual visual range for 1980 was

85 miles, as compared to 79 or 80 miles for

previous years. The maximum range measured in 1980

was 176 miles, compared to about 150 miles during

each of the 3 previous years. These ranges

approach the theoretical limit of visibility.

There is, however, a large day-to-day variation in

visual range which is primarily dependent on

meteorlogical conditions.

For all four tracts, quality assurance audit

programs confirmed that reliable air quality data

were being collected. Most on-site monitors agreed

with the audit device to within +10 percent. The

audits indicated several minor problems, however,

including the need to minimize instrument down

time, maintain the quality of calibration gases,

and standardize calibration methods.

Lack of a commercial-size oil-shale complex

has made it difficult to confidently model or

predict emission types. Nevertheless, modeling

does suggest that oil shale production of up to

800,000 to 1 million BPD will meet all applicable

National Ambient Air Quality Standards and satisfy

existing Prevention of Significant Deterioration

regulations. Modeling also suggests that process

ing and other emission sources should be located on

high terrain rather than in the valleys if the

proposed operations are to be in compliance with

federal and state air quality regulations.

Air quality monitoring and modeling to date

suggest the need for continued research in the

following areas:

Better understanding of the meteorology of the

local valley drainages;

Better rough terrain models, both site-specific and

regional;

Adequate meteorological data to calibrate the

newly developed models;
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Development of better emission controls;

Acid rain studies to establish a
"baseline"

prior

to a large-scale oil-shale industry; and

Continued visibility studies to better measure the

existing clarity of the atmosphere and

determine any seasonal trends existing prior

to a major oil-shale industry.

Reclamation

Although no conclusive studies have been

completed to date, test plots have shown that both

native and exotic plant species can be grown

directly on processed shale. Processed shale must

first be leached with water (Colony tests took 39

inches of water to leach salts below plant root

zones) and then heavily amended with a complete

fertilizer. Although the Colony revegetated shale

plots are still thriving 10 years after initial

establishment, the partially shaded canyon test

site may not be representative of most planned

processed shale disposal sites. A major problem is

the dark color of the processed shale which reaches

high surface temperatures during summer daylight

hours. Even though warm soil temperatures are

critical for seed germination, excessive heat later

will burn the young plants. The high salt content

of unleached processed shale would also restrict

use of all but the most salt-tolerant species.

Retorted shales also caused distorted root growth

in surviving plants.

A reclamation/revegetation method that is

being field tested on Tract C-a appears to preclude

the need for extensive leaching and fertilizing,

and eliminates excessive surface heating of the

planting medium. This method involves an artifi

cially constructed soil profile of native material

covering an embankment of processed shale. A rubble

layer up to several feet thick is laid down first

to provide a capillary barrier to upward migration

of salts. A topping of soil-like material about

12-18 inches thick serves as a growth medium. Soil

depth needed to sustain shrub cover has not been

determined, although past experience indicates

shrubs may require a greater soil depth than

grasses.

Experience has also shown that the greater the

site disturbance, the slower the invasion of native

plants and the faster the Invasion of annual and

undesirable plants. Early application of fertil

izer on disturbed sites was also found to encourage

undesirable plant invaders.

Plants grown directly over processed shale may

extract toxic elements, e.g., boron and molybdenum.

This could cause plant loss and/or toxic effects in

animals under extended grazing. These problems are

currently being studied together with effects of

slope, aspect, temperature, irrigation, season of

planting, and toxic leachate on revegetation

success and productivity.

Based on the information compiled by the

POSLP, further reclamation research is needed to:

Identify and monitor succession of plants on

reclaimed sites for at least 10 years;

Measure the effect of soil nutrients and microbial

activities on reclamation success;

Identify plant species best suited to prevailing

growing conditions, fertilization times and

rates, slope, and planting procedures;

Identify the effect of capillary barriers between

shale and varying depths of soil on plant

growth success; and

Evaluate the need for native and introduced legumes

and for mycorrhizial inoculation of soils for

reclamation success.

Biological Resources

With one exception, environmental monitoring of

vegetation shows little change from previous years.

The largest change was in declining browse

utilization on both Colorado tracts. This decline

is consistent with the decrease in deer population

in the Piceance Basin. Average browse utilization

on Tract C-a varied by vegetation type from 1 to 10

percent in the winter of 1979-80. Average browse

use along the same transects was 4-8 percent in the

1980-81 winter. Browse use was also 10-15 percent

less on Tract C-b in 1980-81, compared to 1979-80.

Biomass production on the Utah tracts continues to

vary widely in response to precipitation.

Similarly, there have been no significant

changes in terrestrial fauna from previous years,

with the exception of mule deer. The 1979-80

winter deer population was estimated at only

15,400, or approximately one-half of the 1978-79

population. The 1980-81 population is thought to

have increased slightly because mortality was lower

during the milder-than-normal winter. However, the

mild weather did not concentrate the deer suffi

ciently to permit an accurate aerial census.

On Tract C-a, the estimated average number of

deer per square mile dropped from 43 in 1978-79, to

28 in 1979-80, and to 24 in 1980-81. The last

decline was in part due to the mild winter which

allowed the deer to winter on the Cathedral Bluffs.

Data from pellet counts for 1979-80 on Tract C-b
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however, suggested little change in deer utili

zation compared to previous years. This was to be

expected because the tract lies within the main

deer wintering area.

During the winter of 1979-80, a radio

telemetry study of daily and seasonal deer movement

patterns was started in the Tract C-b area. The

study was funded by DOE and jointly conducted by

the Colorado Division of Wildlife and the Los

Alamos National Laboratory. Twenty-seven fawns

were trapped and collared with radio transmitters.

Within a few months, 20 of the collared fawns were

killed, mostly by coyotes. The surviving fawns

migrated to their summer range on the southern edge

of the Roan Plateau. During December 1981, radios

were placed on 31 male and 35 female fawns, and on

24 does. Both ear and collar transmitters were

used to permit testing of the hypothesis that the

collars contributed to the predation rate. To

date, 19 of these fawns have died, mostly from

predation with no apparent difference due to

transmitter position.

A brush beating project was initiated in two

gulches north of Tract C-b to enhance range carry

ing capacity. The sagebrush was roller chopped

during the winter of 1979-80. Some sagebrush was

left standing along the stream channels and

sideslopes above the flood plain to provide travel

lanes for the deer. The areas were reseeded with

cool season grasses, as well as with four species

of palatable shrubs. The early growing grasses

will provide green feed shortly after snowmelt.

This habitat augmentation, it is hoped, will tend

to hold deer in the area and keep them from going

down to the meadows along Piceance Creek where they

are susceptible to road kill.

A cooperative study was initiated in December

1981 to test the effectiveness of a new type of

roadside reflector to reduce deer road kills. Rio

Blanco Oil Shale Company, Cathedral Bluffs Oil

Shale Company, Multi Mineral Corporation, Colorado

Division of Wildlife, and the Oil Shale Office are

jointly financing the project. The reflectors have

been installed along four 1-mile stretches of the

Piceance Creek Road which have had the highest rate

of recorded road kills. Personnel from Tract C-b

are alternately covering and uncovering the reflec

tors each week and recording the number of deer

killed. Preliminary data to date show that four

deer have been killed along covered sections while

only one has died where the reflectors were

uncovered.

Ecosystem Interrelationships

The Federal oil shale leases require quanti

fication of general ecological interrelationship.

These relations are interpreted to be major

processes that govern the stability and resiliency

of the tract ecosystem. The major problem has been

to achieve a consensus among industry and

government on those key environmental components

and processes that govern the oil shale tract

ecosystems and that have a high probability of

being significantly affected by development.

One important interrelationship identified is

that between quantity, quality, and temperature of

mine discharge water and toxicity to biological

organisms, including man. Fluoride toxicity to

biota is a function of temperature and concentra

tion; thus, as receiving stream temperature rises,

toxicity increases. However, as stream temper

atures rise in the spring and early summer, stream

flows also increase from runoff. The resultant

dilution can result, for a short period, in a net

decrease in toxic concentration of fluoride in

downstream waters. The combination of low flow and

high fluoride from midsummer on will result in a

return to more toxic conditions. Thus, regulatory

requirements based on single-parameter monitoring

and analysis may be both erroneous and

counterproductive.

Another interrelationship exists between

precipitation and air pollutants to plant toxicity

in an arid environment. Desert plants protect

themselves from desiccation by developing a tough

waxy surface covering and by closing their stomatas

to reduce moisture loss. During dry, hot weather,

they are very resistant to damage from SO2 and

N0X because of this protective strategy. During

periods of increased moisture, however, stomatal

openings enlarge and result in increased damage to

plant cells from airborne pollutants. This

knowledge can be used to design emission control

technologies that minimize vegetation damage.

Analyses to date also suggest that summer

precipitation largely governs grass productivity,

especially those with rhizomatous root systems.

Furthermore, an apparent bimodal growth pattern is

exhibited by cool season plants. Growth occurs

during spring and again in late summer, corre

sponding to the precipitation patterns in the arid

oil-shale region.
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A few of the other interrelationships being

qualitatively studied are:

The relationships between shrub production,

utilization, deer migration, age/sex ratios,

pellet groups, and climate, with respect to

deer mortality;

Interactions of precipitation and range production;

and

Interaction of mule deer population and browse

utilization.

Health and Safety

The incident rate for accidents on the Federal

tracts has been significantly less than estimated

for the oil shale industry t/ the Health and Safety

Analysis Center, U. S. Department of Labor. While

the projected incident rate for oil shale (13.87)

is less than the incident rates for both under

ground coal (14.14) or metallic and nonmetallic

underground mines (14.87), the actual rate to date

for the Federal oil shale tracts has been only

6.82, as compiled below.

Reportable Lost Time Incident

Tract Manhours Accidents Accidents Rate

C-a* 916,810 38 26 8.29

C-bt 783,871 20 15 5.10

Totals 1,700,681 58 41 6.82

Incident Rate =

Number of Reportable Accidents x 200,000

Hours of
Employees'

Exposure

* C-a Company Report

t C-b 1980 Annual Report

Two studies are underway to determine the

toxicity of oil shale and shale oil. The studies

conducted by the American Petroleum Institute

suggest that raw and processed shale are nontoxic

and noncarcinogenic to rats or monkeys. Unrefined

or raw shale oil is carcinogenic, but may be no

more so than conventional crude oil. Tests on

refined and semirefined shale oils are currently

underway.

Mining

Mine development on the Federal tracts has

indicated that sudden inrushes of gas and water

underground can be expected, although far less in

magnitude or frequency than experienced at most

coal mines.

Mine efficiency will have to surpass coal

because of the low ton value of raw shale

(<$15/ton). Even underground oil shale mines will

have to achieve the efficiency of surface coal

operations of better than 150 tons per man shift.

There is a pressing need to consider untried

approaches to deep oil shale mining as much of the

shale reserves will have to be produced by under

ground methods. Deep mining must include layouts

that would facilitate back stowage of some of the

processed shale to enhance resource recovery from

methods such as chamber-and-pillar
, multiple level

sublevel stoping, and crater retreat. Back stowage

is also essential to limit subsidence thereby

minimizing disturbance of overlying competent

aquitards and subsequent impacts on ground water

and surface flow. In turn, this will require

careful attention to the design and operation of

surface retorts to yield a processed shale most

amenable to mine stabilization.

Processing

Although no commercial-scale retorting has yet

occurred on the Federal tracts, development

planning to date has underscored the difficulty in

estimating retorting and upgrading costs, and in

selecting appropriate process off-gas scrubbing and

utilization schemes. It has also become evident

that careful attention will have to be given to

above-ground retort feed grade, which may require

selective mining and/or surface ore blending.

Socioeconomics

Socioeconomic impact is a major consideration

in the development of an oil shale industry. A

typical 100,000-BPD plant might require a peak

work force of about 5,000 people. Associated

direct and indirect population increases will be

substantially greater. Careful planning will be

required to ensure the availability of adequate

housing and municipal services. To assist In

community planning, the Federal lessees have

prepared socioeconomic assessments and maintain

community data monitoring programs. The lessees

have also provided direct funding as well as

community development expertise to help offset the

high costs of mitigating socioeconomic impact.

The lessees are also continuing to provide bus

transportation and/or van pools for their employees

from both Meeker and Rifle.
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The Future

In retrospect, it must be acknowledged that

the POSLP has produced a lot of paper and

frustrations over the last 7 years at a cost to

those involved of more than $800 million. However,

much has been learned and documented, especially

about the resource and its environment, and

progress continues at each lease on engineering and

tract development.

Concluding on an optimistic note, BLM has

announced intentions to lease up to two additional

tracts by mid-1983 under the POSLP with the

emphasis on multiproduct recovery (shale oil,

nahcolite, and alumina). Four responses were

received to the call for expression of interest for

lease sites on or about the sodium lease tracts

along Yellow Creek Divide. A program for permanent

"production"

leasing is also to be in place by

early 1984.
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U. S. Department of the Interior, 1973-a, Decision

Statement of the Secretary of the Interior on

the Prototype Oil Shale Leasing Program:

Office of the Secretary, 6 pp.
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UNION OIL COMPANY'S PARACHUTE CREEK SHALE OIL PROGRAM

Allen C. Randle, Vice President, Oil Shale Operations

Brian F. McGunegle, Manager, Technical Services

UNION ENERGY MINING DIVISION

UNION OIL COMPANY OF CALIFORNIA

ABSTRACT

Union Oil Company is developing the

first commercial shale oil project in the

United States. Union began construction

in early 1981 on properties located in

the Parachute Creek area of the Piceance

Basin in Garfield County.

A 11,350 tonne per day room and pil

lar mine and a surface retort will pro

duce 1,590m3
of raw shale oil per day. A

3
1,590m a day upgrading facility is also

under construction and will convert the

raw shale oil into a high quality
syn-

crude.

This
1,590m3

a day project is planned

for completion in mid-1983. It is the

first phase of a major shale oil project

that will produce
14,300m3

per day of

shale oil when completed in 1993.

The paper describes Union's mining

methods and the upflow retort developed

by Union's Science and Technology Divi

sion. It also describes the upgrading

process that will convert shale oil into

a syncrude acceptable to today's refi

neries. A discussion of the current

status of the project also is included.

HISTORY

Union Oil Company began acquiring

oil shale properties in 1920, more than

6 0 years ago. In the Parachute Creek

area of Garfield County, Union owns 8,093

hectares of oil shale lands containing

some 254 million
m3

of recoverable oil in

the high-yield Mahogany zone alone. These

reserves are large enough to produce some

15,900m3
of shale oil per day for

over 40 years.

Since the early
1940'

s, Union's

research scientists and engineers have

conducted a wide variety of laboratory

and field studies for developing tech

nically, environmentally and economi

cally feasible methods of producing

usable oils from shale. In the 1940 's,

Union operated a small, 45 tonne-per-

day pilot retort at its Los Angeles

refinery. From 1955 to 1958, Union

built and operated an upflow retort in

Parachute Creek, processing up to

1,090 tonnes of ore per day and
produ-

3
cing up to 127m of shale oil per

day. The low price of crude oil

forced Union to suspend actual develop

ment at that time, but research efforts

to further improve Union's unique up

flow retort process continued.

Following the oil shortages

caused by the Arab oil embargo in 1973

and the ensuing rapid rise in world

oil prices, Union accelerated its ef

forts to achieve commercial production

of this vast resource.

Phase I

Union announced plans in early

1978 to build the first phase of a

project to develop the first commer

cial shale oil complex in the nation.

This Phase I project includes a mine,

retort and upgrading facility that

will process 11,350 tonnes per day of
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UNION UPFLOW RETORT

RAW SHALE I

^f^bss 3S^S3SSEwil

Figure 1. UPFLOW RETORT PROCESS -- This simplified schematic drawing of Union Oil

Company's upflow shale oil retort illustrates the basic process developed by Union

Oil scientists to extract shale oil from shale ore. Construction is underway on the

first phase of a 90,000 barrel a day (14,
300ms

) shale oil complex in western Colorado ,

The crushed shale ore is pushed upward into the 150- foot-high (46m) retort by a 10-

foot-diameter (3m) piston. Hot gas enters the top of the retort and heats the shale

ore to 900F. (482C. ) , vaporizing and releasing the shale oil contained in the rock.

The vaporized shale oil is then condensed by contact with entering cold shale and

is drawn off as a liquid through slots at the bottom of the retort. Additional li

quids are removed in a gas /oil separator and the shale oil moves to storage .

Gas produced in the process is used to reheat the recycle gas and the process begins

anew. The retorted or spent shale ore is cooled and moved to the disposal area,

where it will be revegetated to blend with the natural environment .
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Figure 2. Artist's concept of Union Oil's mining and retorting complex on Long Ridge

ore and produce 1,590m per day of high

quality syncrude that will be a premium

feedstock for any of the nation's modern

refineries .

Union began the permitting process

in March 1978 and had all federal, state

and local permits for the project in

early 1981, approximately three years

later.

Necessary road work began in the

fall of 1980 and predevelopment mining

operations began in January 1981. On

site construction of the retort and up

grading facility began late in 1981 with

completion of the project planned for

mid-1983.

After completion of the
1,590m3

a

day Phase I project, it will be operated

for several months. During this pre

liminary operating phase we expect to

develop process improvements, improve

our environmental controls and secure

further economic data on all aspects

of the project.

Assuming economic conditions are

satisfactory, we will then begin Phase

II development which will bring pro

duction to
7,950m3

a day by 1990 and

to
14,300m3

a day by 1993.

Our first mine, for Phase I, is

located some 305m above the valley

floor on the north wall of the East

Fork of Parachute Creek. The mine

portals open onto a 2 hectare bench

site, enlarged from a bench carved

out of the mountain at the time of

our operations in the
1950'

s.

Room and Pillar Mining

Conventional room and pillar mi

ning will be employed, recovering up

to 70 percent of the shale in the

mine zone and leaving pillars to sup

port the mine roof. The overall mi-
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ning height of 18.3m will consist of a

top and a bench cut.

In the mining operation, large hy

draulic drills, or
"jumbos,"

bore 11cm

diameter holes 7.3m into the mine face.

These holes will subsequently be charged

with ANFO to fragment the oil shale. The

broken material will be loaded at the

face by 11.5 cubic meter capacity
front-

end loaders and and transported to the

underground crushers by 4 5 tonne off-

road trucks. Primary roof support will

be provided by roof bolts.

The ore will undergo two stages of

crushing to reduce it to a size (1.27cm

to 5cm) suitable for retorting.

The ore then will move by conveyor

to the prototype upflow retort, developed

by Union's research staff.

Although quite simple in concept the

retort, as shown in Figure 1, is a large

piece of equipment, standing nearly 46m

above the bench site.

The conveyor will deposit the

crushed ore in the retort feed chute from

which it flows into the solids feeder, or

rock pump. A 3 meter diameter piston then

forces the ore upward into the retort.

The rock pump is mounted on a moveable

carriage and is immersed in shale oil

product, which acts as a hydraulic seal

to maintain the retort pressure and pre

vent escape of produced gas from the shale

feed chute.

Liquid Product

As it rises through the retort cone,

the shale is heated and retorted by the

countercurrent flow of hot recycle gas

which enters the top of the retort. Hy

drocarbons contained in the shale are

converted to gaseous and liquid forms.

Most of the liquid product is removed

from the bottom of the retort and the

balance, in the form of mist, is carried

from the retort by the recycle gases.

As the retorted shale rises above

the edge of the retort cone, it falls

by gravity into two sealing leg shafts

for cooling. These shafts extend into

the bench.

The retorted shale is conveyed

from the seal leg shafts through a

horizontal tunnel to an enclosed chute

for transfer to the valley floor.

There the retorted shale will be

spread, compacted, contoured and veg

etated with native plants to blend in

to the surrounding landscape.

Upflow retorting with indirect

heating of a circulating gas stream

has several important advantages which

can be summarized as follows:

1. Oil liberated from the

shale is forced downward

rapidly toward cooler shale

by the gas flow. This pre

vents polymerization reac

tions which form heavy oil

that is difficult to refine.

2. Gravity assists drainage

of the oil away from the re

torting zone and avoids
re-

fluxing and coking of the

product oil.

3. Retorting takes place

near the top of the retort

where pressure between the

shale particles is minimal.

Agglomeration and pressure

drop buildup can be avoided

and rich shales can be pro

cessed.

4. The high heat capacity

of the gas and high gas/

solids heat transfer rates

combined with a positive

solids flow permit operation

at exceptionally high mass

velocities.

As indicated in Figure 1 , gases

from the disengaging section are
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scrubbed and cooled in a venturi scrubber.

Agglomerated mist plus light ends and

water produced by cooling are sent to an

oil/water separator. The oil is recy

cled to the retort at the oil shale feed

chutes and the water is sent to the water

seal after stripping to remove ammonia.

The scrubbed gas is divided into a make

stream and a recycle stream. The recycle

stream is compressed and heated prior to

injection into the top of the retort.

High Quality Gas Product

The make gas stream will be pro

cessed for sulfur removal after which it

will be used as fuel for the recycle

heater and generate steam for the large

drivers. The treated make gas is a high

quality gas product, about 31,700kJ/m .

There is sufficient make gas to supply

almost all fuel gas requirements in the

retort.

After solids suspended in the raw

shale oil are removed, the shale oil will

be transported by pipeline to the upgra

ding facility eight miles south of the

retort. There, using Union's Unicracking/

DW process, impurities will be removed

and the crude shale oil will be converted

into a synthetic crude oil with qualities

superior to most natural crude oil. It

will then be transported to conventional

refining facilities to be converted into

a full range of petroleum products.

Union
'
s extensive pioneering invest

ment in oil from shale has been recog

nized by the U. S. Government. In July

1981, the company was the first to be

awarded a contract under a Department of

Energy program designed to encourage the

development of commercial shale oil pro

duction in this country.

Beginning with actual shale oil pro

duction, expected in mid- 198 3, Union's

contract with the DOE calls for delivery

of
480m3

per day of military aircraft

turbine fuel and 1,1
00m3

per day of

diesel to the Department of Defense.

The price at the time of delivery to

DOD will be the market price or a con

tract floor price, indexed for infla

tion.

Current Status

This project will be carried

through to its conclusion and the sig

nificant construction on Union's Para

chute Creek Shale Oil Program that has

taken place in the past 16 months

should dispel any lingering doubts.

Up to 1,700 contractor and Union Oil

employees have been engaged in opening

the mine, building foundations, erect

ing hardware and constructing roads,

housing and other facilities necessary

to the project.

Construction mining was essential

ly completed late in 1981 with some

544,200 tonnes of rock removed. Under

ground space for a mine office, shops,

a warehouse , primary and secondary

crushers and a conveyor system was

developed using conventional drill and

blast mining techniques. Construction

of these underground facilities is now

in progress as shown in Figure 2.

On the bench, shafts for the

horizontal adits connecting the seal

ing legs to an opening in the canyon

wall are completed. Construction of

the recycle gas heater is well ad

vanced. The foundation for the re

tort has been poured and construction

of the retort, which will stand nearly

46m above the bench floor, is now in

progress. It should be noted that

this retort is as large as we consider

technologically and economically fea

sible to build at this time. Thus a

14,300m-
a day operation, for exam

ple, would require nine such retorts,

each a self-contained, fully commer-
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cial unit.

Non-Stop Construction

At the upgrading plant, major foun

dations have been poured and installation

of processing units is underway. The

Unicracking/DW reactor vessels, the lar

gest of which stands just under 30m tall,

are on site and have been installed.

These important upgrading plant components

were shipped by rail to the town of Para

chute, then moved the last few miles by

truck and trailer and lifted into posi

tion with giant cranes.

Construction on the project has con

tinued during the winter months, despite

frequent sub-zero weather, icy conditions

and numerous snow storms.

The many permits Union had to secure

to be able to start construction of the

Phase I project included several detailed

environmental permits. The two principal

permits required were the Prevention of

Significant Deterioration (PSD) Permit

from the U. S. Environmental Protection

Agency and the Mining and Reclamation Per

mit from the Colorado Mined Land Reclama

tion Board.

To obtain the PSD permit, Union had

to prove to the EPA that its operation

would not significantly impact air quali

ty in the region of the plant. This re

quired using the best available control

technology on plant emission streams,

including bag houses to remove dust from

mine ventilation emissions and a Unisulf

unit to recover sulfur from the make gas

before it is used as a retort plant fuel.

To secure the permit from the Colo

rado Mined Land Reclamation Board, Union

demonstrated that land affected by its

operations could be reclaimed in a manner

acceptable to the state. The top 3m

layer of the retorted shale pile is

highly compacted so that water infiltra

tion in the pile will not be a problem

and contaminate ground or surface

water. Any water that drains from the

retorted shale will be caught in a

drainage pond and reused on the pro

ject.

The shale pile will be revegetated

with a mixture of native plants. Ex

tensive revegetation tests assure us

that retorted shale can sustain plants

native to the area.

Water

For the industry as a whole, most

studies indicate that water availabil

ity, based on current technology, may

place an upper limit of
206,700m3

a

day on sustained shale oil production.

Union believes that once the first com

mercial plants are on stream a more

accurate assessment of water require

ments and availability can be esta

blished. We are also confident that

industry will develop technology to

reduce the demand for water in the

retorting and upgrading processes.

Union's Phase I retort and up

grading facility will require between

two and three barrels of water for

each barrel of syncrude produced. By

comparison, in a conventional thermal

electric power generating plant, ten

barrels of water are required for

each barrel of oil, or its coal equiv

alent converted to electricity.

Water for the first l,590m3
per

day phase of Union's project will be

taken from wells on Union's property

and will be recycled to minimize water

requirements . As future retorts and

process facilities are constructed,

water also will be drawn from the

Colorado River, where Union has long-

established water rights.

From the inception of this pro

ject, Union has recognized the sub

stantial impacts on housing and public
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services that the rapid influx of em

ployees and their families would have on

the town of Parachute and other communi

ties in sparsely populated Garfield Coun

ty. Besides housing, these include water

and sewer systems, public safety, schools,

recreational facilities, highways and

public administration. The population of

the Parachute area, for example, has

grown from about 300 in early 1981 to an

estimated 1,200.

with completion of the project, fi

nally become a reality. Unforeseen

problems may continue to arise. These

will be met, however, and lead to more

efficient future shale oil projects.

While shale oil will not solve all of

the nation's energy problems, it will

make a significant contribution to the

solution.

Socioeconomic Mitigation

To meet these people problems , Union

already has expended or committed $60

million through 1983 to help alleviate

the project's socioeconomic impact in

Garfield County. As part of this program

Union has built over 350 apartment units,

condominiums and mobile home units.

Union also has constructed single wor

ker's housing near Parachute to accom

modate 750 workers during the construc

tion phase of the project.

Also included is $4.2 million of

early financial assistance for a new

middle school to serve Parachute and ad

joining areas of Garfield County. Roads,

land for a new administration building,

sewers, direct subsidy of local and coun

ty public safety personnel and equipment

and funds for other requirements have,

in large measure, mitigated the immediate

burden on limited town and county tax

revenues. Once the project is on the tax

rolls, adequate funds should be available

to maintain and improve services without

direct assistance from the private sector.

We believe most of the socioeconomic

problems related to our project have been

addressed. At the same time, Union will

continue to work closely with local and

county officials to mitigate new problems

as expeditiously as possible.

In conclusion, Union is confident

that production of oil from shale will,
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ABSTRACT

This paper discusses an EPA study on the

major environmental impacts of surface oil

shale mining in the Piceance Basin. Mine

plans are developed for operations producing

at rates equivalent to 100,000 bbl/day,

400,000 bbl/day and 1,000,000 bbl/day. To

facilitate analysis, a specific site is

analyzed; however, selection of the site does

not imply an endorsement of it. Environ

mental summaries are presented for each of

the three operations. With regard to

groundwater, much of the negative effect of

surface mining may be mitigable for smaller

operations which exploit only the upper rich

oil shale strata.

Environmental impacts are generally less

harmful with the smaller-scale operations

than with larger-scale operations. Since

economies of scale are not apparent for

surface oil shale mining, the need for

detailed economic evaluation of appropriate

mine size is indicated.

SECTION 1

INTRODUCTION

This study helps to identify potential

environmental implications of large-scale

surface oil shale mining in the Piceance

Creek Basin of Colorado. Three mine sizes

were selected for study: mines equivalent to

100,000 bbl/day, 400,000 bbl/day, and

1.000,000 bbl/day (15,800 nr/ day, 63,200

m3/day, and 158,000 mVday). Included in the

study are: mine site selection, development

of preliminary mining plans, determination of

material movement volumes associated
with the

mining plans for each level of operation,

determination of major environmental problems

expected, discussion of these problems and,

where appropriate, examples to consider for

abatement .

1.1 Environmental Overview

Air, water, topography, wildlife, the

health and safety of workers, and the local

social and economic structure will be

affected by the development of an oil shale

industry. Many effects will be
similar to

those caused by any mining or petroleum

development operation. The scale of opera

tions of an oil shale industry and its con

centration in a relatively small geographic

area will create
greater "local

impacts"

than

are associated with smaller resource extrac

tion and
development operations.

The Piceance Basin, an area of

approximately 2,300 square kilometers (900

square miles), includes the Piceance and

Yellow Creek watersheds. The altitude in the

basin ranges from 1,500 to 2,600 meters

(5,000 to 8,600 feet) above mean sea level.

The climate of the basin is semiarid with an

average annual precipitation of about 43

centimeters (17 inches). Mean annual

precipitation increases with altitude and

ranges from about 29.5 to 64 centimeters

(11.5 to 25 inches). About 60 percent of

the precipitation occurs as snowfall during
November through March. Most of the

remaining precipitation results from spring

and summer thunderstorms.

The surface water and groundwater

systems in the basin are intimately related.

Annual runoff from the basin is about 19 x

10 cubic meters (15,600 acre-feet). About

80 percent of the surface streamflow is

supplied by groundwater discharge (1).

Recharge to the aquifer system is derived

principally from spring snowmelt. Little, if

any, summer rainfall percolates to the

groundwater aquifer except in the alluvium.

Runoff from the basin is affected by evapora

tion, irrigation diversions, and consumptive

use by crops and native vegetation. Stream-

flow depletions from irrigation are about 5.9

x
106

cubic meters/year (4,800 acre-
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feet/year) (1). The periods of lowest flow

occur in spring and summer when irrigation

diversions are greatest. The estimated
7-

day, 20-year low flow on .PiceanceCreek is

232 liters/second (8.2 ft3/s) below Ryan

Gulch (1).

Irrigation return flows and groundwater

discharge affect the quality of surface water

in the basin. The concentration of dissolved

solids ranges from less than 500 mg/1 in the

upper reaches of Piceance Creek to more than

5,000 mg/1 in the lower reaches (1). Water

quality deteriorates in the downstream direc

tion due in part to groundwater discharge

from the Green River and Uinta Formations.

The groundwater system in the basin is

complex but may be visualized as consisting

of two principal aquifer systems separated by
the Mahogany zone (of the Green River Forma

tion) and locally interconnected by fractures

and faults. Groundwater flows from the

margins of the basin toward the north central

part of the basin where it is discharged in

the Piceance and Yellow Creek valleys.

Recharge and discharge from the aquifer

system are estimated to average 32 x
10

cubic meters/year (26,000 acre-feet per year)

(1). Estimates of the volume of water in

storage range from 3 x
109

to 3.1 x
1010

cubic meters (2.5 to 25 million acre-feet),

which represents a significant potential

resource (1).

Sodium minerals in the aquifer below the

Mahogany zone are actively being dissolved by
groundwater. The Mahogany zone impedes the

flow of water between the two aquifer

systems, and large chemical differences have

developed. Water quality in the upper

aquifer system generally degrades with depth

and in the direction of flow. The water can

be classified as sodium bicarbonate water.

The water contains moderate amounts of sul

fate, and the concentrations of chloride and

fluoride are low. Concentration of dissolved

solids averages about 950 mg/1, ranging from

250 mg/1 to more than 2,000 mg/1 (1).

The lower aquifer is classified as

sodium bicarbonate water, with concentrations

of dissolved solids ranging from 2,000 mg/1

in the recharge areas to 30,000 mg/1 in the

north-central area. This water generally has

low concentrations of calcium and magnesium

(7.4 mg/1 Ca, 9.5 mg/1 Mg) and concentrations

of fluoride exceeding 40 mg/1 in the north-

central part of the basin (1).

Alluvial aquifers as thick as 43 meters

(140 feet) and generally less than 0.8

kilometer (0.5 mile) wide are sources of

water in the major stream valleys. Alluvial

water quality is similar to the upper aquifer

(D.

Water quality and availability is a

major concern in the Piceance Basin, particu

larly if the development of an oil shale

industry is to proceed. Because the

groundwater aquifers are the source of most

streamflow and irrigation water in the basin,

degradation of groundwater quality and dis

ruption of aquifer systems is a major

environmental concern. Underground mining

and retorting operations present particular

challenges for the control of pollutants,

while both surface and underground operations

may require
significant pumping for

dewatering, thereby lowering groundwater

levels. Although shale developers are cur

rently planning for zero discharge to

streams, the potential for
pollution of

surface water by suspended solids, oil and

grease, nutrients, toxic
substances and

microbial contamination exists.

Solid waste disposal and surface storage

of spent and raw shale may provide sources of

air and water pollutants through fugitive

dust emissions, surface runoff, and leaching.

Permanent surface disposal of solid wastes

will affect local topography and may be dif

ficult to stabilize and revegetate.
Revege-

tation has been achieved on spent shale in a

number of studies; however, the issue of

whether continuing maintenance will be

required is not settled.

Waste streams associated with a shale

industry may contain hazardous trace sub

stances. In general, little is known about

the hazards of shale-related waste streams.

However, minor amounts of radioactivity will

be released to the atmosphere during mining

and processing, and a trace amount of radon

gas will be released directly.

Noise levels during plant construction

and operation, mining, and operation of sup

porting activities could be locally high if

not properly controlled.

With regard to surface mining and

retorting, if the operation is designed with

proper consideration for the total economic,

environmental, and social system, there is

reason to believe that existing technologies

for the control of residuals will perform

adequately. Perhaps the greatest disruption

to the ecology of the Piceance Basin would

occur as a result of the large growth in the

local human population supporting the shale

industry. The outdoor recreational activ

ities of this population may, in itself,
significantly alter the environment of the

basin.

SECTION 2

MINE LOCATION

2.1 introduction

In order to report on the magnitude of

environmental disturbance which would be

created by surface mining, it was decided to

select an actual site within the basin for

analysis. This approach had the advantage

that volumes of overburden and oil shale

necessary for mining to achieve desired oil

production and the accompanying environmental

analysis would be based on specific actual

conditions in the basin. Selection of an
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actual location facilitated this study but
should not be viewed as a recommendation or

endorsement for development at this particu
lar site.

2.2 Procedure and Site Selection

Initially, outcrop or near-outcrop loca

tions were considered the most likely sites

for study. Unfortunately, no such sites were

located which were believed capable of

supporting a mine as large as 1,000,000

bbl/day. In all cases observed, including
the Suntech site (2), the reserve base was

limited because of a rapid deepening of

reserves from the outcrop. The Suntech study
(2), which was performed for the Bureau of

Mines, produced resource maps which were used

to develop several cross sections of the

basin.

Analysis of the cross sections indicated

a relatively favorable stripping ratio loca

tion approximately 11 kilometers (7 miles)

northeast of the center of the basin (Figure

1). This location is characterized by a

gentle anticline of the underlying oil shale

beds coincident with apparent erosion of

overburden.

Permanent storage of initial pit mate

rial appears to be available at a distance of

approximately 7 kilometers (4.3 miles) north

of the mine site. It is questionable whether

permanent storage is appropriate. If not,

initial pit material could be temporarily
stored above ground near the mine site.

The study area shown in Figure 1 over

which the overburden remains constant or

increases only gradually consists of approxi

mately 130 square kilometers (50 square

miles). Underlying this area is oil shale

300 meters (1,000 feet) thick with an average

grade of 85+ liters of oil per tonne (20+

gallons/ton (excluding leaner strata). This

implies a reserve base.of nearly 50 billion

barrels (7.9 billion nr), which is sufficient

to support a 1,000,000 bbl/day mine for 140

years.

Because of the site's location in and

near the Piceance Creek valley, water is

assumed to be available from the underground

aquifers. The site is, however, more sensi

tive to an effective water control plan

because of its proximity to Piceance Creek.

2.3 Site Characteristics

2.3.1 Overburden/Oil Shale

Characteristics

Profiles of the selected site within the

study area were prepared both across and

along the site (cross sections CC and DD,

Figures 2 and 3). Typical of the basin, the

profiles show overburden, the Mahogany oil

shale stratum, a thin oil-less zone
(B-

groove), and eleven underlying oil shale

strata alternately rich and lean (R-6 to R-l

and L-5 to L-l). Table 1 lists the range of

thickness of the overburden and rich oil

shale strata in the mining area. Table 2

lists the range of oil shale grades (Fisher

assay) for the Mahogany and R-strata.

2.3.2 Site Hydrology

The study site lies north of Piceance

Creek opposite Tract C-b. Both the upper and

lower aquifers may be intersected by the

mining pit, and mine dewatering will have a

significant impact on the hydrologic regime.

Local effects of mining on the groundwater

system would be the most significant

hydrologic impact of the operation.

Dewatering flow rate estimates range

from 5,700 liters/minute (1,500 gpm), which

has been experienced at Tract C-b (3), to

57,000 liters/minute (15,000 gpm) (1).

Groundwater quality and flows have not been

clearly established for the basin, however,
and the figures cited in this study are prin

cipally for purposes of illustrating poten

tial groundwater impacts related to surface

mining. If the latter estimates are true,
excess water will be produced. Several

disposal alternatives are possible: (1)

reinjection, perhaps in northern, more

brackish areas of the aquifer; (2) transfer

to areas of water shortage; (3) treatment and

disposal; or (4) a combination of the above.

Dissolved solids concentrations of the

mine water should be less than 1,000 mg/1 for

the upper aquifer and less than 5,000 mg/1

for the lower aquifer (1). The mine site

will be dewatered by drawing down the

aquifers with pumping of perimeter wells.

Mine discharge will not contact raw shale

rubble. Treatment of all or part of the

excess water would allow utilization for a

variety of purposes and may be the least

disruptive method to obtain water to meet the

demands of an oil shale industry, agricul

ture, and an expanded population. Costs of

this water development strategy have been

estimated to be $0.02 to $0.50/cubic meter

($20 to $600 per acre-foot) depending on the

level of treatment required (4).

Optimal treatment levels for mine water,

and gas condensate and retort water are a

function of mine water production, the retort

processes, and end use. The basic opera

tional philosophy which would ensure

economically and environmentally sound treat

ment and disposal of both solid and liquid

residual streams is that these streams should

remain segregated in treatment and handling
until they are compatible for a common end

use. Following removal of organics and

reduction in inorganic concentration levels,
process waste water quality would be compar

able to mine water.
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TABLE 1. RANGE OF THICKNESS OF STRATA AT MINE STUDY SITE (2)

Stratum

Overburden

Mahogany

B-groove

R-6

R-5

R-4

R-3

R-2

R-l

Max. Thickness

Meters

375 (1,230 ft)

64 (210 ft)

49 (160 ft)

61 (200 ft)

73 (240 ft)

49 (160 ft)

37 (120 ft)

30 (100 ft)

87 (285 ft)

Min. Thickness

Meters

101 (330 ft)

43 (140 ft)

8 (25 ft)

37 (120 ft)

66 (215 ft)

27 (90 ft)

15 (50 ft)

18 (60 ft)

27 (90 ft)

TABLE 2. RANGE OF OIL SHALE STRATA GRADES AT MINE STUDY SITE (2)
(FISHER ASSAY)

Maximum Minimum

Stratum liters/tonne qal/ton liters/tonne aal/ton

Mahogany 117 28 92 22

R-6 100 24 92 22

R-5 133 32 58 14

R-4 125 30 92 22

R-3 92 22 75 18

R-2 125 30 92 22

R-l 108 26 75 18
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SECTION 3

CASE 1 - 100,000 BBL/DAY SURFACE MINE

3.1 Introduction

Case 1 postulates a surface mine in the

area of the study site producing oil shale at

a rate necessary to produce 100,000 bbl/day
(15,800 nr/day) of oil. Several assumptions

have been made, many of them common to the

other surface mines studied.

Assumptions which are common to all

three cases are:

1. The entire mining area is adequately

represented by cross sections CC and

DD (Figures 2 and 3).

2. Data on thickness, depth, and grade

of all strata are primarily from the

Suntech report (2).

3. B-groove stratum above the R-6 is

mined selectively as waste on the

same bench level as the bottom half

of the Mahogany stratum.

4. Mining recovery (within the pit) of

oil shale is 100% and shale oil

recovery is 100% Fisher assay.

5. Initial overburden removed to open

the pit is assumed to be either

permanently stored off-site or

temporarily stored near the mine.

6. Mining benches are 30.5 meters (100

feet) high and 61 meters (200 feet)

wide.

7. Primary crushing of oil shale occurs

at the bottom of the pit.

8. Unimpeded aquifer flow rate through

dewatering is 38,000 liters/minute

(10,000 gpm), treated mine water is

reinjected, and there is zero dis

charge to surface streams.

Specific assumptions for Case 1 used in

developing a mining plan are:

1. Truck and shovel mining is assumed

because it is the current predomi

nant mining method for deep
deposits.

2. Pit floor dimensions are 244 meters

(800 feet) (in the direction of

mining) by 335 meters (1,100 feet).

3.1.1 c*rp 1 - Oil Shale Strata Mined

Overall pit dimensions must be larger

for a deeper pit which requires that both

overburden and ore must be hauled farther and

lifted higher. Haulage capital and operating

costs, which are major cost components of

deep pit mining, increase with depth.

Because deeper pits require more benches,

relatively more ore is lost under the

benches; and, therefore, the effective strip

ping ratio (the ratio of actual overburden to

ore) relative to the in-place ratio of over

burden to ore is higher and total resource

recovery is lower for deeper pits than for

shallow pits.

Surface mining upper strata does not

preclude using underground methods for lower

strata. The incremental cost of mining

deeper reserves by strip mining must be com

pared to the cost of development by under

ground methods which include modified in-situ

and underground mining. The cost of under

ground mining also increases with depth, but

probably at a slower rate than surface

mining.

For these reasons, detailed economic

evaluations should be made to determine

whether surface mines to the bottom of the

oil shale strata are appropriate. This study

assumed for both the 100,000 and 400,000

bbl/day (15,800 and 63,200 m3/day) study

mines that only the Mahogany and R-6 strata

are surface mined. The bottom of the R-6

makes a convenient cutoff point because it

abuts the low-grade L-5 stratum which might

require a difficult wasting operating for a

layer of interburden ranging in thickness

from 18 to 60 meters (60 feet to 200 feet)
and averaging 46 meters (150 feet).

3.2 Mining Plan

Figures 4 and 5 show plan and section

views of a hypothetical mature truck and

shovel pit capable of producing 100,000

bbl/day (15,800
m3

day). After the initial

pit is opened, overburden is mined on

benches, 30.5 meters high, 61 meters wide

(100 feet high, 200 feet wide) carried along

the bench, and backstacked in the original

sequence. Oil shale is carried along the

bench to chutes for transport to the bottom

of the pit where it is subjected to primary

crushing. Then it is loaded on trucks and

hauled out of the pit to retorting facilities

assumed to be 1.6 kilometers (1 mile) from

the pit. B-groove material, which is inter

burden, is conveyed to the bottom of the pit

and used to form the permanent pit floor.

Spent shale is returned to the pit directly
from the retort by truck, dumped, wetted, and

compacted. Table 3 lists pertinent annual

mining statistics for the mature operation.

The effective stripping ratio of 4

tonnes waste/tonne oil shale for this opera

tion is primarily a function of the size of
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the pit, which was designed to remain in low

overburden and to maintain short haul dis

tances. However, the narrowness of the pit

is inefficient from the standpoint of

resource recovery because relatively large

amounts of oil shale are left under the

development benches as the mine advances. A

wider pit, even at the cost of significantly

increasing average overburden height, would

reduce the stripping ratio (see Case 2)
because of a proportionately smaller amount

of ore being lost under the mine benches.

* Pit width optimization is a matter of

balancing benefits of decreasing the strip

ping ratio against the increased hauling
costs required for a wider pit. Figure 2

shows the outline of all three study mines on

section CC.

3.3 Mining Equipment Required

Table 4 lists the major mining equipment

estimated to be required for the Case 1 mine.

In addition, numerous support equipment

will be required including scrapers, graders,

front-end loaders, and miscellaneous vehicles

and equipment. Fuel consumption of the sup
port equipment is estimated to be an addi

tional 1,900 liters/hour (500 gallons/hour).

In addition, approximately 53,000 tonnes/year

(58,000, tons/year) of amonium nitrate and

fuel oil (ANFO) are required for blasting.

3.4 Reclamation

Backfilling the pit area would be per

formed by selective placement of the over

burden and compacted spent shale in the

original strata sequence. All spent shale

would be returned to the pit. The shale

would be moistened and compacted for cementa

tion in layers about 46 centimeters (18

inches) thick. The return of the compacted

spent shale to its approximate original posi

tion should provide a relatively impermeable

zone between the upper and lower aquifer

systems. In this sense the groundwater

system would be returned to pre-mine condi

tions. This restoration of the aquifer is,

of course, contingent upon the impermeability

of the compacted spent shale to leaching.

Laboratory and field compaction tests on

spent shale have indicated that permeabil

ities as low as
10"'

cm/s can be obtained

(5). Others (6, 7) have found that spent

shale cannot always be made impermeable.

Returning the spent shale to its original

stratigraphic position juxtaposed to the

Mahogany Zone and associated Bird's Nest

aquifer would place much of the waste mate

rial possibly including solid residuals,

catalysts, chemicals, sewage and
refinery-

type sludge below the static water table.

Given enough time, the spent shale would

become saturated. Leaching will occur

through this material relative to the degree

of permeability and the significance of

occurrence of fracturing or other conduit

formation.

Miscellaneous solids residuals, such as

catalyst and chemicals, sewage, sludges, may

be produced at a rate of about 5 percent that

of spent shale, or about 6,850 tonnes/day

(7,550 tons/day). Products in this waste

stream from which no secondary benefits can

be derived will have to be disposed of in

conformance with federal and state regula

tions. One possibility may be to isolate the

material between layers of compacted spent

shale in the pit.

Topsoil would be salvaged during the

mining operation and replaced on reclaimed

land. Revegetation would be achieved with

native species or beneficial introduced

species.

Continuous backfilling and reclamation

during mining operations will minimize mate

rial exposure times. All material will be

returned to the pit with the exception of

122,000,000 cubic meters (160,000,000 cu.

yds.) of overburden removed during the ini

tial pit development. Because it is antic

ipated that waste and spent shale will occupy

more volume after disturbance, reclaimed land

will be higher than the original contour.

Side slopes of the reclaimed land surface

must be planned so that surface runoff is

controlled to minimize leaching of the spoil

and erosion of the surface.

Two alternatives are available for

filling the final pit. The initial pit over

burden can be stored in the area of the

initial pit and at the end of mining be

transported to the final pit for fill. Along
cross section DD, the mine life will be 45

years and the final pit will be 21 kilometers

(13 miles) from the initial pit. The advan

tages of this approach are short haul

distances for development of the pit and

possibly postponement of reclamation costs

for many years. Both of these advantages are

significant financially because of their

favorable impact in the early stages of

mining. The disadvantage is that much longer

haul distances are required for the initial

overburden to locate it in the final pit.

This might be mitigated somewhat by avail

ability of hauling equipment for which no

other use exists because of cessation of

mining .

Another alternative is to permanently

store the initial overburden about 11 kilom

eters (7 miles) from the site on rugged

terrain and to withhold a portion of over

burden spoil as mining approaches the area of

the final pit, stockpile it, and use to fill

the final pit. There should be adequate

spoil available because of both overburden

and spent shale swell. This alternative

could disrupt production procedures and may

require additional trucks. But it would

decrease the distance necessary to haul fill

for the final pit.

Consideration has been given to simply

leaving the final pit as a typical open pit

mine after covering backfilled spent shale

with adequate overburden. Adaptation of the

pit to a demonstrable beneficial resource

(e.g., recreation) could be required by
reclamation regulations. Careful planning
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TABLE 3. MINING STATISTICS - CASE 1, MATURE PIT

Overburden - thousand tonnes/day (thousand tons/day) 646 (711)

Interburden - thousand tonnes/day (thousand tons/day) 13 (14)

Total Spoil - thousand tonnes/day (thousand tons/day) 659 (725)

Oil Shale - thousand tonnes/day (thousand tons/day)

Oil Shale -

average grade, liters/tonne igallc

Shale Oil - thousand bbl/day (thousand m /day)

161 (178)

Oil Shale -

average grade, liters/tonne igallons/ton) 98.6 (23.6)

Stripping Ratio - tonnes spoil/tonne oil shale

Mining Advance -

meters/year (feet/year)
Surface Disturbance - hectares/year (acres/year)

100 (15.8)

4:1

432 (1420)
62 (153)

TABLE 4. CASE 1 MAJOR MINING EQUIPMENT

Type Size

Number

Required

Power

D-diesel

fuel

E-electric

Shovels 23 cubic meters

(30 cubic yards)

15 E

End-dump

Trucks

155 tonnes

(170 tons)

150 D

Bulldozers 3x10 joules/
second

(740 horsepower)

50 D

Rock

Drills

25 centimeters

(9.75 inches)

6 E

Diesel Fuel

Consumed

Qiters/hr) (oallons/hrl

n/a

18,200

2,800

4,810

740

n/a
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will be required to ensure that the final

configuration of the reclaimed pit has

minimal adverse impact on groundwater levels,
quantity, and quality in the basin.

3.5 Water Management

Table 5 lists the inorganic salt concen

trations of the upper and lower aquifers. It

also compares the salt concentrations of

these aquifers with the TOSCO wastewater.

Upon comparison, it appears that if the

wastewater from the TOSCO process were

treated to remove organic contaminants (and

possibly some metals and inorganic

contaminants) , the remaining water poten

tially could be used or reinjected into the

lower aquifer. A water management plan as

depicted in Figure 6 would result.

Within economic constraints, this plan

suggests that wells are drilled into the

aquifers such that only sufficient water is

allowed to enter the pit through fractures in

the walls to maintain low dust levels. If

the remaining water is treated to remove

salts it could be sold to process developers.

The water could also be reinjected into the

surrounding aquifers to help maintain

groundwater levels.

If the assumed aquifer flow rate of

38,000 liters/minute (10,000 gpm) is

realized, and if oil shale processing

requires 3 barrels of water per barrel of

shale oil produced (a high estimate) , then

the aquifer water would be sufficient to

provide the required water for 100,000

bbl/day of shale oil, and minimal use of

surface water would be required by this

operation.

3.6 Dust

A recent EPA report titled "Environ

mental Perspective on the Emerging Oil Shale
Industry"

(9) lists five estimates of

atmospheric particulate emissions from oil

shale mining. In terms of tonnes of dust per

tonne of oil shale mined, these estimates

vary from 1.2 x
10~4

to 6.3 x 10 J,
wide range.

a very

As a source of dust generated during

mining and processing, limestone is a rela

tively high producer. EPA has studied

limestone emissions, reported in "Source

Assessment: Crushed Limestone, State of the
Art"

(10) and published the data shown in

Table 6 relating mass particulate emissions

from limestone to various stages of mining

and processing operations. Total limestone

dust emissions of 3.5 grams/tonne are equiva

lent to 3.5 x 10 tonnes of particulates per

tonne of ore mined.

Assuming similar dusting characteristics

for oil shale (which is dolomitic marlstone),

Table 7 is constructed. Predicated on the

above assumption, a 100,000 bbl/day surface

mine would emit 2.13 tonnes (2.35 tons) of

particulate dust per day with partial con

trols (primarily on roads). The principal

source of dust would be vehicular traffic

between the pit floor and plant and reclama

tion areas.

3.7 Environmental Summary-Case 1

Impacts on air quality at the mine site

could result from dust generation and gaseous

emissions from mining equipment. Data from

comparable limestone operations were

extrapolated, with the associated degree of

uncertainty, and indicate particulate dust

emissions of 2.13 tonnes per day (2.35

tons/day). The principal source of dust

results from vehicular traffic. Fuel con

sumption by mining and support equipment is

estimated to be 550,000 liters (145,000

gallons) of diesel fuel per day. Based on

emission data (Table 8) this would result in

the following diesel engine emission rates

per day:

S02 3.4 tonnes/day (3.7 tons/day)

N02 7.4 tonnes/day (8.1 tons/day)

Aldehydes 0.7 tonnes/day (0.8 tons/day)
and Ketones

Total 13.5 tonnes/day (14.9 tons/day)

Hydrocarbons

Total 8.1 tonnes/day (8.9 tons/day)
Particulates

The 100,000 bbl/day operation may not

have a large impact on water resources, but

drawdown of groundwater in the vicinity of

the pit would result from dewatering. Oil

shale processing water requirements (3 bbl

water/bbl shale oil or 33,100 liters (8,750

gallons) per minute water) would be provided

by the dewatering operation which produces

38,000 liters/minute (10,000 gpm). Excess

water would be treated and sold or rein

jected, with zero discharge to streams. Com

parison of salt concentrations in TOSCO

wastewater and aquifer water indicate that it

may be possible to treat the process waste

water and reinject it into the lower aquifer.

Surface environmental impacts would be

minimized by compacting spent shale and

residual solids in the pit beneath replaced

overburden. Continuous backfilling and

reclamation, with topsoil material replace

ment, would limit disturbed surface exposure

to about 62 hectares (153 acres). Overburden

from initial pit development (122,000,000

cubic meters) (160,000,000 cubic yards) would

be stored and revegetated off-site, with

possible subsequent transport of some of the

material to fill the final pit.

During the 45 year mine life, 4,050 -

8,100 hectares (10,000 - 20,000 acres) would

be altered by mining and ancillary activi

ties. This could have a large impact on

zoological species in and adjacent to the

area. The significance of this impact beyond

relocation of local populations is unknown

and requires further study. Vegetative dis-
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TABLE 5. WATER QUALITY: UPPER AND LOWER AQUIFERS

AND TOSCO WASTEWATER

(mg/1)

Inorganics

Ca

Bicarb

Carbonate

CI

TDS

Fl

Mg

Na

Sulfate

K

Aqui

Upper

(mean

fer (1)
Lower

values)

TOSCO (8)
Wastewater

50 7.4 280

550 9,100 100

n/a n/a 360

16 690 570

960 9,400 3,100

1.4 28 <1

60 9.5 100

210 3,980 670

320 80 850

1.5 11 <1

Organic Sludge

Waste Water

Treatment

(to remove organ ics)
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Oil Shale Complex
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Manifold
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TABLE 6. MASS EMISSIONS FROM VARIOUS OPERATIONS IN THE

CRUSHED LIMESTONE INDUSTRY (10)

Operation

Drilling

Blasting

Loading at the quarry

Vehicular traffic

Primary crushing

Primary screening

Secondary crushing

Secondary screening

Conveying

Stockpile

Unloading at stockpile

Total

Particulates

(grams particulate/ ,

tonne limestone) +*

0.11

0.075

0.0015

2.3

0.56

0.0016

0.14

0.0009

0.32

nil

nil

3.5

1/ Parts per million or pounds per million pounds.

TABLE 7.

Operation

ESTIMATED DUST EMISSIONS FROM VARIOUS OIL

SHALE SURFACE MINING OPERATIONS - CASE 1

Particulate

Rock Processed Dust Emissions

(000 tonnes/day) (000 tons/day) (tonnes/ day) (tons/day)

820 1/

820 1/

820 1/

820 1/

161*/

161 2/

- V

_ 3/

- V

_ 3/

903

903

903

903

178

178

Drilling

Blasting

Loading at the pit

Vehicular traffic

Primary crushing

Primary screening

Secondary crushing

Secondary screening

Conveying

Stockpile

Total

1/ Total rock mined
-

overburden and oil shale

2/ Oil shale only

3/ Retorting process
-

not applicable to this study

0.09 0.10

0.06 0.07

nil nil

1.89 2.08

0.09 0.10

nil nil

2.13 2.35
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ruption would be temporally shorter, and

native or introduced species should adapt to

the reclaimed area within a reasonable time.

Vehicular energy requirements would be

0.035 bbl diesel fuel/bbl shale oil.

Approximately 1.5 kg (3.3 lb) of ANFO per

barrel of shale oil would be required for

blasting.

SECTION 4

CASE 2 - 400,000 BBL/DAY SURFACE MINE

4.1 Introduction

Case 2 is a 400,000 bbl/day (63,200

irr/day) surface mine in the study site area.

In addition to the general assumptions made

for all study cases (Sec. 3.1), the specific

assumptions for Case 2 are:

(1) Truck or enclosed conveyor and

shovel mining

(2) Pit floor dimensions are 245 meters

(800 feet) by 1,435 meters (4,700

feet) .

(3) Mahogany and R-6 oil shale strata

only are mined.

Except for the option of enclosed con

veyors instead of trucks, Case 2 is an exten

sion of Case 1 to a larger scale. The life

of the Case 2 mine in the study area is 35

years.

in proportion to the stripping ratios for the

two cases. On the other hand, the number of

trucks per unit of shale oil for the truck

haulage operation is greater in spite of the

25% reduction in stripping ratio because of

longer haul distances.

Support equipment is estimated to

increase fuel consumption an additional 8,300

liters/hour (2,200 gallons/hour). Approxi

mately 164,000 tonnes/year (180,000

tons/year) of ANFO are required for blasting.

4.4 Reclamation

Reclamation for Case 2 would be the same

as Case 1 except on a larger scale. The

amount of initial pit overburden which must

be stored permanently or temporarily is

279,000,000 cubic meters (336,000,000 cu.

yds.). The same options regarding the final

deposition of the initial pit overburden are

available for Case 2 as for Case 1.

4.2 Mining Plan

The mining plan for Case 2 is substan

tially the same as for Case 1. Overburden is

mined on 61-meters wide (200-ft.) benches,

carried along the benches, and backstacked in

the original sequence. Oil shale is carried

along the bench by trucks or conveyors to

chutes where it is transported to the bottom

of the pit for primary crushing (for which

the requirements are greater for the conveyor

operation). Then it is loaded on trucks or

conveyors and hauled out of the pit to the

retort. As in Case 1, B-groove material is

conveyed to the bottom of the pit and used

for the permanent pit floor. Spent shale is

returned and dumped, wetted and compacted on

the pit floor. Table 9 lists pertinent annual

mining statistics for the mature operation.

The stripping ratio of 3:1 for Case 2 is

25% less than Case 1 notwithstanding an

increase of approximately 10% in overburden

thickness (see Figure 2) because of increased

resource recovery associated with the wider

Case 2 pit.

4.3 Mining Equipment Required

Table 10 lists the major conventional

mining equipment estimated to be required for

the Case 2 mine.

The number of shovels per unit of shale

oil output is less for Case 2 than for Case 1

4.5 Water Management

Aquifers intercepted by the pit in Case

2 are the same as those for Case 1. The

water management plan would be similar to

Case 1 (Figure 6). Water usage requirements

for the 400,000 bbl/day operation would,

however, be 132,000 liters/minute (35,000

gallons/minute) based on 3 bbl of water/bbl

of shale oil. Groundwater pumping in addi

tion to the pit dewatering operation may be

required to meet the water needs. Since the

quality of the waters will be similar to Case

1, post-use treatment and disposal would be

the same.

4.6 Dust

Table 11 lists estimated dust particu

late emissions for the Case 2 truck haulage

operation. These estimates are based

primarily on the methodology used in Case 1

(Table 2) with a significant adjustment for

dust generated by vehicular traffic because

of that source's predominant proportion of

total emissions generated. If the methodol

ogy of Case 1 were adhered to, the increase
in dust from vehicles for Case 2 over Case 1

would be a factor of 3:1. Because of the

larger pit for Case 2 and longer haul dis

tances, Case 2 requires an estimated 650

trucks compared to Case l's requirement of

150, a ratio of 4.3:1. It seems more

reasonable to assume that dust generated by
vehicles will depend more directly on the
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TABLE 8. TYPICAL DIESEL FUEL EMISSIONS (11)

grams/gram diesel fuel

so2 0.0075

N02 0.0165

Aldehydes and Ketones 0.0016

Total Hydrocarbons 0.030

Total Particulates 0.018

Diesel = 820 grams/liter (S.G. =
.82)

TABLE 9. MINING STATISTICS - CASE 2, MATURE PIT

Overburden - thousand tonnes/day (thousand tons/day)
Interburden - thousand tonnes/day (thousand tons/day)

Total Spoil - thousand tonnes/day (thousand tons/day)

Oil Shale - thousand tonnes/day (thousand tons/day)

Oil Shale -

average grade, liters/tonne igallons/ton)
Shale Oil - thousand bbl/day (thousand m /day)

Stripping Ratio - tonnes spoil/tonne oil shale

Mining Advance
-

meters/year (feet/year)

Surface Disturbance - hectares/year (acres/year)

1,855 (2,040)

47 (52)
1,902 (2,092)

652 (719)
97.4 (23.4)
400 (63.2)

3:1

562 (1,843)
153 (378)

TABLE 10. CASE 2 MAJOR MINING EQUIPMENT

Type Size

Number

Required

Power

D-diesel

fuel

E-electric

Diesel Fuel

Consumed

( liters/hr) (aallons/hr)

Shovels 23 cubic meters

(30 cubic yards)

45 E n/a

End-dump
Trucks

155 tonnes

(170 tons)

650 D 78,700 20,820

Conveyors n/a

Bulldozers
3xl05

joules/
second

(740 horsepower)

220 D 12,500 3,305

Rock

Drills

25 centimeters

(9.75 inches)

20 E n/a
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TABLE 11. ESTIMATED DUST EMISSIONS FROM VARIOUS OIL SHALE SURFACE

SURFACE MINING OPERATIONS - CASE 2, TRUCK HAULAGE

Particulate

Rock Processed Dust Emissions

Operation (000 torines/day) (0130 tons/day) (tonnes/ da^f) (tons/day)

Drilling 2,,554 1/ 2 ,810 0.28 0.31

Blasting 2 ,554 1/ 2,,810 0.19 0.21

Loading at the pit 2,,554 1/ 2,,810 nil nil

Vehicular traffic 2,,554 1/ 2,,810 8.13 8.94

Primary crushing 652 V 719 0.37 0.41

Primary screening 652 2/ 719 nil nil

Secondary crushing
- V - - -

Secondary screening
- V - - -

Conveying
- V - - -

Stockpile - V - - -

Total 8.97 9.87

I* Total rock mined
-

overburden and oil shale

*/ Oil shale only

3/
Retorting process

-

not applicable to this study
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number of operating vehicles than on the

production tonnage. Therefore, vehicular

dust for Case 2 was assumed to be 4.3 times

that for Case 1. An estimated 8.97 tonnes

per day (9.87 tons/day) of dust particulates

would be emitted, of which 91% is attrib

utable to vehicular traffic.

Because of substantial reduction in

vehicular traffic, enclodes conveyor haulage

of shale and overburden produces signifi

cantly less dust than truck haulage. We have

assumed a reduction of 85% in the emission

factor listed in Table 6 for vehicle-

generated dust for the conveyor haulage

option, and added a conveyor-mining emission

source (10). Table 12 lists the estimated

particulate dust emissions for the Case 2

enclosed conveyor option.

4.7 Summary
- Case 2 Environmental Impacts

Air quality impacts of the 400,000

bbl/day operation were estimated using sub

stantially the techniques of Case 1. Dust

emissions for the 400,000 bbl/day truck

haulage operation are estimated to be 8.97

tonnes/day (9.87 tons/day). Using enclosed

conveyors for haulage instead of trucks

reduces particulate emissions 72% to 2.54

tonnes/day (2.80 tons/day).

For the truck haulage operation, fuel

consumption by mining equipment is estimated

to be 2,390,000 liters (630,000 gallons) of

diesel fuel per day. Based on the emission

data of Table 8, this would result in the

following diesel engine emission rates per

day:

SO-

NO-

14.7 tonnes/day (16.2 tons/day)

32.3 tonnes/day (35.5 tons/day)

Aldehydes 3.1 tonnes/day (3.4 tons/day)

and Ketones

Total 58.8 tonnes/day (64.7 tons/day)

hydrocarbons

Total 35.3 tonnes/day (38.9 tons/day)

particulates

Emissions from diesel-operated equipment

would decrease by 79% for the enclosed

conveyor operation because primary haulage

equipment would be electrically powered.

Water requirements of the 400,000

bbl/day operation could have a considerable

effect on the groundwater regime of the upper

Piceance basin. Treatment and disposal to

Piceance Creek may be required to maintain

pre-mine flow rates. Groundwater levels

would be lower over a larger area (10-12

times) of the upper basin than in Case 1.

Treatment and disposal of process water would

be similar, although greater in magnitude, to

that for the 100,000 bbl/day operation.

The disposal and reclamation of over

burden, spent shale and residual solids for

Case 2 would be similar to Case 1. The

disturbed surface exposure for the 400,000

bbl/day operation would be about 153 hectares

(378 acres). Off-site storage would be

required for 279,000,000 cubic meters

(336,000,000 cubic yards) of initial pit

overburden.

Vehicular energy requirements would be

0.038 bbl of diesel fuel per bbl shale oil

for the truck haulage operation and 0.008 bbl

of diesel fuel per bbl of shale oil for the

conveyor haulage operation. Approximately
1.2 kg (2.6 lbs) ANFO/bbl shale oil would be

required for blasting.

SECTION 5

CASE 3 - 1,000,000 BBL/DAY SURFACE MINE

5.1 Introduction

Case 3 is a 1,000,000 bbl/day (158,000

m3/day) surface mine in the study area and

differs in two important respects from both

Cases 1 and 2: mining equipment and strata

mined. In addition to the general

assumptions made for all case studies (Sec.

3.1), the specific assumptions for Case 3

are:

(1) Enclosed conveyor/shovel mining.

(2) All rich oil shale strata down to

the R-l stratum are
mined.^

(3) Pit floor dimensions are 244 meters

by 3,500 meters (800 feet by 11,600

feet) .

(4) Mine life is 100 years.

1/ This study does not consider processing of

the lean shale zones. It may, however, be

feasible to process these zones either for

the shale oil only or for the shale oil

and
associated minerals such as nahcolite

and
dawsonite. In this study, B-groove

and zones L5-L1 are considered
mter-

burden.
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TABLE 12. ESTIMATED DUST EMISSIONS FROM VARIOUS OIL SHALE

SURFACE MINING OPERATIONS
- CASE 2,

ENCLOSED CONVEYOR HAULAGE

Particulate

Rock Processed Dust Emissions

Operation (000 tonnes/day) (000 tons/day) (tonnes/ day) (tons/day)

Drilling 2 ,554 1/ 2 ,810 0.28 0.31

Blasting 2 ,554 1/ 2,,810 0.19 0.21

Loading at the pit 2,,554 1/ 2,,810 nil nil

Conveying-Mining 2,,554 1/ 2,,810 0.82 0.90

Vehicular traffic 2,,554 l/,4/ 2,,810 0.88 0.97

Primary crushing 652 2/ 719 0.37 0.41

Primary screening 652 2/ 719 nil nil

Secondary crushing
- 3/ - - -

Secondary screening
- V - - -

Conveying
- 3/ - - -

Stockpile - V - - -

Total 2.54 2.80

^ Total rock mined
-

overburden and oil shale

*/ Oil shale only

2/

Retorting process
-

not applicable to this study

M Reduced emission factor listed in Table 6 by
85% because of no truck haulage
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5.1.1 Shovel /Conveyor Mining

For Case 3, the mining method selected

is electric power shovels loading both over

burden and oil shale into feeder-breakers

which, in turn, load onto conveyor belts.

This method was selected principally because

the scale of this mine would cause very large

traffic congestion problems for a truck/
shovel operation.

5.1.2 Oil Shale Strata Mined

As in Cases 1 and 2, overburden is mined

and carried along the mining benches and

backstacked in the original sequence. The

dimensions of the mining benches are the same

as the previous cases: 30.5 meters high by
61 meters wide (100 feet high by 200 feet

wide). Overburden, interburden, and oil

shale are conveyed along the benches to main

lines. Overburden and oil shale are conveyed

out of the pit: oil shale to the retort and

overburden to the backstack area. Inter

burden is conveyed to a position on top of

the compacted spent shale. Spent shale is

conveyed from the retort back to the pit

bottom, and is wetted and compacted.

Table 13 lists pertinent mining statis

tics for Case 3. The average stripping ratio

is 1.35 tonnes of overburden per tonne of oil

shale. The improved stripping ratio is a

result of mining the deeper oil shale strata

and improved resource recovery because of a

wider pit. These two factors overcome the

effect of increasing overburden thickness.

5.2 Mining Equipment Required

Table 14 lists the major conventional

mining equipment estimated to be required for

Case 3.

Support equipment would add an estimated

30,300 liters/hour (8,000 gallons/hour) of

fuel consumption. Approximately 273,000

tonnes/year (300,000 tons/year) of ANFO are

required for blasting.

5.3 Reclamation

Other than scale, the major reclamation

difference between Case 3 and the previous

cases is that compacted and wetted spent

shale is placed directly on the pit floor,

and interburden which is primarily lean oil

shale is stacked above the spent shale.

Overburden is placed on top of the inter

burden. All transportation is provided by

conveyors and compaction is done by dozers.

Initial pit overburden and interburden,

which must be permanently or temporarily

stored is 2,388,000,000 cubic meters

(3,129,000,000 cu. yds.)
-

a very large

amount.

5.4 water Management

Open pit operations for the 1 million

bbl/day production requires mining to depths

of 725 meters (2,400 feet). Water require

ments for Case 3 are 331,000 liters/minute

(87,500 gallons/minute based on 3 bbls

water/bbl shale oil. Because of the pit

debth, aquifier systems above and below the

mahogany zone will be impacted and demetered

to some extent.

5.5 Dust

Table 15 lists estimated dust emissions

from the Case 3 mine based on the same

methodology used for the Case 2 conveyor

operation. The vehicular emission factor

(Table 6) has been reduced by 85% to account

for the absence of truck haulage, and a
con-

veying-mining function has been added because

of the substitution of conveying for truck

haulage.

The elimination of truck haulage, the

major contribution to dust emissions, could

reduce the estimated levels of dust for Case

3 to slightly more than twice the level of

Case 1, although the shale oil production of

Case 3 is ten times and the total rock mined

is five times that of Case 1.

5.6 Summary-Case 3 Environmental Impacts

Estimates of dust emissions for Case 3

are 4.53 tonnes/day (4.98 tons/day). Fuel

consumption by mining equipment is estimated

to be 1.82 x
106

liters (480,000 gallons) of

diesel fuel/day. Based on emission data

(Table 8), this would result in the following
emission rates per day:

SO*

NO

IL 2 tonnes/day (12.3 tons/day)

24.6 tonnes/day (27.1 tons/day)

Aldehydes 2.4 tonnes/day
and Ketones

Total

hydrocarbons

Total

particulates

(2.6 tons/day)

44.8 tonnes/day (49.3 tons/day)

26.9 tonnes/day (29.6 tons/day)

The 1,000,000 bbl/day open pit operation

would have major impacts on the water

resources in the upper basin. The stratified

pre-mining local geology would be replaced by
a more or less homogeneous medium after

backfilling. The interface between the upper

and lower, more saline, aquifer would thereby
be removed. Also, without substantial

pre-

treatment and maintenance of flow to Piceance

Creek, the quantity and quality of surface

water in the lower basin would be reduced.

Many of the potential impacts on the

hydrology of the basin could be irreversible,
but with proper design and control, , many of

these impacts can be kept to a minimum.

Surface environmental impacts of the

1,000,000 bbl/day operation might not be as

significant as other impacts. Spent shale

and residual solids would be buried at the
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TABLE 13. MINING STATISTICS - CASE 3, MATURE PIT

Overburden - thousand tonnes/day (thousand tons/day)

Interburden - thousand tonnes/day (thousand tons/day)

Total Spoil - thousand tonnes/day (thousand tons/day)

Oil Shale - thousand tonnes/day (thousand tons/day)

Oil Shale -

average grade, liters/tonne igallons/ton

Shale Oil - thousand bbl/day (thousand nr/day)

Stripping Ratio - tonnes spoil/tonne oil shale

Mining Advance
-

meters/year (feet/year)

Surface Disturbance
- hectares/year (acres/year)

1,715 (1,886)

740 (814)

2,455 (2,700)

1,822 (2,004)

87.4 (21.0)

1,000 (158)

1.35:1

189

120

(620)

(297)

TABLE 14. CASE 3 MAJOR MINING EQUIPMENT

Type Size

Number

Required

Power

D-diesel

fuel

E-electric

Shovels 23 cubic meters

(30 cubic yards)

80 E

Bulldozers
3xl05

joules/
second

(740 horsepower)

800 D

Rock

Drills

25 centimeters

(9.75 inches)

32 E

Conveyors/
Feeder-

breakers

E

Diesel Fuel

Consumed

(liters/hr) fgallons/hr)

n/a

45,400

n/a

n/a

12,010

TABLE 15. ESTIMATED DUST EMISSIONS FROM VARIOUS OIL

SHALE SURFACE MINING OPERATIONS
- CASE 3

Particulate

Rock Processed Dust Emissions

Operation (000 torines/dayli (000 tons/day) (tonnes/ day) ( tons/day)

Drilling 4,277 1/ 4,704 0.47 0.52

Blasting 4,277 1/ 4,704 0.32 0.35

Loading at the pit 4,277 1/ 4,704 0.01 0.01

Vehicular traffic 4,277 I/ri/ 4,704 1.37 1.51

Primary crushing 1,822 2/ 2,004 1.48 1.63

Primary screening 1,822 2/ 2,004 nil nil

Secondary crushing
- V -

-
-

Secondary screening
- V -

-
-

Conveying
- V -

-
-

Stockpile
- V -

-
-

Total

^ Total rock mined
-

overburden and oil shale

*/ Oil shale only

2/

Retorting process
-

not applicable to this study

4/ Reduced emission factor listed in Table 6 by 85%
because of no truck haulage

4.67 5.14
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Pit floor. Reclamation activities would

limit disturbed surface exposure to 120

hectares (296 acres); less than that for the

400,000 bbl/day operation due to the deeper

pit. Storage requirements for initial pit
interburden and overburden would be sub

stantial, 2,388,000,000 cubic meters (10

square miles to a depth of 300 feet).

A substantial relocation of zoologic

species could occur directly from mining and

from the large influx of mine and support

personnel. Vehicular energy requirements

would be 0.011 bbl diesel fuel/bbl shale oil.

Electric powered conveyors would be the major

energy consumers in production. Since these

would not be conventional equipment, quanti

fied energy requirements are not available.

Approximately 0.8 kg (1.7 lb) ANFO per bbl

shale oil would be required for blasting.

SECTION 6

SUMMARY

Analysis of the projected impacts of

surface mining at the levels of 100,000

bbl/day, 400,000 bbl/day, and 1,000,000

bbl/day indicates that the scale of the

mining operation plays an important role in

pollutant generation and environmental

impacts. Truck and shovel mining may be well

suited for smaller operations, but truck

transport may become unmanageable in Cases 2

and 3. Reclamation activities also present

some unanswered questions based on the scale

of the projected mines and amounts of mate

rials to be moved, stored, and replaced.

Water-related impacts appear to be mini

mal for the Case 1 mine with only some local

dewatering taking place. At the Case 2 and 3

levels, water requirements for mining,

retorting, and spent shale disposal exceed

projected mine dewatering rates. In this

situation, additional damage may result in

area or basin-wide groundwater depletion and

aquifer mixing.

Particulate emissions are generated pri

marily by haul road traffic and diesel engine

exhaust. Consider using conveyers instead of

trucks for Case 2 yields a reduction of

approximately 7 tons/day of dust emissions

and 30 tons/day of diesel engine particu

lates. The most promising areas for improve

ment in levels of particulate emissions

appear to be in reducing truck traffic and in

improving the emission characteristics of

diesel engines.

Economies of scale, both with respect to

output and final pit depth are not apparent.

In view of the relatively favorable environ

mental impacts associated with smaller opera

tions, detailed economic evaluations of mine

size should be performed to determine the

appropriate scale of operations.

REFERENCES

1. Weeks, John B., George H. Leavesley,

Frank A. Welder, and George Saulinier,

Jr., "Simulated Effects of Oil Shale

Development on the Hydrology of Piceance

Basin,
Colorado,"

Geological Survey Pro

fessional Paper 908, 1974.

2. "Technical and Cost Evaluation of Candi

date Large-scale Open Pit Oil Shale

Mining Methods in
Colorado,"

Suntech,

Inc., for U.S. Bureau of Mines, Contract

No. 50241046, July 1976.

3. Miller, Glen A., telephone communication

to Arnold H. Pelofsky, June 23, 1981.

4. Office of Technology Assessment, An

Assessment of Oil Shale Technologies.

Washington, DC, June 1980.

5. Heistand, R. N., and W. G. Holtz,

"Retorted Shale
Research,"

13th Oil

Shale Symposium Proceedings, Colorado

School of Mines, 1980.

6. Harbert, H. P., and W. A. Berg,
Vegeta-

t-ivp stabilization of Spent Oil Shale,

EPA-600/7-021, 1978.

7. Nevers, T. D., et alf Predicted Cost

of Environmental Controls for a Com

mercial Oil Shale Industry, Vol. lf
D.R.I. , University of Denver, Report

C00-5107-1, prepared for U.S. Department

of Energy, July 1979.

8. Crawford, K. W., et al, A Preliminary
Assessment of the Environmental Impacts

from Oil Shale Developments f Table 3-11,

EPA-600/7-77-069, July 1977.

9. Bates, Edward R., and Terry L. Thoem,

Editors, Environmental Perspec

tive on the Emerging Oil Shale Industry,
Table 3-1, EPA-600/2-80-205a, 1980.

10. Chalekode, P. K., T. R. Blackwood, and

S. R. Archer, Source Assessment:

Crushed Limestone. State of the Art.

Table 1, EPA-600/2-78-004e, April 1978.

11. Stern, A.C. t al. Fundamentals of Air

Pollution. Academic Press, 1973.

251



INSTRUMENTATION AND DATA ANALYSIS FROM OCCIDENTAL RETORTS MR-3 AND MR-4

P. J. Hommert

Sandia National Laboratories

Albuquerque, New Mexico 87185

ABSTRACT

During 1981, Occidental Oil Shale, Inc., con

ducted two approximately 12 m x 12 m x 16 m vertical

modified in situ retorting experiments designated

MR-3 and MR-4. These retorts were run to develop ig

nition technology for their commercial size retorts

7 and 8. Sandia National Laboratories participated

in the experiments by providing both thermal instru

mentation and a computer based data acquisition and

analysis system. An analysis approach utilizing both

thermal data and material balance calculations based

on offgas composition was applied to both retorts.

Results indicate that the analysis tools used can

provide a detailed assessment of retort performance.

Thermal instrumentation provides detail about the

structure of the retort front. Material balance

calculations permit estimates of retorting rates and

oil loss mechanisms such as coking and combustion.

The sweep efficiencies were estimated to be 76% for

MR-3 and 48% for MR-4. Oil loss to combustion in

the two retorts were 35% and 29% of Fischer Assay,

respectively. Material balance results also permit

ted detailed energy balances to be performed on the

retorts.

be compared on an equal footing because, while the

operation and yield from a surface reactor is pre

dictable, there does not exist a comparable prescrip

tive capability for in-situ processing.

As part of a program to develop this prescriptive

capability, Sandia National Laboratories, has been

participating in the cooperative Occidental Oil Shale,

Inc. (OOSI) /Department of Energy (DOE) program aimed

at the development of the vertical modified in-situ

(VMIS) process. This approach to in-situ process

ing involves partial mining and blasting to construct

vertical oil shale rubble beds which are then retorted

by direct combustion to generate shale oil. This is

presently considered one of the more attractive in-

situ schemes. The cooperative program involves a

series of VMIS experiments conducted at OOSI's Logan

Wash research facility near Debeque, CO. Two experi

ments in this series were conducted to study VMIS

retort ignition and start-up procedures. These ex

periments were designated Mini-Retorts (MR) 3 and

4. In support of OOSI's overall test program, Sandia

conducted a significant instrumentation, data
aquisi-

tion and data analysis effort on these tests. This

paper documents the results of this effort.

INTRODUCTION

It is well known that the United States con

tains vast oil shale reserves. Presently a number

of approaches are being contemplated for processing

this resource. The majority of recovery schemes

fall into one of two categories. The shale is

either mined and processed on the surface or an

attempt is made to construct a reactor within the

shale bed and process the shale directly in-situ.

The in-situ techniques can be either true in-situ,

involving no mining, or modified in-situ which in

volves partial mining. Obviously, in-situ techni

ques have the advantage of reduced handling of both

raw and spent shale. If in-situ, technology is to

become a commercial reality then the advantage of

reduced material handling must not be achieved at

the cost of too large a drop in resource recovery.

At present, surface and in-situ processing cannot

MINI-RETORT TEST OBJECTIVES

As part of OOSI's preparations for conducting a

full scale demonstration (Retorts 7 and 8) in 1982,

two smaller retorts were to be processed to investi

gate different ignition systems and develop retort

start-up strategies. The important technical ques

tions of concern to OOSI were which ignition system

would have the highest probability of success for

use on Retorts 7 and 8 and what ignition control

strategy would be most effective in minimizing ther

mal degradation of the overlying roof material while

igniting the rubble surface in a manner that produced

the most uniform retort front. Thus, while both

retorts were run to completion, the emphasis in

planning, particularly instrumentation, was the ig

nition phase.

Sandia 's objectives for participating in the

mini-retorts were as follows:
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1) Determine thermocouple instrumentation per

formance under VMIS conditions. This was important

to determine what emphasis this instrumentation

should be given in Retorts 7 and 8;

2) Develop a multi-user interactive data acqu

isition system that accomodates both real-time data

analysis and changes to the experiment definition;

3) Determine the utility of various retort

analysis tools using the data from a large scale

well instrumented retort; and

4) Perform a preliminary assessment of VMIS

technology by determining retort sweep efficiency,

oil loss mechanisms, and the effectiveness of retort

control strategies.

It is important to recognize that the assessment men

tioned in the final objective must be considered

preliminary both because the instrumentation was not

optimized to address retorting questions and because

more complete data on this subject will be obtained

from the full scale Retorts 7 and 8.

AIR/STEAM

INJECTION LINE UPPER LEVEL

MINE DRIFT

INTERMEDIATE

^ LEVEL MINE
^^

DRIFT

UPPER VOID

FOR DRILLING

ACCESS AND

AIR/STEAM INJECTION

TYPICAL

THERMOCOUPLE

WELL

OFFGAS AND LIQUID

PRODUCT COLLECTION LINES

FIGURE 1. GENERAL MINI-RETORT CONFIGURATION IN

SECTION VIEW.

MR-3 AND MR-4 GEOMETRY AND TEST PLAN

The design and construction of MR-3 and MR-4 are

discussed in OOSI quarterly reports-'-'^. For the

purposes of this report only details of the retorts

necessary to the understanding of the instrumentation

and analysis will be included.

Both mini-retorts were constructed around three

void levels separated by two regions of competent

shale between 12 and 18 m in thickness. This config

uration is shown in Figure 1. The shale between the

two lower voids was the region explosively fractured

to produce the rubble bed that was subsequently re

torted. The competent shale region between the upper

two void levels provided a support region for the

combustion air and steam piping and for the drill

ing of instrument holes into the retort. This region

will be designated as the
"back"

for the remainder

of the report.

MR-3 and MR-4 were blasted in the spring and

summer of 1980. The final configuration for the two

retorts is shown in Figure 2. Figure 2 shows the

relative size of the rubble and back regions on the

two retorts along with the approximate void and

shale grade distribution. The grade histograms shown

for the two retorts have been adjusted from core ana

lysis for material movement and expansion due to the

blast. This figure indicates some important features

10 160 240

SHALE GRADE (l/tonne)

0 80 160 240

SHALE GRADE (l/tonne)

FIGURE 2. MINI-RETORT VOID AND GRADE DISTRIBUTIONS.

of these retorts. On MR-3 as shown, there are two

regions of porosity. The upper portion of the re

tort was created by a later stope down blast which

dropped a portion of the sill down onto the rubble

from the original blast. The edges of the retort

were not included in this second blast resulting in

the nonuniform rubble surface shown schematically

in the figure. This upper material is higher in

grade than the lower portion so that MR-3 has a sig

nificant grade variation from top to bottom. The

grade through MR-4 is more uniform. The bottom 3

meters of the back on MR-4 are of high grade material

which is structurally weaker than lower grade shale.

Finally, it should be noted that MR-3 is approximate-
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ly 50% longer than MR-4. The approximate oil equiva

lent (by Fischer Assay) contained in the two retorts

is 1800 barrels (288 m3) in MR-4 and 2700 barrels

(432 m3) in MR-3.

The original test plan for the two retorts dif

fered primarily in the means of ignition. MR-3 in

volved the use of a downhole burner placed in a

central borehole with exhaust into a retort more

nearly bulked full (average void height ~0.3 m). MR-4

was ignited using a Hot Inert Gas Generator (HIGG)

(essentially a combustion chamber) located in the

drift. The hot exhaust was directed through a bulk

head into the void region above the rubble. This

approach requires the presence of a void region,

such as that on MR-4 (~1.5 m), to act as a plenum

for the hot gas. After ignition the retorts were to

be operated with injection of air or air/steam mix

tures through a single central borehole at superfi

cial gas velocities on the order of 0.15 m/min (0.5

ft/min).

INSTRUMENTATION AND DATA ACQUISITION

The primary instrumentation effort on the part

of Sandia for these tests was temperature measurement

accomplished using thermocouples implaced in the rub

ble. The thermocouples were installed in thermal

wells drilled vertically to various depths into the

rubble bed. Basically, two types of thermal wells

were installed; these are shown schematically in

Figure 3. The first well type shown in Figure 3a

INTERIOR
2"

OR
3'

SCHD. 80
UNGROUTED

DRILL STEM TO ALLOW

GAS SAMPLES

SHEATHED THERMOCOUPLE

ELEMENTS

TUBE

WITH CENTRALIZES

2*

OR
3"

SCHD. 80

DRILL STEM

SHEATHED

THERMOCOUPLE

ELEMENTS

(a) (b)

FIGURE 3. THERMAL WELL CONFIGURATION (A) WELL WITH

OUT GAS SAMPLING; (B) WELL WITH GAS

SAMPLING.

was intended for temperature measurement only. These

holes were generally drilled into the rubble with

multiple thermocouples grouted at various positions

within the drill stem. Wells like those shown in

Figure 3b were intended to serve the dual purpose of

temperature measurement and gas sampling. Because

the emphasis on these tests was ignition phenomena

the majority of the dual purpose wells were terminated

near the rubble surface so that gas samples could be

taken in this region. This of course significantly

reduced thermal coverage in the lower portion of the

retort. In addition to these two primary well types,

in a few other locations thermocouples were grouted

in uncased boreholes in the back. Figures 4 and 5

show in plan view the location of the thermal wells

for MR-3 and MR-4. The vertical locations of the

thermocouples within each well are indicated in Tables

1 and 2. In these tables, the total number of thermo

couples in the back is given with the range over

which they were spread.

The well locations in Figure 4 reflect the em

phasis on the ignition phenomena in that the majority

of the thermocouples are clustered near the ignition

source. There is minimal coverage in the corners and

essentially none along the walls. On MR-4 (Figure 5)

the coverage is only marginally better. Many of the

wells near the wall on MR-4 contained only a single

thermocouple at the
v

rubble surface (Table 2). When

looking at Figures 4 and 5, it is important to take

into account the variation in thermocouple coverage

from well to well. Some wells involved only one or

?

I
. A1 A8|

C3 C4 C5 C6

D3 D4 D5 D6

E2 E3 E4
.

M4

APPROXIMATE RETORT

BOUNDARY

BURNER EXHAUST

3m

FIGURE 4. PLAN VIEW MR-3 THERMAL WELL PATTERN.

two measurements and other wells had thermocouples

only in the back. The difficulties introduced by

this nonuniform coverage are discussed in detail in

the Thermal Analysis section of this paper. In the

case of MR-4 some additional thermocouples were
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TABLE 1

THERMOCOUPLE LOCATIONS ON MR-3*

El E2 G3 F4 G5

BACK THERMOCOUPLES

NUMBER 19 19 4 19 4 19 4 19 3 19

RANGE

(METERS)
1.8- 0.3- 0.3- 1.4- 0.3- 0.3- 0.3- 0.3- 0.4- 0.3-

10.1 8.5 3.0 9.6 3.0 8.5 3.0 8.5 1.1 8.5

E6

19

F6 E7 G7

0.3- 0.3-

8.5 3.0 0.3 0.3

DEPTH

(METERS)
0.1

0.7

1.1

1.6

3.1

3.7

4.7

6.2

9.2

11.8

DEPTH

(METERS)

0.1

0.6

1.5

2.3

3.0

4.6

5.5

C3

RUBBLE THERMOCOUPLES

X X X X X X X X X X X

X X X

X

X

X(l 3)

X X X

X X X X X X X X X

X X X X X XX(2.6)

X

X XX(2.3)

X

X X X X XX(5.0)

X X X X

X X X X

X X X X

C4

RUBBLE THERMOCOUPLES

XX(0.3)

G6 A8

X(3.8)

*Back thermocouples measured up from bottom of back. Rubble thermocouples measured down from

rubble surface.

placed on the surface of the rubble. These are also

reflected in Table 2. All the thermocouples used on

this test were type K and metal sheathed (SS 310).

The sheathing outside diameter was 3.2 mm.

fl A3 A5 A7

\

1

B2 B3 B4 B5 B6 B8

C2 C3 C4 C5 C7
AIR/STEAM

"

INLET

'M1
#

I 2

M3
E4

E#3
*

D5

E5

D6 D7

E6

M8l

1 APPROXIMATE
"

RETORT BOUNDARY

LINE CHOSEN FOR

1 SECTION VIEW CONTOURS

1 F2 F3 F4 F5 F7

IH1
H3

N#

t j

I

i 1

H7

, V
1
1

1
'

3m

'

j

HI 3G

EXHi\UST

FIGURE 5. PLAN VIEW MR-4 THERMAL WELL PATTERN.

Process variables monitored with the data acqui

sition system included inlet flow of steam and air,

outlet gas flow, pressures on flow lines and the

retort bulkheads, and temperatures on the flow lines.

In addition, gas analyses from the offgas and sample

taps were transmitted to the computer for storage.

During the burner operation, variables peculiar to

the burner were also recorded.

The data acquisition system utilized on these

experiments relied on the use of a MODCOMP classic

mini-computer. The capabilities of this system are

described in detail elsewhere.3 The important points

to note about the system are that it supports a data

acquisition definition file that can be interactively

modified. This provides the flexibility needed to

keep up with changes in measurement systems and al

lows for quick adjustment of scan timing. The mini

computer also has significant computational capabi

lity which allows considerable data analysis to be

accomplished in the field. In fact, the majority of

the analysis that will be presented in this report

was available essentially in real-time.

255



TABLE 2

THERMOCOUPLE LOCATIONS ON MR-4*

NUMBER 4

RANGE

(METERS) 0.3-

3.0

B6

0.3

E5

0.3-

3.0

0.3-

3.0 0.3

WELLS

C4 Ml D2 M3 D5 D6 D7 M8

BACK THERMOCOUPLES

4 19 19 19 19 19 19 19

0.3- 0.3-

3.0 8.5

0.3-

8.5

0.3-

8.5

0.3-

8.5

0.3-

8.5

0.3-

8.5

0.3-

8.5

RUBBLE THERMOCOUPLES

DEPTH

(METERS)

0.1 X X X X X X

0.6 X X X X X X

1.5 X X X X X X

3.0 X X X X X X

4.6 X X X X X X

5.5

6.1 X X X X X X

9.1 X X X X X X

12.2 X X X X X X

Al HI A3 H3 A5 H7 A7 C5 B2 C7 B3 E2 B5 E3 B8 E4 C2 C3 E6 F3 F5 F7

RUBBLE THERMOCOUPLES

x x

xxxxxxxxxxxxxxx

X X X X X X X

XX XXXX XX

X XX XX

DEPTH

(METERS)
Void

0.1

0.6

1.5

3.0

4.6

5.5

6.1

9.1

12.2

*Back thermocouples measured up from bottom of back. Rubble thermocouples measured down from

rubble surface.

+Thermocouple actually on rubble surface.

MR-4 BURNER PHASE

Ignition Phase

In November 1980, an initial attempt was made to

ignite MR-3 using a downhole burner. Due to problems

with the burner operation, MR-3 was not ignited and

was temporarily delayed while modifications were made

on the burner. In the interim, MR-4 was prepared for

retorting and ignited using the Hot Inert Gas Genera

tor (HIGG) on January 9, 1981. The analysis of the

data will be discussed in the chronological order of

the retorts being run, i.e., MR-4 followed by MR-3.

Table 3 gives a history of the major MR-4 operat

ing condition phases. As can be seen, the test was

characterized by an initial period of extended burner

operation with the bulk of the processing being done

with an air/steam injection mix. There is also a

period of very slow processing with air only.

As can be seen from Table 3, the period of time

for which the HIGG was operating on MR-4 constitutes

about 10% of the total test time. Because, during

this time there was a significant amount of oil

generation, it is important to consider this period

when analyzing the retort performance. Figures 6,

7 and 8 indicate the response of the retort to the

operation of the HIGG. Figure 6 shows the calculated

burner exhaust flows during the operation of the

HIGG. These flows constitute the input to the retort.

Figure 7 shows the response of a thermocouple located

on the rubble surface at a point near the HIGG exhaust

(H5). Surface heat up to a point where kerogen de

composition begins is evident in the figure. The

decomposition process liberates gaseous fuels which

then ignite with oxygen present in the burner exhaust.

The rapid temperature rise associated with this com

bustion is seen in Figure 7 to occur on day 2.6. Fig

ure 8 shows the methane and hydrogen concentrations

during ignition. The appearance of these corabus table
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TABLE 3

MAJOR OPERATING PHASES MR-4

EVENT

SUPERFICIAL GAS VELOCITY

(m/min) (ft/min) DAY OF EXPERIMENT

HIGG start-up

HIGG shutdown

Injection

Air - 65%

Steam - 35%

Injection - Air only

Injection

Air - 70%

Steam - 30%

Shutdown

0.23 0.75

0.11 0.36

0.18 0.59

0

5

5-10

10-16

16-50

50

gases (particularly methane) in the off gas on about

day 2.5 corresponds with the timing of the surface

ignition observed in Figure 7. Referring to Figures

6 and 8, it can be seen that from day 2 through the

shutdown of the burner on day 5, retorting was occur

ring. However, since there was very little oxygen

being added to the system, there is very little com

bustion of retort products. Thus, for this period

the system was being run essentially as a hot inert

gas retort. An estimate of the amount of oil gene

rated during the ignition phase can be made using

material balance techniques. The results of these

calculations for the ignition phase will be given

later in the report.

An examination of thermocouples in the back

above the MR-4 rubble indicate that a significant

portion of the shale processed during ignition came

from the back. This is shown in Figure 9, which

plots a section view of the roof boundary at the

time of burner shutdown as determined by thermocouples

in wells Ml, D2, M3, D5, D6, D7 and M8 (see Figure 5).

Assuming that all material that sloughs off the roof

is retorted and extrapolating the contour of Figure 9

in other directions yields an estimate of 100 tonnes

of roof material retorted during burner operation.

Retort Phase Thermocouple Survival

As discussed in the introduction, one of the

objectives on the part of Sandia for participation in

the mini-retort sequence was to evaluate the perfor

mance of instrumentation. In particular, the survi

vability of thermocouples in the in-situ retort envir

onment was an important question since the instrumen

tation planned for Retorts 7 and 8 relied heavily on

thermocouples .

1
2

H*0

rvJ
.*": j Yj

lllr -v
f A

' c2

iU' - \ A

0 1 2 3 4 5 6

TIME, DAY OF EXPERIMENT

FIGURE 6. MR-4 BURNER EXHAUST FLOWS.

The vertical installation configuration used on

the mini-retorts is the worst configuration for ther

mocouple survival for a VMIS process. This is because

the thermocouple strings that go deep into the retort

are exposed to high temperatures above the desired

measuring point. This can lead to shorting in regions

of locally high temperatures that can give rise to er

roneous temperature indications. Fortunately, experi

ence in other in-situ thermal
experiments^ has shown

that monitoring the loop resistance of thermocouples

is a very good indicator of failure. Figures 10 and

11 show examples from MR-4 of thermocouple failure and

how they are indicated by the loop resistance diag

nostic. Figure 10 plots three temperature responses
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FIGURE 8. OFFGAS HYDROGEN AND METHANE CONCENTRA

TIONS DURING BURNER OPERATION.

POSITION OF

BACK BOUNDARY

FIGURE 9. POSITION OF BACK BOUNDARY ON MR-4 AT TIME

OF BURNER SHUTDOWN EXPERIMENT DAY 5.5.

from well B4. The abrupt increase in temperature

observed at 30 ft. (9.15 m) and 40 ft. (12.2ra) into

the rubble are indicative of a thermal short in

TIME (JULIAN DAYS)

FIGURE 10. THERMAL RESPONSE INDICATING THERMOCOUPLE

FAILURES IN WELL B4 DURING MR-4.
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FIGURE 11. RESISTANCE DEVIATION FOR THERMOCOUPLES

IN FIGURE 11.

these circuits at some point less than 9.15 m into

the retort. This is readily apparent in Figure 11

which shows the loop resistance for the thermocouples

plotted in Figure 10. The increase in temperature

is seen in Figure 11 to be accompanied by an abrupt

drop in these
circuits'

loop resistances, indicative

of the shorting mentioned. With a failure of this

type, information below the short is, of course,

lost. For the conditions of MR-4, fortunately, the

number of thermocouples experiencing failures like

those just discussed was small. For the case of

MR-3 the retort was operated for longer periods of

time with the injection of air only. This leads to

higher temperatures and consequently a somewhat

higher failure rate than that observed on MR-4.

However, in neither retort was the loss of
thermo-
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couples prevalent enough to discourage the use of

thermometry on Retorts 7 and 8. The basically hori

zontal implacement of thermocouples on those retorts

should further reduce the failure problem.

The curve labelled B400 on Figure 10 shows the

temperature response near the rubble surface in well

B4. This response is typical of the temperatures

observed in the retort where peak local tempera

tures were usually in the range of
800

C to
1000

C,

although temperatures as high as
1100

C were observed

at a few locations.

Overall, the performance of the thermocouple in

strumentation was better than expected although it

is clear that a data acquisition system that allows

for recording both temperature (voltage) and resis

tance is a necessity.

MR-4 Retort Thermal Analysis on Process Geometry

Once the thermal data has been validated in the

manner discussed above, these data can be used to

determine the geometry of the retorting process. The

thermal instrumentation present on the mini-retorts

provided the opportunity for a detailed examination

of the spatial distribution of the retorting process

on these retorts. Knowledge of the retort geometry

is important in understanding why certain yield levels

levels are attained. Nonuniformities in the retort

front can introduce significant yield losses. On

a large scale (tens of meters), nonuniformities in

troduce sweep inefficiencies which reduce yield. On

a small scale (meters), nonuniformities introduce

yield losses due to increases in oil combustion and

coking. Thus it is important to utilize thermal data

to understand the extent of these loss mechanisms.

Before examining thermal responses in the rubble,

it is of interest to see what can be learned from the

thermal measurements about the behavior of the back

during the retort. This is important because the

stability of back regions can be a crucial considera

tion in overall retort design.

Referring to Table 2, it can be seen that there

were a large number of thermocouple points located in

the back. Figure 12 shows data typical of the two

types of responses seen from these points. The re

sponse shown in the figure at 0.6 m (2 ft.) into the

back in well M3 is typical of points within 2 m of

the bottom of the back. These locations show heating

to temperatures between
100

C and
200

C followed by

abrupt jumps to temperatures expected for the plenum

region. This behavior is indicative of sloughing,

which is consistent with the known, significant drop

in mechanical strength in shale that begins above

100C. At points greater than about 2 m into the

sill, the responses observed were like that shown in

Figure 12 for 2.7 m in well M3. These later time re

sponses are indicative of conduction heating which

implies that even though elevated temperatures are

being reached, this material is not sloughing. Slough

ing probably did not occur at these points because

of arching effects.

M3-02'(0.6m)
M3-9'(2.7m)

/

DAY OF EXPERIMENT

FIGURE 12. TYPICAL THERMAL RESPONSE IN THE BACK

DURING MR-4.

Thermal effects in the back are summarized in

Figure 13. This figure shows a section view of the

back along the same line of wells used to construct

Figure 9. The figure shows the location of the

200

C isotherm at four different times during the

test. For days 5, 10 and 16, the 200C isotherm is

indicative of the extent of sloughing. At the time

of shutdown (day 50), the 200C isotherm indicates

the maximum extent of sloughing although it is likely

that at least 0.3 to 0.6 m beneath this level has

not fallen in. This figure also indicates the effect

that operating conditions had on the back behavior.

The figure indicates essentially no collapse of back

material between days 5 and 10 when flow rates were

relatively high (see Table 3) and the high temperature

combustion zone was being pushed into the rubble. Be

tween days 10 and 16, flow rates were dropped signifi

cantly and considerable sloughing occured in the back.

Referring to the 0.6 m response plotted in Figure 12,

this thermocouple (which by day 10 is located in the
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plenum) shows that the reduced flow results in an

abrupt increase in plenum temperatures. The two

effects of increased plenum temperatures and back

sloughing taken together indicate that at superficial

velocities on the order of 0.1 m/min, the retort

front did not advance into the bed but rather entered

a mode of reverse combustion with back material sup

plying the fuel. Obviously this condition is a poor

one if maintaining back integrity is desired. This

operating phase will be discussed later when retorting

rates are estimated using off gas analysis.

As part of an overall accounting process neces

sary to determine sweep efficiency in the retort

bed, Figure 13 can be used to estimate the contribu

tion that shale in the back originally had to the

total shale retorted. In the same manner that Figure

9 was used to estimate the shale retorted during the

burner phase, Figure 13 can be used to give an esti

mate of 300 tonnes of shale from the back retorted.

The high grade in the immediate back region means

that this 300 tonnes contains something in excess of

250 barrels (40 m3) of oil. As will be shown, because

of the magnitude of these numbers, it is essential

to account for the contribution of material from the

sill when making estimates of retorting and sweep

efficiencies for MR-4.

II III
Ml D2 M3 DS D6 07 M8

FIGURE 13. PROGRESSIVE MOVEMENT OF THE BACK BOUNDARY

DURING MR-4.

As a retort progresses, the first indication of

the distribution of flow within the retort can come

from tracking the very discreet steam front as it

passes through the bed. The steam front has been

proposed^ as a reliable indicator of the eventual re

tort front distribution. The instrumentation on MR-4

provided an opportunity to check this. Figure 14

shows typical steam front arrivals at four locations

in well B4. The figures indicate that in most cases

the steam front passage is abrupt, usually occurring

in less than a day. There are a few cases, however,

generally deeper in the rubble, at 9 m and 12 m,

where the thermocouples show a more pronounced conduc

tion lag. This conduction lag is probably indicative

of either locally larger effective particle sizes, or

very near the bottom, streamlining induced by the dis

crete drawhole locations. In this context, effective

particle size implies distance between active flow

paths rather than the distance between discrete frac

tures. For both MR-3 and MR-4 the drawholes were

nine 0.30 m diameter ports arranged in a 3x3 square

grid. Table 4 summarizes the steam front data from

the six wells that went below 6.1 m (20 ft) into the

retort. The table gives the ratio of the steam front

arrival time to the time needed for the steam front

to break through the entire retort. Also given in

the table is the same ratio (local arrival to break

through) for the retort front. To test whether the

assumption that the steam front is a good indicator

of the eventual retort front distribution, a statis

tical analysis of the data in Table 4 can be made.

Figure 15 plots these two ratios against one another

and indicates that while there are variations, there

is a statistically significant correlation between

the two front velocities. These data lend confidence

to the use of the steam front as an indicator of the

eventual retort front distribution. The steam front

is useful because it provides its information early

in the process. For the case of MR-4 the correla

tion between steam and retort front indicates that

the retort front geometry was not significantly ef

fected by process conditions, e.g., the extensive

back collapse. The steam front for MR-4 was well

into the bed before any significant back collape

had occurred.

80
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FIGURE 14. TYPICAL STEAM FRONT ARRIVALS DURING MR-4.
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TABLE 4

RATIO OF STEAM FRONT ARRIVAL TO STEAM FRONT BREAKTHROUGH

AND RATIO OF RETORTING FRONT ARRIVAL TO RETORT FRONT BREAKTHROUGH

FOR SELECTED LOCATIONS ON MR-4

WELL

F2 F4 B4 B6 C4 E5

DEPTH

(METERS)

1.5 0.23 0.26 0.24 0.23 0.46 0.31 - Steam Ratios

(0.17) (0.17) (0.19) (0.17) (0.35) (0.24) - (Retort Ratios)

3.0 0.33 0.35 0.44 0.31 0.84 0.71

(0.24) (0.33) (0.29) (0.33) (0.51) (0.53)

4.6 0.38 0.42 0.44 0.38 0.50 1.48

(0.33) (0.45) (0.37) (0.37) (0.47) (0.78)

6.1 0.43 0.48 0.48 0.45 0.73 0.95

(0.38) (0.56) (0.42) (0.44) (0.56) (0.72)

9.1 0.72 0.70 0.92 0.79 1.17 1.37

(0.64) * * * (1.03) (0.89)

12.2 0.80 0.96 1.48 0.90 1.71 2.19

(0.78) * * * + +

thermocouple failure at this location.

+This location never reached retorting temperatures,

1.0 -

1 1 1 I

-

0.8 #

*

*

-

0.6

*

0.4

v.

-

0.2

1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

STEAM FRONT ARRIVAL/STREAM FRONT BREAKTHROUGH

FIGURE 15. COMPARISON OF LOCAL STEAM FRONT ARRIVALS

WITH LOCAL RETORT ARRIVAL.

The differences in front velocities shown in

Table 4 indicate permeability contrasts present from

the initial construction of the retort. The table

indicates significantly slower velocities in the C4,

E5 region (see Figure 5). In fact, the bottom appro

ximately 3 m of the retort in the vicinity of these

wells (the center of the retort) never reached retort

ing temperatures. This is consistent with these

points not reaching steam temperatures until twice the

time for steam breakthrough.

One of the difficulties in analyzing thermal data

is that they provide discrete measurements when what

is desired is, of course, a continuous picture. In

order to construct such a picture, a contour package

has been developed that reconstructs a uniform grid of

estimated temperatures from a set of discrete,
non-
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uniformly located measurement points.

This approach relies on the assumption that the

temperature gradients through the medium vary approxi

mately in a linear fashion at least in the shale over

the typical distance between the thermocouples. For

the case of MR-3 and MR-4 with thermocouple spacings

in some areas 2-3 meters apart, this is a reasonable

assumption. As mentioned earlier, the thermal instru

mentation on MR-4 was not designed to cover uniformly

the rubbled region and in particular, there are only

a few locations with thermocouples further than half

way through the retort. Referring to Table 2 and

Figure 5, it is seen that the only region in MR-4

where one is justified in contouring the retort dis

tribution is for the first 6.1 m (20 ft) of rubbled

material in the 7.6 m (25 ft) wide region running

between the E and F well lines. This is shown as

the dashed line in Figure 5.

Figure 16 shows, in a section view of the above

mentioned zone, the estimated location of the leading

edge of the retort front (300C) for five days through

the first part of the retort. The first time shown,

day 5, is near the end of the burner phase and shows,

as would be expected, the most heating nearer the HIGG

exhaust stream. As time progresses, the actual bed

structure quickly begins to dominate and the fast

front movement in the vicinity of well F2 is evident.

Conversely, slow progression of the process observed

in well E5 is reflected on the right side of the plot.

Figure 16 clearly indicates the potential of thermal

data to depict process geometry. In the particular

case of MR-4, it is difficult to generalize from the

specific data in Figure 16 to an overall estimate of

the retort geometry using thermal data alone. Ob

viously, front geometries like that in Figure 16 have

a detrimental effect on the sweep efficiency but they

can also lead to reduced retorting efficiencies by

increasing coking losses in slowly heated regions and

increasing the likelihood of oil combustion in regions

where the front boundary is steep.

Data like that in Figures 7 and 16, as well as

similar data for MR-3 can be used to make some general

statements concerning ignition of VMIS retorts. First,

ignition of the shale can be accomplished relatively

quickly and will occur on the rubble surface nearest

the hot gas source. Second, the primary control con

sideration should be the achievement of complete

oxygen consumption rather than uniform surface heat

^S<\
\ DAY 20.3

"""

DAY 17 \

25'

(7.6 m)-

20'

(6.1 m)

FIGURE 16. THERMAL CONTOURS INDICATING POSITION OF

THE RETORT FRONT AT FIVE TIMES DURING

MR-4. THE APPROXIMATE LOCATION OF THE

CENTER OF THE HIGG OUTLET STREAM IS

INDICATED.

up since the natural bed structure quickly dominates

the retort geometry. Thus ignition, while it can

certainly have a negative effect, should not be

viewed as a significant positive controlling factor

in determining the eventual retort distribution. Es

timates of the retort front velocities can be made

using Figure 16. For example, in the slow region,

the velocity is on the order of 0.12 m/day and in

the fast region, 0.46 m/day. These rates bracket

the average retort rates determined from material

balance calculations discussed in a later section.

So far it has been shown how the thermal data

can be used to examine process geometry. While this

is obviously the most important function of the ther

mal data, the individual temperature records can also

be used to characterize the intraretort chemistry.

Specifically, the important loss mechanism of coking

is known to be highly dependent on the heating rate.

Using the kinetic and stoichiometric models of kerogen

decomposition and coking developed by Lawrence Liver-

more National Laboratories 6 and the measured tempera

ture histories, the extent of coking can be calculated

at each point. Figure 17 shows the results of a typi

cal calculation of kerogen decomposition for two dif

ferent temperature histories. The figure shows the

temperature records as a function of time at two

points, along with the kerogen weight fraction calcu

lated from the decomposition model.
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FIGURE 17. KEROGEN DECOMPOSITION AS A FUNCTION OF

TIME FOR TWO LOCATIONS IN MR-4.

lysis at some of the same points used to examine the

steam front location. Shown in the table are the

heating rate at 325C at each point and the calcu

lated loss to coking. The table indicates that the

range of heating rates observed in MR-4 gives coking

losses typically between 5 and 20%. (The heating

rate at 325C and coking loss do not correlate exact

ly because the loss depends on integrating the temper

ature versus time history through the full range of

kerogen decomposition (~300C - 380C).) In the ac

tual field data the heating rate varies in this tem

perature range and this affects the final estimate

of coking loss. Using the results of Table 5 and

similar analyses using additional thermal data, the

overall average coking loss for MR-4 was approximately

11%.

TABLE

OBSERVED HEATING RATE AND

In a similar fashion to kerogen decomposition,

the measured temperature records can be used to cal

culate the amount of carbonate decomposition because

the decomposition generates significant amounts of

carbon dioxide which must be properly accounted for

if material balance calculations are to be performed

on the retort. Of particular interest is to note

whether these are regions where temperatures are suf

ficient for kerogen decomposition, but insufficient

for carbonate decomposition. Using the first order

decomposition kinetics given by
Braun,?

an estimate

of the extent of carbonate decomposition at various

points through the retort was made. Figure 18 shows

typical calculated carbonate decomposition rates. The

figure plots versus time, temperature and the fraction

of initial concentration remaining for the two primary

carbonates, dolomite and calcite. The figure indi

cates that dolomite decomposition occurs rapidly once

temperatures of 450C or above have been reached,

while calcite decomposition requires temperatures in

excess of 625C. (The presence of steam in the re

tort will tend to lower the temperature requirements

for these reactions tending to drive them further to

ward completion.) Calculations such as these indicate

that for MR-4, at nearly all locations where kerogen

decomposition occurred, dolomite decomposition was

also completed. The higher temperatures needed for

calcite decomposition, however, resulted in a number

of locations (~30%) where calcite was only partially

decomposed. In fact, at many locations temperatures

appeared to stagnate (as in Figure 18) at levels con-

5

CALCULATED COKING LOSS

DEPTH E5

(METERS)

3.1 5.7C/HR

(10.9% )

C4

WELL

B4 B6 F2 F4

5.6 10.1 1.7 7.6 26.6 - C/HR

(11.6%) ( 9.7%) (16.4%) ( 9.5%) ( 7.2%) - (% COKING LOSS)

4.6 1.7C/HR 26.8 11.4 6.8 16.8 5.6

(17.4%) ( 7.4%) (10.1%) ( 9.5%) ( 4.3%) ( 9.9%)

6.1

9.1

6.6 11.2 10.0

(10.1%) ( 5.6%) (10.2%)

2.6

(14.1%)

11.2 10.8

( 6.0%) ( 9.1%)
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sistent with the hypothesis that energy was being sup

plied to that location at a rate sufficient merely to

balance the energy required to drive the endothermic

carbonate decompositions. Overall, for MR-4 given

a dolomite to calcite ratio of 2:1, decomposition of

the carbonate material was probably on the order of

80-90% complete.

1000

900-

800-

700-

600-

500 100

TIME (days)

FIGURE 18. MINERAL DECOMPOSITION AS A FUNCTION OF

TIME FOR A TYPICAL TEMPERATURE RESPONSE

IN MR-4.

MR-4 MATERIAL BALANCE CALCULATIONS

It has been shown that examination of the thermal

data from the retort can indicate how uniformly the

shale is being processed and provide some insight into

the retort chemistry. The other major tool available

for analyzing the retort performance is the use of a

technique based upon the retort off gas composition

to estimate shale processed and oil lost to combus

tion. This is the so called material balance techni

que which has been utilized at Sandia for the analysis

of oil shale retorts since approximately 1978. This

technique (which has been documented elsewhere?) pri

marily involves satisfying atomic carbon, oxygen and

hydrogen balances on the retort inlet and outlet

streams. In addition, the technique relates the de

gree of oil combustion to the amount of C2 + C3 species

in the offgas utilizing known kerogen decomposition

stoichiometry.8 j.n order to close the balance, as

sumptions are made as to the amount of char consump

tion and oil cracking that occurs. The calculated

coking loss determined from heating rate data is

used as input. The raw data needed for material

balance calculations are the injection flows of air

and steam and the production rates in the off gas of

N2, 02, C02, CO, CH4, H2 and higher hydrocarbons

through C3. These data for MR-4 are summarized in

Figures 19-23.
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FIGURE 19. AIR AND STEAM INJECTION RATES AS A

FUNCTION OF TIME FOR MR-4.
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FIGURE 20. OFFGAS COMPOSITIONS OF NITROGEN, CARBON

DIOXIDE AND HYDROGEN AS A FUNCTION OF

TIME FOR MR-4.
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FIGURE 21. OFFGAS COMPOSITIONS OF CARBON MONOXIDE

AND METHANE AS A FUNCTION OF TIME FOR

MR-4.
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FIGURE 22. OFFGAS COMPOSITIONS OF ETHANE AND ETHENE

AS A FUNCTION OF TIME FOR MR-4.
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FIGURE 23. EFFECT ON THE CALCULATED AMOUNTS OF OIL

COMBUSTED AND SHALE RETORTED OF VARYING

ASSUMPTIONS AS TO PORTION OF CHAR LEFT

UNCONSUMED.

The first application for the material balance

calculations is the ignition phase of MR-4. Table 6

summarizes the calculations for this period by showing

two carbon balances. One of the uncertainties that

attends the material balance calculations is the un

certainty in the amount of carbon (char) that is left

unconsumed in the rock matrix. In normal direct com

bustion retorting, the amount of unconsumed char is

expected to be small, but in the ignition phase where

there is much less oxygen available, it is conceivable

that much char would remain unconsumed. To show the

effects of varying the amount of char consumed, Table

6 displays the results of two sets of calculations,

one where 80% of the char is unconsumed and the other

where 20% is unconsumed. The calculations indicate

that the estimate of the amount of shale processed

is relatively insensitive to a change in the amount

of unconsumed char; a four-fold change in the amount

of unconsumed char leads to only a 13% change in the

amount of shale processed. The calculations yield

an estimate of 100 barrels of oil that were made

available for recovery during the burner operation.

As is shown next, this constitutes a significant

fraction of the oil generated for the entire retort.

For the retort phase of MR-4, the necessary raw

data are summarized in Figures 19-22. Figure 19 plots

the injection flows of air and steam for the retort.

As can be seen from the figure, except for the begin

ning and end portions of the test, the injection flows

were maintained at relatively steady levels. For the

steady period of operation from approximately day 15

to day 40, the air injection rate averaged 11.7 moles/

sec (590 scfm) and for steam, 3.9 moles/sec (195

scfm). This corresponds to a 75%-25% air/steam injec

tion mixture.

For the same period of steady flow discussed

above the dry gas production rate determined by as

suming the offgas to be saturated was 19.3 moles/sec

(967 scfm). A production flow of this value would

require that the offgas nitrogen volume percent be

approximately 50% in order to close a nitrogen balance

on the system. Figure 20 shows the measured off gas

nitrogen volume percent and as can be seen for the

steady period of operation, the volume percent nitro

gen is in the range of 60-65%. This indicates, as

suming the gas analysis to be correct, either consid

erable leakage into the system (~20%) or an error

in either the measured inlet or outlet flows. Pre-

retorting tests did not indicate this magnitude of

leakage and since there was little difficulty main

taining a low offgas oxygen content (another indica

tor of no leakage), it is likely that errors in flow

measurement are the cause for this discrepancy. In

order to resolve this uncertainty for the purposes

of material balance calculations, it was assumed

that the inlet air flow was correct, the dry product

flow was then calculated from the inlet flow by clos

ing the nitrogen balance and assuming 3% leakage.

This number was selected based on indications from

pre-ignition leak tests.

Figures 20, 21 and 22 summarize the composition
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of the dry product gas. The most interesting feature

of these plots is the abrupt change in product compo

sition observed early on day 11. This corresponds

(after a lag time through the retort) to the reduc

tion of air flow and elimination of steam injection

that occurred late on day 10. As discussed earlier

the thermal data indicate that at this time primarily

back material was being processed.

injection rates.

With respect to offgas compositions,
there is

another important aspect of the data from the
mini-

retort tests. The gas analysis procedures
selected

by Occidental for use on the mini-retorts had low sen

sitivity to hydrocarbon species with carbon
number 3

or above. Consequently, the majority of the analyses

performed show essentially no C3 or C4
species. These

TABLE 6

SUMMARY OF THE MATERIAL (CARBON) BALANCE

CALCULATIONS FOR THE MR-4 IGNITION PHASE

CARBON BALANCE*

80% UNCONSUMED CHAR 20% UNCONSUMED CHAR

Carbon Available (tonnes)

Shale

C02 (burner exhaust)

37.8

9.2

47.0

33.1

9.2

42.3

Carbon Produced (tonnes)

Offgas 24.0

Oil 13.0

Undecomposed Carbonate 4.6

Unconsumed Char 5.4

47.0

24.0

13.0

3.8

1.5

42.3

Total

Shale Processed (tonnes)

Oil (bbl)

Oil Combustion (%)

214.0

101.0

16.0

187.0

101.0

7.0

*Assumptions: 108A/tonne shale; 19.3% mineral C02; 16% coking loss.

Since the back material is of significantly

higher grade, there was at this time an abrupt change

in the grade of the material being processed. This

then is the primary reason for the increase in the

volume percent in the offgas of hydrocarbon species.

The changes in the CO, C02, and H2 compositions re

flect changing temperature conditions in the retort

and the reduced availability of hydrogren that occurs

with no steam injection. For the case of hydrocarbon

production, part of the composition increase is also

simply a transient effect that would be expected from

the residual decomposition accompanying the higher

species while not important from the standpoint of

an overall carbon balance, are necessary if esti

mates of shale processed are to be made. It is well

documented that C3 species should be present in re

tort off gas at volume percents in the range of 0.05

to 0.1. In order to perform meaningful material bal

ance calculations on these retorts, it is necessary

to select some rational approach to inferring the C3

compositions produced from these retorts. The approach

taken was to assume that the amounts of C3H8 and C3H6
were equal and that the amount of each was a fixed

fraction of the total C2H4 plus C2H6. The fractional
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amount selected (0.22) was based on recent analyses

obtained on Occidental's Retorts 7 & 8 and those ob

tained on Geokinetics Retort 23. 9 The data from

these tests show the above assumptions to be reaso

nable and far better than using zero for the C3H5

and C3H3 compositions.

Tables 7 and 8 summarize the results of the

material balance calculations for MR-4. Table 7

gives the results of the carbon balance while Table

8 gives the overall results as to oil generation,

sweep and retorting efficiency. When viewing Table

7 it should be kept in mind that there is not a uni

que accounting for carbon that can be written for

the retort. The results will vary depending upon

the assumptions made for the extent of char utiliza

tion and cracking. Figures 23 and 24 address this

by showing the effect that variations in the assumed

amount of cracking and the fraction of char utilized

have on the estimate of shale processed and barrels

of oil combusted. In this context cracking is defined

to be complete cracking of oil to char or gaseous pro

ducts with carbon number 4 or less. For the analyses

in this report a value of 4% cracking loss is assumed.

This value has been found to give consistent results

in a number of other applications. The figures indi

cate that the effects of these assumptions, while not

negligible, are certainly not of sufficient magnitude

to alter any basic conclusions about retort perfor

mance reached using material balance results. For

each combination of assumptions, the carbon balance

can still be closed. The nominal assumption for char

utilization was taken to be 90%. This reflects the

feeling that there is considerable char utilization

from the char/C02 reaction within the retort. Table

7 indicates that the material balance calculations

give an estimate of 73% for the extent of carbonate

decomposition. This estimate is in reasonable agree

ment with the figure of 80-90% decomposition deter

mined solely by examining the thermocouple data.

Table 8 shows how the material balance calcula

tions can allow an overall evaluation of the retort

performance. Of primary interest is the breakdown

of oil degradation mechanisms and the estimate of

sweep efficiency. Obviously, a sweep efficiency of

48% would not constitute a very optimum commercial

design. However, it is important to recognize that

MR-4 was a retort constructed as an ignition proce

dure test bed and not necessarily a commercial demon

stration module. Furthermore, this 48% does not

reflect the fact that even in a rubbled bed with

complete flow uniformity a sweep efficiency of 100%

cannot be expected since the need to have discrete

gas outlets will introduce inefficiencies. This

effect is magnified in a short retort such as MR-4.

The estimate of liquid product given in Table 8 is a

calculated number and does not necessarily reflect

the actual liquid product recovered. It can be ex-

expected that actual liquid recovery would be less

than this due primarily to the loss of some hydrocar

bon product (C5 through C^q) as noncondensable vapor

in the offgas. The presence of significant quantities

of C5
-

Ciq hydrocarbons in the offgas has been veri

fied in other in situ retorts.
9,10 These hydrocarbons

are not condensable under typical in situ retort off

gas conditions. The importance of the results in

Table 8 is that they demonstrate that techniques for

analyzing in situ retorts exist that can allow mean

ingful retort performance assessment.
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FIGURE 24. EFFECT ON THE CALCULATED AMOUNTS OF OIL

COMBUSTED AND SHALE RETORTED OF VARYING

ASSUMPTION AS TO PERCENT LOSS OF OIL TO

CRACKING.

Table 8 indicates that in addition to a low sweep

efficiency, approximately 30% of the oil generated by

kerogen decomposition was lost to oil combustion. It

is of interest to examine the reasons for and impli

cations of this degree of oil combustion. The first

step in doing this is to perform a rough sensible

energy balance on the retort. Table 9 summarizes the
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TABLE 7

CARBON BALANCE FOR MR-4

(All Quanties Metric Tonnes of Carbon)

PRODUCED GAS QUANTITIES

C02

CO

CH4

C2+C3

159.8

7.7

6.0

6.0

CARBON AVAILABLE

Organic

Inorganic

191.3

102.6

293.9

CARBON LEFT IN PROCESSED ROCK

Char 10.4

Undecoraposed

Carbonate 27.7

ESTIMATED OIL PRODUCED

76.3

TOTAL 293.9

results of an energy balance performed on MR-4. The

table indicates how the oxygen consumption was pro

portioned between combustion of oil, gas and char in

a manner consistent with the material balance results.

This split of oxygen utilization assumes the final

product of combustion to be C02 and that approximately

equal moles of CH4 and H2 are oxidized. Obviously,

the exact distribution of oxygen consumption cannot

be determined but the approach taken here is certainly

adequate for the purpose of generating an estimate of

the energy liberated by combustion.

When looking at Table 9, it is important to re

member that the combustion of char indicated does not

necessarily imply the direct char oxidation is accoun

ting for all of this. Rather, it is likely that a

good deal of this energy is produced by burning CO

which was generated by the reaction of char with

either carbon dioxide or water. Consequently, the

oxygen consumption ascribed to gas on the table does

not include carbon monoxide combustion, the primary

source of which was originally char.

Table 9 shows, as would be expected, that the

largest utilization of injected oxygen is in the

combustion of product oil. The fact that this degree

of combustion occurred indicates that there was a

very significant overlap in the retorting and combus

tion fronts. Modeling
studies11

of retorting blocks

of oil shale show that this behavior becomes increas

ingly severe as block size increases. This is due

primarily to two factors. First, conduction intro

duces significant lags in being able to get kerogen

decomposition to occur within the blocks. This com

bined with the second factor, that since diffusion

limits direct combustion of char to regions within

approximately 10 cm of the gas stream, oxygen consump

tion rates due to this reaction alone are not suffi

cient to prevent oxygen from encountering oil in the

gas stream. As Table 9 shows, this oil combustion

generated a significant amount of energy which can

only be accounted for as a large amount of sensible

heat in the rock at the end of the experiments. For

the conditions of MR-4 the 15 x
1011 Joules left as

sensible heat in the rock is only possible if a large

portion of the retort is at temperatures in excess

of 400-500C at the end of the test. The thermal

data does not have the spatial coverage to allow an

independent check of the residual energy of the rock.

However, a check of final conditions shows high tem

peratures throughout the retort in many of the wells.

For example, the final temperature distribution in

well E5 is plotted in Figure 25. This figure shows

that near this well, at least everywhere that retort

ing has occurred, the shale remains at elevated tem

peratures. The large regions at elevated temperatures
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TABLE 8

MATERIAL BALANCE RESULTS FOR RETORTING PHASE MR-4

SHALE IN RETORT

SHALE RETORTED

AVG. GRADE

3400 tonnes

1778 tonnes

95.1 ll tonne

OIL INVENTORY

Total Oil Liberated by

Kerogen Decomposition

Oil Coked

Oil Cracked

Oil Combusted

Oil Produced

1065 bbl 170 (m3)

118 bbl 19 (m3) - 11%

42 bbl 7 (m3) - 4%

306 bbl 49 (m3) - 29%

599 bbl 96 (m3) - 56%

SWEEP EFFICIENCY ESTIMATE

1778 - 200*

3400 - 100** = 48%

TOTAL POTENTIAL LIQUID RECOVERABLE (C5+) 599+101*** = 700 bbls

(112 m3)

AVG. RETORT RATE FOR PERIOD

DAY 14.8 - 39.8 0.22 m/day

* Tonnes of sill material processed during retorting.

** Tonnes of rubbled shale processed during burner operation.

*** Oil liberated during burner operation (see Table 6).

are a manifestation of the broad oxygen consumption

occurring within the retort. Table 9 indicates that

of the original energy in the kerogen, 58% was pro

duced as either gaseous or liquid products.

It is interesting to compare MR-4 performance

with that of surface retorts. Using correlations de

veloped by
LLNL1^ for retorting rate as a function of

injection gas composition and rate, one would estimate

a retorting of rate, for the steady operating phase

discussed earlier, of 0.39 m/day. The observed rate

was 0.22 m/day ranging from 0.12 m/day to 0.46 m/day

as determined from thermal data. Furthermore, for

this same period of time the surface retorts would

indicate an oxygen utilization of 0.079 kg 02/kg-shale

retorted, whereas the actual utilization was 0.142 kg

02/kg-shale retorted. The slower retorting rate and

greater oxygen utilization (which implies greater

fuel consumption) are consistent with large effective

particle sizes (>50 cm) and oil combustion. It is

important to note that for this in situ retort, oil

is not being burnt instead of char since, even assum

ing nearly complete char utilization there was still

significant oil combustion. The oil was, in fact,

being consumed in addition to char. The excess energy

generated was either left in the rock, produced as

steam, or used to decompose carbonates.

MR-3 DATA ANALYSIS

Thermal Data

While MR-3 had basically the same thermal cover

age as MR-4, a few key differences between the retorts

make the thermal data far less useful for delineating

the retort structures. Chief among these differences

are the increased length of MR-3 which results in no

measurements in the bottom third of the retort, the

non-uniform shape of the rubble surface on MR-3 (see
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TABLE 9

OXYGEN CONSUMPTION AND ENERGY BALANCE FOR MR-4

TOTAL OXYGEN CONSUMED 265 tonnes

BREAKDOWN BY FUEL

Oil 146 - 55%

Gas 15 - 6%

Char 104 - 39%

265

ENERGY GENERATED

IO11 Joules

18..5

2.,0

12.,8

33.3

ENERGY INPUT

Steam

Combustion

SENSIBLE ENERGY BALANCE

(All Quantities in IO11 Joules)

ENERGY CONSUMED

8.3

33.3

41.6

Steam Out 14.0 - 34%

Carbonate Decomp. 9.4 - 23%

Kerogen Decomp. 0.9 - 2%

Dry Gas Out 0.9 - 2%

Low Temperature

Energy in Sill 0.5 - 1%

Char/C02 Reaction 0.7 - 2%

Sensible Energy in

Rubble by (Difference) 15.2 - 36%

41.6

OVERALL CHEMICAL ENERGY BALANCE

HEATING VALUE RAW KEROGEN

87.9 Combustion 33.3

Low BTU Product Gas 15.0

Liquid Product (C5+) 36.2

Unreacted Char 3.4

87.9

Figure 2), which makes it difficult to compare re

sponses between different wells, and the fact that

only four of the instrument wells, as opposed to

six on MR-4, provide data further than 6 m into the

rubble. Thus pictures of the retort front structure

such as that in Figure 16 are not possible. Neverthe

less, the thermal data is useful to estimate the

amount of back material that was retorted.

When analyzing the MR-3 data, it is not necessary

to consider separately the ignition and retorting

phases since the ignition lasted less than two days,

the majority of that time being heat-up with very

little inert gas retorting. The bulk of the back

sloughing occured, then, during the retorting phase of

MR-3. Before examining the thermal data, it is useful

to be aware of the operating condition changes that

occurred during MR-3. Table 10 summarizes the operat

ing phases of MR-3. The MR-3 ignition began on April

27, 1981.

As the table indicates, MR-3 was operated under a

number of different conditions and most notably it was

operated for an extended period of time without any

steam injection. The effects of operating without

steam will be discussed later when the material bal-
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AT THE TIME OF MR-4 SHUTDOWN.

ance results for MR-3 are presented.

As far as the back behavior is concerned, Figure

26 plots the responses of some thermocouples in Well

D6. It is seen that the sloughing extends at least

3 m into the back. The figure indicates that through

out the tests temperatures in the plenum remained high.

These temperatures suggest that at least some hydro

carbon combustion was occurring in the plenum. A num

ber of the back thermocouples show the drop in temper

ature evidenced by the thermocouple at 0.9 m in Figure

26, roughly corresponding to the start of steam injec

tion. It appears likely that steam addition, as would

-
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FIGURE 26. TEMPERATURE RESPONSES IN THE BACK DURING

MR-3 FOR THREE LOCATIONS IN WELL D6.

be expected, reduces plenum temperatures.

Figure 27 shows the final position of the back at

the end of the retort as inferred from thermocouples

in Wells El, E2, M4, E4 and E6. Including data from

thermocouples in other wells, an estimate of 175 ton

nes of shale retorted from the back can be made.

As mentioned earlier, little information is avail

able on the structure of the retort front within MR-3.

An examination of the data from the four wells that

extend more than 10 m into the bed does, however, pro

vide some indication of the flow uniformity in the

upper half of the retort. Table 11 gives the results

of estimates of the steam front and retort front velo

cities in these four wells. The table indicates that

at least in the upper portion of MR-3, there are indi

cations of velocity (and thus permeability) differen

ces of approximately a factor of two. This is similar

to what was observed in MR-4. Based on these few data

alone one would have expected the sweep efficiency in

in MR-3 to be similar to that in MR-4. However, as

TABLE 10

MAJOR OPERATING PHASES MR-3

INJECTION CONDITION SGV (m/min)

Ignition

Air -

79%, Steam - 21% 0.18

Air 0.14

Air 0.07

Air 0.13

Air 0.17

Air -

70%, Steam - 30% 0.25

Shutdown

DAY OF EXPERIMENT

2

5-13

14-35

35-45

45-57

57-76

76-80

80
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will be shown shortly, the sweep efficiency in MR-3

is considerably better than in MR-4, which indicates

that the nonuniformities hinted at in Table 11 were

not very extensive and/or flow was considerably more

uniform in the lower portion of the retort.

As far as the use of thermal data to estimate

coking loss and carbonate decomposition is concerned,

the MR-3 data is very similar to MR-4. The same

coking loss value of 11% was used to analyze MR-3.

MR-3 Material and Energy Balances

As in the case of MR-4 offgas composition and

flow rate data can be used to estimate the amount of

shale retorted and oil liberated during the process.

The calculations on MR-3 were made using the identi

cal assumptions as to coking loss, cracking loss,

char utilization and retort leakage as was done for

MR-4. Also, for the case of MR-3, the propane and

propene concentrations were inferred from the measur

ed ethene and ethane levels just as in MR-4. Figure

28 plots the air and steam injection flows for MR-3.

The air injection was again used to determine the

dry production flow using a nitrogen balance. The

primary complication to the analysis of MR-3 was

the substantial variation of grade that occurred

through the retort bed. This was handled in the

analysis by adjusting the grade continuously as a

function of tonnes retorted. This resulted in the

grade distribution being a function of time as in

dicated in Figure 29. Of course it is impossible

to know the actual average grade being processed at

any given time, however, the trend shown in Figure

29 must certainly be valid for MR-3. As long as the

average grade used for the entire analysis matches

the average grade in the rubbled bed, the total

material balance results should be accurate. The

problem arises when it is desired to compare one

period of the retort versus another as to perfor

mance. In this case, knowledge of the actual grade

being processed at each time is important. Since

MR-3 had a variety of operating conditions, it is

natural to want to compare the performance under

different conditions. Unfortunately for MR-3, such

comparisons are difficult because of the grade ef

fects just discussed.

As far as the total results are concerned,

Table 12 summarizes the MR-3 performance. This table

TABLE 11

SUMMARY OF FRONT VELOCITIES IN MR-3 DEEP THERMAL WELLS

WELL

STEAM FRONT VELOCITY

(m/day)

RETORT FRONT VELOCITY

(m/day)

G3

F6

E4

C5

3.7

1.8

1.5

2.4

0.5

*

0.18

0.24

thermocouple failures prevented an estimate of retort front

velocity in this well.
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USED TO ANALYZE MR-3.

indicates that as far as oil loss mechanisms, MR-3's

performance is slightly poorer than MR-4 with 50%

total losses as opposed to 44%. With respect to

sweep efficiency, MR-3 is significantly better than

MR-4. The improved sweep efficiency on MR-3 is most

likely due to a reduced effect of outlet geometry for

this longer retort and, no severe channeling effects

like those in MR-4 (probably partially due to the

somewhat higher void fraction in MR-3). An examina

tion of the Ergun equation, describing permeability

in a packed bed, reveals that as the overall void is

lowered the sensitivity of relative changes in perme

ability to changes in void is increased. Thus at the

slightly lower void of MR-4 perturbations in the void

distribution are likely to introduce more sweep inef

ficiencies than similar perturbations in MR-3. A

sweep efficiency of 76% is certainly much closer to

what would be considered acceptable for a commercial

VMIS retort. Unfortunately, with essentially no in

strumentation in the bottom of the retorts it is not

possible to determine which of the reasons mentioned

had the greatest impact in improving MR-3*s perfor

mance. Once again, as with MR-4, the oil produced

number calculated by material balance does not neces

sarily equal the actual liquid recovery and, in fact,

is probably higher because it
includes non-condensable

hydrocarbons in the offgas.

As has been discussed, MR-3 had a variety of op

erating conditions. The different conditions had

somewhat predictable effects on the offgas composi

tion. For example, there was an increase in hydrogen

during periods of steam injection and an increased CO/

C02 ratio for the periods of lower injection rates.

More important than changes in gas composition is to

determine if any of these conditions resulted in

more efficient retorting. The parameter selected for

comparing one condition versus another is the mass

ratio of oil available for production to oxygen in

jected at any given time. This parameter includes

the oil loss mechanisms of coking, cracking and com

bustion and further largely removes the effect of

changes solely in the magnitude of the injection

flow. This parameter is plotted in Figure 30 as the

line labeled "uncorrected for grade". The signifi

cantly higher values for this parameter in the early

phases of the test are due largely to the higher

grade being processed at this time. Obviously, in

higher grade regions more oil is produced per unit

amount of oxygen. If an attempt to separate out the

effects of grade changes, the straight ratio of oil

to oxygen can be corrected by dividing by the ratio

of the cumulative average grade to the overall aver

age grade for the retort. This result is shown as

the line labeled
"corrected"

in Figure 30. By way

of comparison for a surface direct combustion retort

for 85JL/ tonne shale, the oil to oxygen mass ratio

would be in the range of 0.9 to 1.0. An examination

of the grade corrected oil to oxygen ratio still

shows more efficient processing early in the test

and furthermore, there is a small indication that a

drop in efficiency may have resulted when steam

addition was terminated on day 13. The subsequent

changes in operating conditions appear to have had

little effect on efficiency except for a transient

drop associated with the increased in-air flow on

day 45. There is a general trend of poorer perfor-
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TABLE 12

MATERIAL BALANCE RESULTS FOR MR-3

SHALE IN RETORT

SHALE RETORTED

Avg . Grade

4720 tonnes

3763 tonnes

98.1 (1/ tonne)

OIL INVENTORY

Total Oil Liberated by Kerogen

Decomposition

Oil Coked

Oil Cracked

Oil Combusted

Oil Produced

2322 bbl 372 (ra3)

254 41 (m3) - 11%

94 15 (m3) - 4%

817 131 (m3) - 35%

1157 185 (m3) - 50%

SWEEP EFFICIENCY ESTIMATE

3763 - 175*

4720 76%

*Tonnes of back material processed during retorting.

mance as the retort progresses and, in fact, it is

really impossible to discern whether the apparent

drop in efficiency associated steam cutoff is merely

a part of this overall trend or an actual result of

changing the process conditions. The addition of

steam later in the retort for a 7 to 10 day period

when the grade changes were less severe, might have

provided a chance to further evaluate the efficacy

of steam addition. Another reason often cited for

the use of steam is to control temperatures below

levels needed for shale fusion. The concern here

being that shale fusion might result in plugging

within the retort. During the extended period of

1.00

, UNCORRECTED FOR GRADE

CORRECTED FOR GRADE

0.00 ' 1 l

20

TIME, DAY OF EXPERIMENT

FIGURE 30. MASS RATIO OF OIL AVAILABLE FOR RECOVERY

TO OXYGEN INJECTED AS A FUNCTION OF TIME

FOR MR-3.

operation of MR-3 without steam, there was no evi

dence of any plugging.

The energy balance results for MR-3 are shown

in Table 13. The results are very similar to MR-4

with the exception that the percentage of the avail

able energy that is left as sensible energy in the

rock is significantly less than in the case of MR-4.

Since the absolute amount is essentially the same in

both cases, it is possible that the length of MR-4

is then providing an indication of the steady state

thickness of the oxygen consumption front (12 m
-

15 m). For MR-3 the sensible energy left in the rock

amounts to only 8% of the original energy in the ker

ogen. The overall energy recovery for MR-3 is 57%.

This is nearly identical to that calculated for MR-4.

SUMMARY

The instrumentation and analysis effort conduc

ted by Sandia National Laboratories on the Occidental

retorts MR-3 and MR-4 have shown that a combination

of thermal instrumentation and techniques based upon

utilizing the measured offgas composition can provide

a detailed evaluation of the performance of a VMIS

retort. Specifically, retort front structure can be

depicted with thermal instrumentation identifying

areas of channeling or conversely little or no flow.

The geometry of the retort front can be predicted

with reasonable confidence by the precursor steam
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TABLE 13

OXYGEN CONSUMPTION AND ENERGY BALANCE FOR MR-3

TOTAL OXYGEN CONSUMED 590 tonnes

CONSUMPTION BREAKDOWN BY FUEL ENERGY GENERATED

Oil 390 - 66% 49.4

Gas 35 - 6% 4.7

Char 165 - 28% 20.3

590 74.4

SENSIBLE ENERGY BALANCE

(All Quantities in IO11
Joules)

ENERGY INPUT

Steam

Combustion

2.6

74.4

77.0

ENERGY CONSUMED

Steam Out

Carbonate Decomp.

Kerogen Decomp.

Gas Out

Low Temperature

Energy in back

Char/C02 Reaction

Sensible Energy in

Rubble by Difference

30.,0 - 39%

22.,1 - 29%

2.,0 - 3%

2.,0 - 3%

0.,5 - <1%

5.,5 - 7%

14.9 - 19%

77.0

OVERALL CHEMICAL ENERGY BALANCE

HEATING VALUE OF RAW KEROGEN

189.1

DISTRIBUTION OF THIS ENERGY

Combustion 74.4

Low BTU Product Gas 38.3

Liquid Product (C5+) 70.1

Unreacted Char 6.3

189.1

front geometry. The usefulness of thermal instrumen

tation can be maximized by first attempting to obtain

as uniform a volumetric coverage as possible and

second, by carefully validating, through the use of

appropriate diagnostics, all thermal readings. In

addition to information on retorting rates and front

structure, the thermal data can be used to examine

elements of the retort chemistry, particularly oil

losses to coking and the extent of carbonate decom

position.

The offgas analysis tool, based upon material

balance calculations (primarily a carbon balance),

can provide estimates of the important parameters,

such as retorting rate, and oil loss to combustion.

For example, this approach calculated a sweep effi

ciency for MR-3 of 48% and a local retorting effi

ciency of 56%. In the case of MR-3 these numbers

were 76% and 50%, respectively. Material balance

results can then be conveniently used to perform

energy balances on the retorts. The energy balances

for these retorts indicate that the energy from char

and oil combustion is split primarily between sensible

heat in the rock, carbonate decomposition and steam

in the offgas. The overall energy efficiency of the
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two retorts was shown to be on the order of 60%.

The material balance calculations indicate that

these retorts are characterized by the consumption

of both char and oil. The combustion of oil does

represent a significant loss of liquid product. In

general, despite differences in grade and operating

conditions the performance of the two retorts is

remarkably similar in every aspect except sweep ef

ficiency. Of the two efficiencies of primary inter

est retorting (local yield) and sweep, it would ap

pear that sweep is the variable that can have the

greatest variation and, being directly a function of

retort design and construction, may be the most amen

able to control.

The type of information generated by thermometry

and material balance calculations certainly permits

a thorough assessment of the performance of an indivi

dual in situ retort. This very same information could

be used to make a more general assessment of VMIS

technology, at least as conducted by Occidental. The

author feels, however, that this would be an inappro

priate use of these data since, as has been stated

earlier, these retorts were never intended as anything

but ignition test beds. The work presented in this

document is intended to demonstrate how a consistent

and logical approach to in situ retort analysis can

yield all the information necessary to evaluate retort

performance. An assessment of VMIS technology should

await the application of these very same tools to the

large scale retorts 7 and 8.
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SUMMARY OF OXY'S MIS RETORT START-UP DEVELOPMENT PROGRAM

J. FEINMAN AND J. C. SHEN

OCCIDENTAL OIL SHALE, INC.

P. 0. BOX 2687

GRAND JUNCTION, CO 81501

When the Phase I Cooperative DOE/OXY Program

was completed in 1979 with the operation of Retort

6 at Logan Wash, there were a number of technical

areas that clearly required more development work to

advance OXY's MIS technology to commercial readiness.

The major areas included:

-Rubblization, to provide more uniform void dis

tribution.

-Retort inlet and outlet design to provide improved

sweep efficiency.

-Retort ignition development to provide as rapid and

uniform ignition as possible.

Development work on these and associated aspects

was a major part of the Phase II Cooperative DOE/OXY

Program that will be completed when full-scale

Retorts 7 and 8 finish retorting later this year.

The rubblization work will be reviewed by OXY's Tom

Ricketts later today and has been reviewed on

earlier technical programs that many of you attended

Our work on retort inlet design has been discussed

to some extent in the Quarterly Progress Reports

submitted to the DOE in fulfillment of our oblig

ations under the Cooperative Agreement . More de

tailed review of this work will be performed in

summary and final reports to the DOE and in technical

presentations and publications that OXY plans to

prepare after Retorts 7 and 8 are completed. Part

of our work on ignition has also been discussed

briefly in the Quarterly Progress Reports; however,

much of this work is proprietary and has not been

presented. While we do plan to disclose this im

portant work at future technical meetings, we feel

that a review at this Symposium as a preface to

Sandia'

s presentation on Mini-Retorts 3 and 4

would be in order because as Dr. Hommert emphasizes

in his paper, OXY's Mini-Retort Program was

specifically designed to provide optimum ignition

systems and procedures for Retorts 7 and 8. The

Mini-Retort outlet configurations and collection

systems were therefore not designed with complete

retorting as an objective, although once the retorts

were ignited we did decide to operate them to

completion.

To provide a sound basis for designing ef

fective ignition procedures, laboratory studies were

carried out at Occidental Research Corporation to

define quantitatively the behavior of oil shale

under conditions of temperature and gas com

position expected during ignition of MIS rubble.

These studies were carried out using
thermogravi-

metric analyses and differential thermal analyses

on the range of the oil shale grade and ignition

gas conditions expected in our operations. The

results, which defined the effects of the in

dependent variables on the "ignition
temperature"

were used to develop startup procedures that

could be tested in a 15.2 cm diameter packed

bed pilot retort having a 16 kg capacity. The

procedures demonstrated in the 15.2 cm retort

were then studied in a 1.2 meter diameter pilot

retort with 1.5 tonnes capacity where the ef

fects of shale particle size could also be

determined. Improvements in the ignition pro

cedure were developed in this system.

To supplement these pilot ignition studies,

two additional pilot retorts were constructed

later in 1980 to enable simulation and modelling

of the flow patterns and heat transfer mechanism

expected in the field retorts having both a

plenum for ignition and retorting and a bulked

full configuration. These studies, which con

tinued after ignition of the Mini-Retorts, have

been very useful in designing the systems that

were used to ignite Retorts 7 and 8.

Additional concurrent analytical work that

supported these programs include development of

analytical models and associated computer pro

grams for simulating the heat-up of the rubble

surface and the plenum surfaces and the effects

of the heat-up conditions on roof behavior, a

very important aspect of large scale MIS retort

ignition.

The Mini-Retorts that Dr. Hommert will dis

cuss next were ignited using the procedures

developed based on this comprehensive program.

In addition, a third Mini-Retort, MR-1, was

constructed and ignited using a hot inert gas

generator to demonstrate the final procedure

that was used to ignite full-scale Retorts 7 and

Retorts 7 and 3 were ignited in January,

1982 and December, 1981, respectively, and are
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presently running at the designed retorting rates.

We expect to discuss the ignition and operating per

formance of these retorts in upcoming reports to

the DOE and in future technical meetings on oil

shale .
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OCCURRENCE AND REACTIONS OF OIL SHALE SULFUR*

Alan K. Burnham and Robert W. Taylor

Lawrence Livermore National Laboratory
P.O. Box 808, L-207

Livermore, CA 94550

ABSTRACT

We first discuss the nature and abundance of

sulfur forms in Green River oil shale. A

previously reported correlation between sulfur and

grade does not work well over a very large

geographical region. We next discuss the

distribution of sulfur in the pyrolysis products,

including trace sulfur species in the gas, and the

reactions of steam and air with iron sulfides in

the shale. Steam reactions increase H?S

generation in both laboratory and pilot retort

experiments. There is a related decrease in COS

production with steam. We also discuss the

contribution of sulfur to process heat and

demonstrate the effectiveness of sulfate-forming

reactions to minimize S0~ emissions during

combustion of retorted shale under conditions

simulating lift-pipe burners. The information

presented should be of value for properly

considering the effects of sulfur when designing

oil shale processes.

INTRODUCTION

During the past several years, we at LLNL have

been investigating the chemistry of oil shale

processing reactions, both in terms of obtaining

effective kinetics for modeling purposes and to

understand the effect of processing conditions on

the distribution and composition of products.

(Campbell and Burnham, 1980; Burnham, 1980;

Burnham, 1982.) Sulfur reactions have recently

been recognized as an important issue affecting

the areas of process heat, equipment corrosion,

oil refining, and gaseous, aqueous and solid

effluents. Common factors to all these areas are

the shale composition and its variability and the

effect of processing conditions on product

compositions.

*Work performed under the auspices of the U.S.

Department of Energy by the Lawrence Livermore

National Laboratory under contract number

W-7405-ENG-48 for presentation at the 15th Oil

Shale Symposium, April 28-30, 1982, Golden, CO.

The goal of our program at LLNL is to answer

the question: given any particular shale and any

particular process, what is the fate of sulfur?

This question implies that both the composition of

the shale and the expected range of processing

conditions vary sufficiently to have a significant

impact on the fate of sulfur. If the shale

composition does vary in a way that would affect

sulfur fate, it would be desirable to have a

relatively simple analysis that could be used to

predict the products under various conditions.

This requires that we understand the sulfur

reactions well enough to relate the difference in

composition determined in the analysis to a

difference in processing conditions. An

additional benefit of understanding the sulfur

reactions is to increase the ability to modify

processing conditions or even to provide a basis

of choosing one process over another for a

particular shale.

This paper summarizes: 1) current information

on the occurrence and origin of sulfur in Green

River oil shale, 2) the effect of reaction

conditions on sulfur products, and 3) the

implications of these results for process

selection. We hope to demonstrate that our

current understanding of occurrence and reactions

can aid in process design, and that increased

understanding will help even more.

SULFUR OCCURRENCE AND ORIGIN

A starting point in understanding the fate of

sulfur during processing is to know the quantity

and form of sulfur present. Unfortunately, the

knowledge of the occurrence of sulfur is meager

compared to extensive characterization of oil

shale grade throughout the Green River formation.

As is discussed below, most of the character

ization until very recently was limited to the

Mahogany zone and is not applicable to other parts

of the formation. There have also been some

concerns experessed recently (Johnson, 1982)

concerning the reliability of small -diameter core

data to adequately sample sulfur occurrence. It

is known that oil shale sulfur is mostly in the
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form of pyrite, FeS2 (Stanfield and others,

1951; Smith and others, 1964). At various

locations within the Green River formation, it

occurs as microscopic crystals imbedded in the

kerogen, in veins parallel to the bedding planes

and in nearly vertical fractures in the shale

according to the observations of ourselves and

others (Johnson, 1982; Hakkila and others, 1978;

Desborough and Pitman, 1974).

A more quantitative distribution is available

for sulfur forms in the Mahogany zone. For a

composite of Mahogany zone shale from near Rifle,

CO, Stanfield and others (1951) report an average

sulfur content of 0.63 wt%. Using a method

developed for coal (ASTM test D2492), they found

that 68% of the sulfur was in the form of pyrite,

2% in the form of sulfate, and, by difference, 30%

in the organic material. The coal method

determines pyrite from the HNO^-soluble iron

following an HC1 extraction of the shale.

However, Smith and others (1964) claimed that the

coal method for determining sulfur forms was

inadequate. They stated that in some cases the

pyritic sulfur exceeded the total sulfur. They

developed an alternate method based on reduction

of the pyrite with lithium aluminum hydride and

determined the average distribution of raw shale

sulfur to be 73% pyritic, 3% sulfate, and 24%

organic for a Mahogany zone composite sample from

near Rifle, CO. The total sulfur content of their

composite was 0.72 wt%. Young (1980) used this

method to determine sulfur forms for the 10

Mahogany zone composites from Colorado and Utah

(Figure 1). He found an average distribution of

77% pyritic, 1% sulfate, and 22% organic sulfur.

It is generally believed that sulfur content

is related to organic carbon content. One might

expect such a relationship if the prinicpal source

of the sulfur is the organic material, even if

post-depositional bacterial action converts the

sulfur to H2S, which is captured by iron to form

pyrite. Atwood and others (1979) found a

reasonably high correlation (r =

+0.951) between

oil shale grade and pyritic sulfur for samples

from the Mahogany zone. A similar correlation is

evident between organic carbon content and total,

pyritic, and organic sulfur in the data of

Stanfield and others (1951). Desborough and

others (1976) state a similar conclusion, although

their data do not particularly support it.

Mahogeny
Zone Outcrop

/

/

1

1

Colony -\ v

\^ . 0.68%\
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>>Union \

0.89% V>- '

0.73* .r \ 0.59%/
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0.5*% V-'J^V'

\
\
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Figure 1. Total sulfur content in ten 104

L/Mg (25 gal/ton) composite samples from

the Mahogany zone (Young, 1980). Dashed

line is the surface outcrop of the

Mahogany zone.

However, the correlation between carbon and

sulfur content is not universal in the Green River

formation. The total sulfur content reported by

Young (1980) for the 10 Mahogany zone composites

(all 104 L/Mg) ranged from 0.45 to 0.74 wt%. As

shown in Figure 1, there tends to be higher sulfur

content towards the center of the Green River

formation. Additional results showing a lower

sulfur content in Utah oil shale are given by

Desborough and others (1976).

There are additional data showing the lack of

a relationship between organic carbon and sulfur

content. In Figure 2 we show the total sulfur and

organic carbon content for samples from three

cores. The sulfur content was determined at LLNL;

the organic carbon was determined at LLNL for the

Geokinetics core and reported by Giauque and

others (1980) for the NOSR cores. Cores NOSR 25

and NOSR 15/16 are from the Naval Oil Shale Reserve

No. 1. NOSR 25 is on the edge of the basin, while

NOSR 15/16 is towards the interior. The

Geokinetics core is from Utah. The samples from

the NOSR 25 and Geokinetics cores are mostly from

The Mahogany zone, but a significant number of

samples from NOSR 15/16 come from the next rich

oil shale zone below the Mahogany zone.
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Figure 2. Relationship between total sulfur

content and organic content for three

cores in the upper part of the Green

River formation. The different symbols

represent different depth zones as

follows. NOSR core 15/16; o, 1170 to

1208 ft; o, 1210 to 1346 ft (Mahogany

zone); a, 1377 to 1468 ft. NOSR core

25: ?, 498 to 613 ft; o, 636 to 705 ft

(Mahogany zone). GKI core: o, 45 to 83

ft (mostly Mahogany zone).

The correlation between organic carbon and

sulfur in the NOSR cores is statistically

significant but weak; the Geokinetics core

exhibits none at all. For NOSR 15/16, the samples

from below the Mahogany zone tend to have a higher

sulfur content that those with the same organic

carbon content in the Mahogany zone. Additional

results indicating increased sulfur content below

the Mahogany zone are given by Desborough and

others (1976).

A similar breakdown in the relationship

between organic carbon and sulfur is evident from

sulfur analysis of samples from the corehole and

mineshaft MDP-1 at Tract C-a (Figure 3). For the

20-m composite samples, the sulfur content

increases with depth while organic carbon content

decreases. In the 160 to 170 m depth range, there

is no apparent correlation between grade and

sulfur. However, grab samples from a pile of

mine-run shale nominally attributed to a depth of

132 m, the richest part of the Mahogany zone,

generally show increased sulfur content at higher

grades. Combined with the results discussed

above, this indicates that the correlation between

organic carbon and sulfur content is probably

appreciable only in the Mahogany zone of the

Piceance basin. Overall, there tends to be a

general increase in sulfur content near the center

of the Green River formation (Figure 1) and an

even greater increase in at least the first four

zones below the Mahogany zone near Tract C-a

(Figure 3). The lack of a general relationship

between total S and organic C leads to a

consideration of the organic S to organic C

ratio. Although Stanfield (1951) found a constant

S/C ratio in 10 Mahogany zone kerogens, Young

(1980) found that the organic sulfur content

varied from 0.08 to 0.19 wt% which indicates a

more than twofold variation of organic S/organic

C. The lower organic S/organic C ratios were in

the samples with the lowest total S.

The variation in the organic S to organic C

ratio observed to this point is small compared to

the variation in total S to organic C. However,

there is insufficient data to develop a good

understanding of the relationship between total

and organic sulfur content. This lack of

understanding of the incorporation of sulfur into

the oil shale is a limitation in understanding the

fate of sulfur during pyrolysis, as will become

evident in the next section;

Some work has been reported that will aid in

eventually unraveling this problem. The sulfur in

oil shale, as well as most carbonaeous sediments,

probably has at least three sources (Wedepohl,

1978). Some is retained from the sulfur-bearing

amino acids in the protein of the organisms whose

much-altered and fermented debris constitute the

organic material of oil shale. The organic

material may also contain sulfur which was not in

the living organisms. This sulfur is the product

of chemical reactions between reactive functional

groups of the organic debris and reduced forms of
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Figure 3. Variation of sulfur concentration

in Tract C-a shale as a function of

depth. The bars represent composites

over the indicated interval. The points

represent grab samples from mine-run

shale at approximately the indicated

depth, except the 192 and 23 L/Mg

samples, which are one-foot intervals

from the core.

sulfur produced from sulfate by microbial activity

under reducing conditions.

The variable relationship between sulfur and

organic carbon becomes clearer with the

realization that most of the sulfur in oil shale

comes from microbial reduction of sulfate. The

ratio of sulfur to organic carbon in oil shale, as

in most carbonaceous sediments, is greater than

the ratio in living organisms. For example, Philp

(1978) reports a sulfur-to-carbon ratio of 1/71

and 1/97 on a weight basis for two kinds of

algae. The ratio in oil shale is between

approximately 1/10 to 1/40. This kind of

observation helped lead to the discovery of

sulfur-fixing bacteria nearly a century ago

(Clarke, 1924 and Peck, 1975). The presence of

organic matter is needed to create the conditions

necessary for sulfate reduction.

The high sulfur contents of some petroleums

demonstrate post-depositional sulfurization

reactions. The details and timing of the

sulfur-fixing processes are the subject of current

research (Pyzik and others, 1981). High sulfur

petroleum most often evolves from low-iron source

rocks such as carbonate rocks, suggesting a

competition between iron and carbonaceous material

for biogenic H-S, or other reduced forms of

sulfur (Tissot and Welte, 1978). Orr (1978)

summarizes principal environmental factors
which

fix the sulfur content and speciation in

sedimentary deposits as the dissolved sulfate

concentration, Eh (a controller of microbial

activity), nature and abundance of organic matter,

and the abundance of iron which competes with

organic matter for the reduced sulfur. A

description of the Eocene lake environment in

which the oil shale formed is given by Murray

(1974), Roehler (1974) and Cole (1975).

There is an additional factor that may affect

the distribution of sulfur in pyritic and organic

forms. It is known that additional deposits of

pyrite occur within fractures in oil shale below

the Mahogany zone in Tract C-a (Johnson, 1982).

This pyrite is probably formed after the primary

sulfur-fixing reactions and may be responsible for

the elevated sulfur concentrations. In addition,

the core sample may not be completely

representative depending on the diameter of the

core and the distribution of fractures, or some of

the pyrite crystals in the fractures may be lost

during handling. From the discussion in this

section, it is evident that the abundance of both

total sulfur and sulfur forms are inadequately

characterized and understood to be reliable input

to a predictive model of sulfur chemistry.

Further work is necessary. The issue of sulfur

speciation in raw shale is discussed again in the

section concerning pyrolysis reactions.

SULFUR REACTIONS DURING PYROLYSIS

During pyrolysis of oil shale, sulfur is

distributed among the solid, liquid and gaseous

products. Results from a variety of shale samples

by several workers (Stanfield and others, 1951;

Berry, 1980; Goodfellow and Atwood, 1974) are

summarized in Table 1. In addition, the Colony

assay agrees well with the distribution obtained

in the Tosco-II semi-works (Goodfellow and Atwood,

1974). An average fractional distribution

obtained for assay is about 0.7 in the retorted

shale, 0.1 in the oil, and 0.2 in the gas.

Most of the sulfur in the oil is in the form

of thiophenes (Dinneen and others, 1961; Dinneen

1962; Poulson, 1975; Willey and others, 1981).

The sulfur content decreases slightly with an

increase in boiling point range (Lovell, 1978).
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Table 1. Distribution of raw shale sulfur in products from Fischer assay.

Sample Assaying No. of Avg. Totals Avg % of Raw Shale S in Product

Site Lab Samples wt% Spent Shale Oil Gas

Anvil Points LETC 10 0.6

Anvil Points
LETCb

6 1.29

Anvil Points LLNL 4 0.6

Geokinetics LLNL 8 0.5

Tract C-a LLNL 7 1.4

Tract C-a
T0SC0C

8 1.4

Colony
T0SC0d

1 0.8

By difference except for TOSCO results.

'Stanfield and others, 1951.

;

Berry, 1980.

'Goodfellow and Atwood, 1974.

69 11 20

78 8 14

74 15 11

86 7 7

60 8 32

66 5 28

69 15 19

Unlike nitrogen (Stout and others, 1976), the

sulfur content does not appear to be affected

appreciably by the heating rate during pyrolysis.

The sulfur contents of two oil samples prepared

from the same shale (Tract C-a, 104 L/Mg) at

heating rates of 12 and 0.1 C/min were 1 .03 +

0.03% to 1.09 +0.03%, respectively. Most of the

sulfur in the gas is in the form of H~S. In the

routine gas analysis performed on pyrolysis gas

from LLNL assay, we have detected COS, CH^SH,

and dimethyldisulf ide at levels of 10 to 100 times

lower than H?S. These data are not sufficiently

accurate to derive any clear trends. Other

organic sulfur compounds detected in oil shale

gases include CS2, thiophene, and methyl

thiophene (Ondov and others, 1981; Sklarew and

others, 1981).

There are several indications that average

values for the distribution of sulfur are

inadequate for universal process design. First,

the average fraction of sulfur distributed in the

oil ranges from 0.05 to 0.15 in the results of

various workers. This quantity might be expected

to be constant if the total sulfur were

proportional to grade and the organic S/organic C

ratio in the raw shale were constant. In fact,

neither are very true. Second, the distribution

of sulfur in products is a strong function of oil

shale grade for the Tract C-a samples analyzed by

Tosco, as shown in Figure 4. The same trend is

present to a lesser extent in the results of

Stanfield (1951). Third, the product distribution

of sulfur in the LLNL combustion retorts is

influenced by the presence of injected steam

(Burnham, 1981). Finally, retorting by direct

contact with hot recycled burned shale sharply

reduces the H~S content of the pyrolysis gas

(Schmalfeld, 1975; Weiss, 1982).

To more completely understand the sulfur

reactions during pyrolysis, we monitored the

evolution of H?S (Burnham and others, 1981b).

The rate of H~S evolution as the shale is heated

at 4.8 C/min under an autogenous atmosphere is

shown in Figure 5a for Anvil Points samples of

varying grades. Similar results were obtained for

samples from Tract C-a, Logan Wash and the Colony

mine. The temperature of the maximum rate of

evolution of H~S was approximately 425C for

rich shale increasing to 460 C for lean shales.

For comparison, the maximum rate of oil evolution
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occurs at about 455 C (Shih and Sohn, 1980).

Addition of finely-ground pyrite to the sample

increases the amount of H?S evolved but does not

modify the evolution profile, as indicated in

Figure 5b.
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Organic carbon in raw shale (wt%)

Figure 4. Distribution of sulfur from Tract

C-a oil shale into gaseous, liquid, and

solid products of a Fischer assay. The

fraction occurring in the gas and oil are

read from different scales (indicated by

arrows). The data shown by solid squares

comes from gas evolution experiments

(Burnham and others, 1981b).

-AP22 plus
_

1 wt% pyrite

-AP22

500 600 300 400

Temperature (C)

600

Figure 5. Rate of H^S evolution from Anvil

Points oil shale of various grades heated

at 4.8 C/min. The sulfur contents of

samples AP8, AP22, AP25, and AP61 are

0.26, 0.31, 0.66, and 0.98 wt%,

respectively. The rate is expressed in

units of ug H^S per gram samples per

second. Addition of pyrite causes an

increase in H?S generation.

We have proposed a tentative explanation

(Burnham and others, 1981b) for the results in

Figures 4 and 5. Most of the raw shale sulfur is

in the form of pyrite. The dominant sulfur

reaction during pyrolysis appears to be

FeS2
+ 2H FeS + H2S (D

where the hydrogen donor is not defined. The

reaction occurs at a lower temperature and to a

greater extent for rich oil shale. The apparent

limit that at least half of the sulfur remains in

the retorted shale (Figure 4) is consistent with

the previous observation that pyrrhotite (FeS) is

not easily reduced to Fe at temperatures below

900C (Attar, 1978).

The rate of reaction between the hydrogen

donor and pyrite depends on the degree of contact

and residence time. Several H2S evolution

experiments were conducted where powdered

(< 0.84 mm) oil shale was suspended in quartz

wool in the presence of an argon sweep (Burnham

and others, 1981b). In one sample, CA19, much of

the H?S was evolved between 500 and 525 C

(Figure 6a). This behavior was duplicated by

adding finely-ground pyrite to another sample,

AP22 (Figure 6b). Interestingly, Sample CA19 is

the only sample that contained visible crystals of

pyrite. We suspect that these crystals became

small independent pyrite particles during

grinding, so the contact with organic material was

insufficient to react below 500C as it did in

an autogenous atmosphere (Figure 5b).

~ 8

Argon

2.0
-

AP22 p|us

1 wt%
pyrite-

1.5
(-

AP22

300 400 500 600 300 400 500 600

Temperature (C)

Figure 6. H2S evolution rate from a Tract

C-a shale (CA19) that has two peaks. The

high-temperature peak is observed when

pyrite crystal are blended with an Anvil

Points sample (AP22), shown on right-hand

figure. This implies that the visible

pyrite crystals in sample CA19 become

separated from the shale during grinding

and have different reaction characteristics,

304



There is more organic sulfur in the raw shale

than appears in the oil, so the organic sulfur may

also be a source of H2S generation during

pyrolysis. The functionality of the organic

sulfur in the raw shale is unknown, so it is not

known if it would most likely end up in the gas,

oil or carbonaceous residue (char). It is also

unknown how much inorganic sulfur is transferred

to the oil or to char during pyrolysis. A more

general reaction scheme for sulfur compounds

during pyrolysis in the absence of recycled

oxidized shale is:

FeS2
+ Org H * FeS + H2S + Oil S

Org S * H?S + Oil S + Char S

H2S + FeX ? FeS

(2a)

(2b)

(2c)

The results of Stanfield (1951) indicate that

there is little or no organic sulfur in the spent

shale from a Fischer assay, but this result must

be viewed with caution because of problems with

the same analytical technique underestimating

organic sulfur in raw shale. However, the

Mossbauer results of Williamson and other (1980)

reinforce this conclusion. It is necessary to

include an additional FeS formation reaction (2c)

because Stanfield shows a 1.5-fold increase in

iron contained in sulfides after pyrolysis. The

iron donor is unknown, but it is presumably an

iron carbonate in solid solution with dolomite, in

which case C0? and H?0 would be evolved (Cole,

1978). At temperatures above approximately

300 C, it is thermodynamically favorable for

iron carbonate to remove HS from a C02 and

HpO-rich gas even if the concentration of HS

is as low as 1 ppm. The rate of this reaction is

unknown.

We have attempted to determine if indirect

tests can be used to determine the stoichiometry

of the organic sulfur reactions and the tendency

to convert pyrytic sulfur to oil sulfur. Figure 7

shows the relationship between the total S/organic

C ratio in the raw shale to the S/C atomic ratio

in the oil. Several observations are apparent:

(1) Mahogany zone samples from Anvil Points cover

a very small fraction of the observed variation,

(2) the S/C ratio in the Geokinetics oil samples

are low and essentially independent of the

S/organic C ratio in the raw shale, and (3) there

is a weak relationship between the S/organic C

ratio in Tract C-a raw shale and the corresponding

oil. A tentative explanation for these results is

that the S/C ratio in the oil depends mostly on

the S/C ratio in the raw shale organic material.

The latter ratio may vary from zone to zone

roughly as the total sulfur content varies. The

low S/C ratio in the Geokinetics oil is consistent

with the low organic S to organic C ratio found in

the Utah Mahogany zone shale by Young (1980).

0.16

0.12

0.08

0.04

A Tract C-a, TMBA

a Tract C-a J
Geokinetics j LLNL
Anvil points)

Anvil points, LETC

*

0 0.002 0.004 0.006 0.008

S/C atomic ratio in oil

Figure 7. Relationship between the ratio of

sulfur to organic carbon in raw shale to

the same ratio in oil produced from that

shale. The limited range for Anvil

Points is shown along with the ratio in

kerogen from Anvil Points.

A related issue is whether or not increased

levels of pyrite can cause a decrease in oil

yield. Such an effect may be present in Eastern

shale (Coburn, 1980). Also, an increase in pyrite

content from 4 to 40% caused the yield from

Colorado shale to decrease from 146 to 121 L/Mg of

oil shale (Jones and Dickert, 1965). The

possibility that sulfur content affects the amount

of organic matter converted to oil was

investigated using the sulfur data in Figure 2

along with the other results of Giauque and others

(1981). The fraction of organic matter converted

into oil was fitted to the form mx + b, where x

was the S content, S/C ratio or N/C
org org
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org

ratio (Giauque, 1981). (Elevated nitrogen content

has been implicated for increased char production

[Singleton and others, 1982].) We found that the

variation in the N/C ratio accounted for a

org
much larger fraction of the variation in the oil

production than did variation in the sulfur

parameters. A multiple regression analysis with

both N/C and sulfur parameters did not

significantly improve the fit over using N/C

alone. This implies that variation in sulfur

content is probably not a significant factor in

causing variations in kerogen pyrolysis

stoichiometry for Green River oil shale.

In summary, the principal H?S-forming

reaction appears to be the reaction of pyrite with

organic material. The rate of the reaction

depends on the degree of physical contact. The

degree of conversion of pyrite to pyrrhotite

appears to depend on both grade and lateral

location within a given strata. There is some

evidence that extra pyrrhotite forms due to the

capture of H?S by FeCO^. The distribution of

organic sulfur during pyrolysis is less clear.

The oil contains less sulfur than the starting

organic material, but the precise distribution has

yet to be determined. Overall, more than half of

the sulfur remains in the retorted shale after

pyrolysis. There is room for improvement in

predicting the fate of sulfur during pyrolysis.

SULFUR REACTIONS IN STEAM

It is likely that steam will be used in oil

shale processing, particularly in combustion

retorting. Table 2 compares the distribution of

sulfur in products of an assay with those from

combustion retorting in the LLNL 125-kg retort

with and without added steam. Anvil points oil

shale with a grade of approximately 100 L/Mg was

used in all cases. The sulfur distribution in an

assay is similar to that in combustion retorting

without added steam, but the retort experiments

with added steam (usually 50/50 steam/air inlet)

have substantially less sulfur in the spent shale

and more in the gas. For comparison, 6-Mg retort

Runs L-3 and L-4 using Tract C-a shale and

steam/air inlet had a sulfur distribution of about

47% in recovered shale, 6% in oil, 2% in water,

(by difference) 45% in the gas. In this case,

direct H?S measurements agreed qualitatively

with the H?S production obtained by difference.

Table 2. Comparison of sulfur
distribution in

products from an asssay with those from

combustion-retorting experiments with and

without steam diluent. The sulfur in the gas,

mostly in the form of H2S, was
determined by

difference.

Nonsteam Runs Steam Runs

Fischer S-10, 11, 12, S-13, 14, 15,

Product Assay 17, 20, 23 16, 18, 19, 21

Spent

Shale

Oil

Gas

0.70

0.10

0.20

0.62

0.10

0.28

0.51

0.09

0.40

In the absence of injected steam, most of the

sulfur remaining after pyrolysis is converted to

sulfate as the combustion wave passes. However,

the use of injected steam decreases the amount of

sulfur in the spent shale and increases the amount

of H?S generated, indicating that H?S-forming

steam reactions are important at temperatures

below where the combustion occurs. The small

difference between the sulfur distribution in the

assay and in combusion retorting without injected

steam is probably due to the steam produced during

combustion of char. These ideas were tested with

laboratory experiments and a step-change

experiment in the 125-kg retort as described below.

Laboratory-scale experiments have demonstrated

that steam can convert essentially all of the

sulfur in the retorted shale to H2S below

800 C (Burnham and others, 1981b). An example

of the increase in H?S generation rate is shown

in Figure 8. It was further demonstrated that

addition of finely-ground pyrite increased the

amount of H2S generated but did not

substantially change the shape of the evolution

profile (Figure 8). Possible reactions are:

and

H20 +

FeS2
+ C * H2S + FeS + CO

FeS + | H20 * j Fe203
+ H2S +

H^

(3)

(4)
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Figure 8. Increase in H~S evolution from

Anvil Points oil shale in the presence of

steam, both with (b) and without (c)

added pyrite.

These observations indicate that both

steam-pyrite and steam-pyrrhotite reactions are

fast enough to occur during oil shale processing.

However, thermodynamic calculations indicate that

the reactions will be somewhat different in

retorts. The H?0/H? ratios will be such that

Fe-,0. will be the final iron phase. More

important, the gas flows in combustion retorting

are not fast enough to prevent H?S

concentrations from building up to near

equilibrium values (Burnham and others, 1981b).

This implies that the pyrite-to-pyrrhotite

conversion is the practical limit for sulfur

conversion. This is consistent with the sulfur

balances shown in Table 2.

Both the increase in H~S generation with

steam and the thermodynamic limitations on the

steam-pyrrhotite reaction were confirmed by

measurements of retort offgas composition

(Burnham, 1981). During LLNL retort Run S-24, the

otherwise constant steam flow was interrupted for

one hour. The change in the H2S production rate

during that period is shown in Figure 9a. The

decrease in H2S production rate reached a factor

of 1.5 near the end of the steam interruption.

This factor is in good agreement with the factor

of 1.4 determined by the sulfur-balance

calculations shown in Table 2.

During the same period of time that the steam

was off, the COS concentration jumped (Figure

9b). Two reactions thought to be responsible are:

and

H2S +

C02
= COS + H20

H2S + CO = COS +

H2 .

5)

6)

0.12

I I I I

0.08

0.04

n

- 0

E S o

IB O

hi

30 - 1
!

20

H

^

10

n

Steam

off

1 1 I

51.0 51.5 52.0 52.5 53.0

Time into experiment (hrs)

45 50 55 60

Time into experiment (hrs)

Figure 9. Decrease in H?S production rate

and increase in COS concentration in LLNL

retort Run S-24 during a one-hour

interruption of the steam input. Equal

volumes of air and steam were injected

during the balance of the run.

Both of these reactions are similar to the

water-gas shift reaction. If they are catalyzed

by iron oxides or sulfides, they may proceed by

analogous reaction intermediates. This would

explain why the presence of steam appears to

depress COS concentrations in the LLNL combustion

retorts, since a 50% steam diluent increases both

steam and hydrogen concentrations much more than

H?S concentrations.

Near the end of retort Run S-24, the bottom

1/3 of the retort became nearly isothermal at

527 C because of thermal conduction down the

walls, as shown in Figure 10. The effluent gas

composition during this time is given in Table 3.

1000

o

2 4 6 8 10

Level in retort

Figure 10. Temperature profile in retort Run

S-24 near the end of the experiment

showing a nearly isothermal zone in the

lower third of the retort.

Organic pyrolysis reactions were essentially

complete. The C0? was produced from char

combustion and carbonate decomposition. H? was

produced principally from char gasification by
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Table 3. Gas composition near the end of the

retort run S-24 (95 hours) calculated

from the dry-gas composition and an

equimolar steam-air inlet.

Gas Vol% Gas Vol%

H20 34
N2

27

H2 4.6 H2S 0.05

CO 1.2 COS 4.0 ppm

C0o 30

mid stages of kerogen pyrolysis (Huss and Burnham,

1981). This suggests that COS
concentrations

might be estimated from assay-gas
analysis.

However, only a qualitative relationship
has been

found, probably due to both limited and inaccurate

data on the assay gases (Burnham, 1981).

Moreover, the use of steam has been shown above to

affect COS concentrations. At the time that

Equation (8) adequately predicts H2S

concentrations during S-24, COS is only at 10% of

its equilibrium value, possibly because of the low

concentrations. More work is required to

accurately predict COS production from raw shale

properties and processing conditions.

steam. The H?S concentration dropped to a low,

steady value. Because of the shape of the thermal

wave and the time of exposure, the pyrite-steam

reaction should have been complete and the

steam-pyrrhotite reaction near equilibrium

according to our arguments above. The

water-gas-shift was within 25% of equilibrium,
_

o /:

indicating an oxygen partial pressure of

10"

atm, which implies that the iron sulfide was

oxidized to Fe.,0.. The equilibrium expression

for the reaction

FeS + |H20 = lFe304 + H2S +^ (7)

is given by

K =

PH2SPH21/3PH = 1.1 x
IO"3

at 527C. (8)

Substituting the concentrations of H? and H?0

from Table 3 into Eq. (8) and solving for PH <-

results in an H?S concentration of 0.07%, which

is in excellent agreement with the measured value

of 0.05%. This result makes the steam-pyrrhotite

equilibrium plausible. Combined with the other

results in this section, this result indicates

that our understanding of the steam-iron sulfide

reactions as they affect H2S concentrations in

oil shale processing is reasonably good.

The reactions leading to COS formation are

less well understood. In one gas-evolution

experiment on a 77 L/Mg sample from Tract C-a, the

maximum rate of COS evolution while being heated

at 2C/min was between 400 and 425C,

indicating that it is formed during the early to

SULFUR REACTIONS DURING OXIDATION OF RETORTED SHALE

The energy source for many retorting processes

is the combustion of retorted shale. Depending on

the process, the combustion temperature may be

from 500 to 1200C. The combustion temperature

affects the energy contribution of sulfur

reactions by influencing the types and rates of

reactions occurring. Furthermore, the combustion

temperature determines whether S02 escapes to

the atmosphere or is captured by carbonate

minerals to form sulfates.

In order to estimate the contribution of

sulfur to the heat of combustion of retorted

shale, it is necessary to know what the chemical

reactions are. The principal heat-producing

reactions thought to be important during the

oxidation of retorted shale are given in Table 4.

Although tabulated at 25C, the enthalpy of

these reactions changes little with temperature.

The source of these data are Stull and others

(1971) and Robie and others (1979). Determining

which reactions occur under which conditions is

made difficult by the low concentrations of sulfur

minerals, generally less than a few percent, too

low for identification by X-ray diffraction. In

the case of oxidized shale the sulfur is in the

form of sulfates almost all of which are soluble

in water. Thus by chemical analysis of the water

in which oxidized shale is leached, we are able to

deduce which sulfate minerals are present (Taylor

and others, 1982). Retorted shale oxidized in air

at temperatures from 300 to 600C yielded a

leach solution containing nearly equal

concentrations of calcium and magnesium sulfate,

but when oxidized above 600 C mostly calcium
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Table 4. Reactions During Oxidation of Retorted Shale

Enthalpy kJ/Mole

25C

(1) Char(CHQ>4) +^ =

C02
+ ^(g)

(2) S(thiophene) +

02
=

S02

(3) S(thiophene) + |o? +

CaMg(C03)2
=

CaS04
+ MgO +

2C02

(4) FeS + ^02 = ^^3 +

S02

(5) FeS + ^02 + ^CaMg(C03)2 =

-^CaS04
+ ^MgS04 + ^Fe203 +

C02

(6) FeS + |o2 +

CaMg(C03)2
=

CaS04
+ MgO + ^e^ +

2C02

(7) -lFeS2
+ ^|o2 +

CaMg(C03)2
=

CaS04
+ MgO + ^e203 +

2C02

(8) CaMg(C03)2
+

CaC03
+

2Si02
=

Ca2MgSi207
+

3C02

(9) CaMg(C03)2
+

2Si02
=

CaMgSi206
+

2C02

(10) FeS +^02
+

Ca^gSi^
=

CaS04
+

CaMgSi206 +2-Fe203

(11) ^FeS2 +

-I|o2
+

Ca^gSi^
=

CaS04
+

CaMgSi206
+ ^Fe203

(12) FeC03
+ ^02 = ^e^ +

C02

(13) CaMg(C03)2
=

CaC03
+ MgO +

C02

(14) CaC03
= CaO +

C02

(15) H2S +

202
+

CaMg(C03)2
=

CaS04
+ MgO +

2C02
+ H20(g)

(16) CaS +

202
=

CaS04

(17) MgS +

202
=

MgS04

(18) 2Fe304
+ ^02 =

3Fe203

-466

-249

-450

-608

-899

-810

-619

+296

+148

-1080

-889

-69

+ 122

+179

-719

-959

-822

-242

sulfate was found (Figure 11). Thus we deduce

reaction (5) (Table 4) is the dominant

sulfur-fixing reaction at oxidation temperatures

below 525 C. Because some sulfur is released

into the gas during low temperature oxidation,

reaction (4) (or a similar reaction involving

FeS2) is also taking place. If retorted shale

contains organic sulfur, it is probably thiophenic

and may be oxidized according to reaction (2) or

(3) depending upon temperature. Oxidation of

retorted shale at temperatures above approximately

600C results in a disposition of sulfur that

can be expressed by equations (6) and (7)

(Table 4). It is also possible that the products

of carbonate-silicate reactions are involved in

sulfur-capture reactions; for example, reactions

(10) and (11).
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Figure 11. Ratio of Mg/Ca in the water used

to leach oxidized shale as a function of

oxidation temperature. The Mg and Ca

were approximately balanced by sulfate.

Oxidation was in air for 30 minutes

except as where noted.

Generally, one has limited information about

the chemical composition of retorted shale, i.e.,

% organic carbon, % sulfur, and acid evolved

C0?. In a process where combustion is rapid and

maintained at a temperature below carbonate

decomposition the heat of combustion in joules per

gram of retorted shale is approximately:

-AH (J/g) = 388(wt% org C) + 245(wt% S) (9)

The carbon coefficient, 388, is based on an

average char composition of CH~
4
(Burnham and

others, 1981a). The coefficient for sulfur is

based on a retorted shale containing 75% FeS and

25% FeS? as found in Fischer assay retorted

shale by Williamson and others (1980) and by

Stanfield and others (1951). The burning iron

sulfides are assumed to react with dolomite to

form CaS04 and MgS04. Although retorted shale

from a Fischer assay contains more FeS than

FeS?, this may not be true for more rapid

pyrolysis. Furthermore, the fuel value of the

solids from a retort using hot recycled burned

shale may be quite different due to the presence

of CaS and Fe304.

In practice, it may prove to be impossible to

burn char without some carbonate
decomposition in

excess of that required for sulfate formation. To

evaluate the corresponding heat loss, it is

necessary to measure difference (a) in the wt%

acid C02 of retorted shale before and after

oxidation. In this case:

-AH (J/g) = +388(wt% org C) + 245(wt% S) -

28(Awt% acid C02) (10)

The endothermic acid C02 term approximately

accounts for carbonate decomposition in excess of

that caused by sulfate formation. The

approximation involves neglecting the cancelling

effects of weight and acid C02
changes

associated with sulfate formation and weight

losses due to char combustion and carbonate

decomposition. They could all be taken into

account in a more detailed calculation. We are

presently checking these theoretical equations by

measuring the heat released by the isothermal

combustion of shales retorted under various

conditions, particularly shales retorted by

recycled burnt shale.

Similar equations have been derived previously

(Burnham and others, 1981a) for high-temperature

combustion where complete carbonate decomposition

and silicate and sulfate formation occur. They

are:

aHc (J/g)

and

aHc (J/g)

388(wt% org C) + 320 (wt% S)

18(wt% acid C02) (11)

368.3(wt% org C) + 512.5(wt% S) -

20.85(wt% acid C02) (12)

Equation (11) is an estimate based on reactions

(1) and (8) through (12) in Table 4. It is based

on a 2:1 ratio of dolomite to calcite, and the

observation that CaMgSi'206 and Ca2MgSi207
are common minerals in shale exposed to high

temperatures. Equation (12) comes from a

regression analysis of experimentally measured

heats of combustion of assay retorted shales and

burned shales from LLNL pilot retorts. The
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procedure involved dropping terms due to sulfate

decomposition and ash fusion that occur above

1200C. This regression analysis had a standard

error of 56 J/g, about 30% lower than equation

(11), which is based on thermochemical estimates.

The standard errors on the char, sulfur, and acid

C02 coefficients are 9.2, 80 and 2.0 J/g,

respectively. The discrepancy between the

estimated and fitted coefficients is not

understood, but is probably related in part to

simplifications in the mineral reactions. The

choice of which equation to use is to large extent

a matter of personal preference. For a typical

retorted shale containing 3.5 wt% org C, 0.6 wt%

S, and 20 wt% acid C02, the difference in

calculating heats by either equation (11) or (12)

amounts to only 11 out of 1190 J/g. For

comparison, Eq. (10) assuming that 10% of the

carbonates decompose results in a heat of

1449 J/g. This indicates the advantages of

maintaining combustion temperatures below 650 C.

Combustion temperature also affects S02
release (Taylor and others, 1981). Retorted shale

containing 0.78% sulfur was preheated in nitrogen

to 390, 505 or 595C and then exposed to flowing

air. The temperature rose during combustion by

typically 50C. The percent of S in the

retorted shale that was released as S0? is shown

in Table 5 as a function of combustion

temperature. The raw shale came from Tract C-a,

contained 1.13 wt% S and yielded 9.3 wt% (103

L/Mg) oil.

The loss of sulfur during combustion was

determined by measuring the concentration of S0?
in the exit gas as well as measuring the

difference in total sulfur between the initial

retorted shale and the final oxidized shale.

These results indicate that when combustion is

initiated in retorted shale at temperatures above

approximately 525C, less than 0.2% of the

sulfur in the solids will be emitted as SO,,.

For average Mahogany zone shale, this corresponds

to less than 2 x 10 kg S02/kg oil.

As we shall discuss in the next section, it

may take a higher temperature to scrub S0? from

the gas phase than to retain sulfur within a solid

particle. This might be important for the case of

powdered oil shale that has a significant amount

of sulfur as pyrite in macroscopic crystals.

These crystals tend to separate from the shale

during grinding, as demonstrated by the results in

Figure 6. This sulfur will become gas-phase S02
during combustion. Likewise, sulfur in other

fuels, such as coal, pyrolysis gas, or scrubbed

sulfur gases, will be more difficult to remove

than the sulfur within the shale particle.

IMPLICATIONS FOR PROCESSING

There are many ways to process oil shale. A

convenient scheme of classification, in terms of

discussing the importance of sulfur, is by heat

source and heat carrier. This is shown in

Table 6. It is offered with the caution that

processes are continuing to evolve, e.g., coal may

be used as a substitute for pyrolysis gas for

process heat. Within this context, the desirable

objective is to obtain sufficient process heat

with a minimum of costs, including environmental

costs. In this section, we discuss the ways in

which the sulfur chemistry affects process heat

and environmental emissions.

Thoem and others (1980) have suggested that

sulfur emissions could limit oil production in the

Piceance Basin due to degradation of air quality

at the Flat Tops Wilderness Area even if present

emission limits are met. This conclusion was

reached using permit data from processes that

either burn pyrolysis gas for process heat

(Tosco-II, Union B) or dilute it with combustion

gas (modified in-situ). Processes that provide

process heat by burning retorted shale in a vessel

separate from pyrolysis were not considered.

-4

Typical emissions of S0? were 5 x 10 kg

S02/kg shale oil, while the Colorado limit is

9.4 x

IO"4

kg S02/kg oil (0.3 lbs S02 per

barrel of oil [Edmonds, 1981]).

The degree of gas cleanup required to meet the

emission standard is a straightforward

calculation. Consider two cases of shale

producing 13 wt% oil (e.g., 95% yield from 35

gal/ton shale): (1) a South Piceance basin shale

containing 0.7 wt% S that converts 20% of the S to

sulfur gases, and (2) a Tract C-a shale containing

1.4 wt% S that converts 30% of the S to sulfur

gases. The first shale would produce 1 .8 x 10

kg S02/kg oil without cleanup, hence, needs 95%

of its sulfur gases removed to meet standards.

The second shale produces 6.5 x 10 kg S0?/kg

oil without cleanup, hence, needs 98.5% of its

sulfur gases removed.
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Table 5. Percentage of total sulfur released as SO2 during five minute combustion of retorted oil

shale from Tract C-a containing 0.8 wt% S.

Preheat

Temperature

Maximum

Temperature

Percent S
Released3

kg SO2
Per kg

0ilb

Pounds SO2
Per Barrel

Oilb

595C

505C

390C

645C

555C

430C

< 0.2

0.2-0.3

10

2

-4

<2 x 10
4

-4 -4

x 10 -4x

10"

1.5 x
IO"2

< 0.07

0.07-0.1

4

aPercent of sulfur in the retorted shale, which contains 69% of the raw shale

sulfur

DDoes not include S produced during retorting. The present limit in Colorado

is 0.3 pounds of SO2 per barrel of oil.

Table 6. Classification of oil shale processing methods according to heat source and heat carrier.

DH and IH refer to direct and indirect heating mode of operation, respectively.

TYPE HEAT SOURCE HEAT CARRIER EXAMPLES

Direct Char plus recycle

Indirect Offgas

Indirect Offgas

Indirect Char

Combustion gas

Recycle gas

Ceramic balls

Burnt shale

Modif ied-In-Situ, Paraho DH,

Superior DH, Union A

Paraho IH, Superior IH, Union B

TOSCO-II, Shell Spher

Lurgi, Chevron STB
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For indirect processes that burn the pyrolysis

gas for heat, the logical course would be to scrub

the gas prior to combustion. Green River oil

shale produces 9 2 g-moles of gas per kg of

oil during assay (Singleton and others, 1982).

For Mahogany zone shale from near Anvil Points,

one would expect H?S concentrations to be less

than 5%. Offgas from the TOSCO-II Semiworks

operation using Mahogany zone shale from the

Colony mine contains about 4% H2S (Witcombe and

others, 1976 and Fruchter and others, 1980). In

other parts of the formation, one might expect

levels of up to 15% for shale of commercial

value. Some low-grade, high-sulfur shales give

H2S concentrations of 40 to 50%. The COS and

CH^SH concentrations are roughly proportional to

H?S and reach levels of tenths of percent for

high sulfur samples.

The presence of significant quantities of

non-H?S sulfur-containing gases complicates the

cleanup process. A detailed discussion of the

various alternatives is given by Lovell and others

(1980). It is possible that differences in total

sulfur levels and tr*ace sulfur-containing gas

species may result in different cleanup methods

being best suited for different parts of the Green

River formation. To meet Colorado emission

standards, the pyrolysis gas (assuming 9 g-mole/kg

oil) would have to contain less than about 0.16%

of sulfur, which would result in a concentration

of S02 in the flue gas of about 100 ppm based on

a 16-fold volume dilution by combustion air.

In a direct process the pyrolysis gas is

diluted roughly twentyfold by gases produced from

combustion, gasification and carbonate

decomposition. Some additional light hydrocarbons

are produced by pyrolysis of char and shale oil.

Some steam is produced during combustion so more

H2S is produced than during an assay. For

Mahogany zone shale from near Anvil Points, HS

concentrations of less than 1% would be expected.

If additional steam is injected, H^S production

would increase by a factor of 1.4. For

high-sulfur shale from closer to the center of the

Piceance Basin, H?S levels of up to 5% have been

observed (Sklarew and others, 1981). In Table 7,

results from the LLNL pilot retorts are summarized

which indicate a few of the expected trends. For

steam/air runs, the vol% H?S in the offgas is

approximately equal to the wt% S in the raw shale.

For direct processes, the Stretford process is

thought to be the best gas-cleanup method.

However, the Stretford process will not remove COS

or organic sulfur compounds (Lovell and others,

1980), which may constitute up to 10% of the

sulfur gases from a combustion retort (Sklarew and

others, 1981; Ondov and others, 1981; Table 8).

For Runs S-20, S-23, L-l, and L-3 top, the COS

production alone exceeded the Colorado emission

standard. (Any process using S-23 conditions

would use an acid-gas cleanup to recycle C02).

The use of steam in a direct retort may help gas

cleanup. Although it causes roughly a 1.4-fold

increase in H2S production, the COS

concentration is decreased twofold. The latter

effect may cause the net emissions to decrease

after Stretford treatment. A related complication

is that the dilution of pyrolysis gases by

combustion gases makes it more difficult to remove

organic sulfur compounds such as thiophene and

methyl thiophene by condensation. These compounds

have been detected in the offgas of combustion

retorts.

In the Paraho DH process, the combustion wave

is stationary and the shale passes through the

retort. Part of the offgas is recycled into the

center of the retort to stabilize the combustion

front. In principle, recycled sulfur gases may be

captured as sulfates on the shale. In this case,

the sulfur concentrations in the gas will be

reduced from those in an ordinary direct process

by a factor equal to or less than the recycle

ratio. Unfortunately, concentrations of H?S

detected from the Paraho retort (Fruchter and

Wilkerson, 1981) indicate that little of the

sulfur is captured, probably because of poor

gas-solid contact. However, Jones and Heistand

(1979) have reported a method of recycling offgas

lower in the retort to increase the capture of

sulfur gases.

Indirect processes such as the Lurgi-Rhurgas

(Schmalfeld, 1975) and the Chevron STB (Tamm and

others, 1981) that use a lift pipe to burn

retorted shale to produce process heat appear to

have an advantage in minimizing sulfur emissions.

Rio Blanco (1981) quotes a level of 30 ppm S02
in the lift-pipe flue gas, and a sulfur balance

showing 0.25% of the sulfur in the flue gas from a

shale containing 1% total sulfur and 8 wt% shale

oil. This value is consistent with our laboratory
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Table 7. Typical H2S and COS Concentrations and Conditions in LLNL Pilot Retort Experiments

(Campbell, 1981; Raley and Campbell, 1981; Raley and others, 1981; unpublished results).

For the steam/air runs, the vol% of H?S in the offgas is approximately equal to the wt% S

in the raw shale.

H2S COS Grade S q-moles gas

Exp. No. Vol* ppm L/Mg wt% Inlet Gas Comp. kg oil

S-20 0.6 300 42 1.0 100% air 640

S-21 0.5 99 0.7 02/Steam 11/89 90

S-23 0.3 80 86 0.6 02/C02 11/89 240*

S-24 0.5 20 88 0.6 Air/Steam 51/49 170

L-l 0.2 100 108 0.7 Air/N2 42/58 470

L-2 0.8 40 97 0.7 Air/Steam 47/53 180

L-3 Top 2.2 70 73 1.7 Air/Steam 50/50 300

L-3 Bottom 1.2 35 152 1.0 Air/Steam 46/54 160

*L-4 Top 2.0 84 1.7 Air/Steam 42/58 200

L-4 Bottom 1.5 135 1.0 Air/Steam 30/70 200

* 93% C02

Table 8. Changes in Enthalpy (aH) and Gibbs Free Energy (aG) for Possible Chemical Reactions
in a Retort Heated by Recycled Oxidized Shale

(1) CaS04
+

4H2
= CaS + 4H20

(2) MgS04
+

4H2
= MgS + 4H20

(3) 3Fe203
+

H2
=

2Fe304
+ H20

(4) H2S +

-|h2
+ JFe203 = FeS + ^0

(5) H2S +

CaMg(C03)2
= CaS + MgO +

2C02
+ HO

(6) H2S +

CaC03
= CaS +

C02
+ H20

(7) H2S + CaO = CaS + H20

(8) H2S + MgO = MgS + H20

k J/mole, 800K

-29.7 -138

-17.1 -175

+6.00 -69.4

-28.5 -57.5

+232 -25.8

+ 114 -43.4

-59.1 -60.5

+35.4 +28.8
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Figure 12. Sketch of oil shale processes

that utilize burnt shale as the heat

carrier for pyrolysis.

results given in Table 5. Flue gas emissions

-4

without cleanup would be 6 x 10 kg S0?/kg

shale oil. Use of higher-grade oil shale would

result in a lower value.

In the Lurgi and Chevron processes hot

oxidized shale is mixed with raw shale whereby the

raw shale is heated and retorted (Figure 12). The

oxidized sulfur and iron in the oxidized shale are

unstable in the reducing environment of the retort

and the reactions given in Table 8 should be

considered. Reactions (1) and (2), the reduction

of sulfate, consume eight moles of hydrogen per

mole of sulfur. In retorts where the ratio of

recycled shale to raw shale is v. 4/1 this

reaction can, in principle, be a significant

hydrogen sink. Apparently these reactions are too

slow to be very important, however, because the

oil yield from a Lurgi plant is not decreased

compared to Fischer assay (Schmalfeld, 1975). The

reduction of iron oxide (reaction 3) in recycled

shale does consume some hydrogen, but because it

requires three moles of iron to remove one mole of

hydrogen the reaction is a less important hydrogen

consumer than reactions (1) and (2) in typical

shales which have Fe/S = 1.5 on a molar basis.

The use of oxidized shale in a retort offers

the opportunity for H?S removal from pyrolysis

gas. The low concentration of H2S (O.l vol%,

Schmalfeld, 1975; 0.4% vol%, Weiss, 1982) in the

pyrolysis gas of a Lurgi retort demonstrates the

effectiveness of H~S scrubbing by recycled

oxidized shale. The specific reactions are

uncertain, but reactions (4) through (8) are

possibilities. These reactions have been

investigated by Attar and Depois (1979) in

connection with the processing of coal. Reaction

(8) is not favored thermo-dynamically; aG is

positive 28.8 kJ/mole at 527C. Reaction (7)

requires the presence of free CaO. However, free

CaO is unstable compared to CaCO., in the

conditions expected (T < 700 C, P~0
= 15

to 20%) in a lift-pipe combustor. Any calcite

decomposition must be due to reaction to form

silicates (Campbell, 1978).

Iron and sulfur compounds reduced during

recycle through a retort will be reoxidized along

with the char (Reactions 16-18, Table 4). The

contribution to the heat can be significant. For

example, 1 wt% sulfur as CaS will contribute as

much to the heat of combustion of a retorted shale

as 0.75 wt% char. The rates of combustion of CaS,

MgS, and Fe.,0. are probably different from the

rate of combustion of char. For these reasons,

combustors designed to operate by burning char may

perform in unexpected ways when operated on

recycled shale containing these compounds.

The next question that arises is what to do

with the pyrolysis gas. If it is burned on site,

its S0? emissions would also have to be

considered. Alternatively, it could be pipelined

from the basin, in which case only the tail gas

from making it pipeline quality would have to be

considered. Rio Blanco (1981) mentions that its

flue-gas emissions "includes the sulfur from the

product gas used as auxiliary
fuel."

Presumably,

the sulfur components could be injected into the

lift-pipe burner with or without the rest of the

pyrolysis gas. This implies that it has either

been assumed or shown that capture of S02 from

the gas stream is highly efficient under the

conditions appropriate for lift-pipe combustion;

for example, by reactions such as (15) Table 4.

In principle, S02 capture from the gas phase

is more difficult than S02 capture from

iron-sulfide combustion because of mass-transfer

limitations. Nevertheless, scrubbing of S02 by

oil shale during f luidized-bed coal combustion has

been demonstrated by Fuchs and others (1978) and

Wilson and others (1980) at temperatures above

700C. Doyle (1981) also used oil shale to

reduce S02 emissions in a coal-burning fluidized

bed at temperatures above approximately 815C.
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Lift-pipe combustion of retorted shale would

probably operate at lower temperatures. We found

that the S02 generated by the oxidation of

sulfides within shale was effectively captured

(retained) if the oxidation temperature was above

approximately 525C. Capture of S02 from the

gas phase by oil shale appears to require a

temperature approximately 50 C higher according

to Schulman (1976). However, these two

experiments were not identical in other respects

so that this comparison may not be justified. We

plan to make additional laboratory experiments on

this point.

Table 9 illustrates the relative heat of

combustion of char, iron sulfides, and H?S based

on an example of the Fischer-assay distribution of

sulfur. The C concentration of retorted

org

shale is assumed to be 3 wt%. The fractionation

of sulfur is assumed to be 70% as sulfide, 20% as

H2S in pyrolysis gases and 10% as oil for the

low-sulfur shale and 65% as sulfide, 30% as H2S

and 5% as oil for the high-sulfur shale. The

H?S is assumed to be extracted and burned along

with the char according to reaction (15),

Table 4. In the extreme case where nearly all the

sulfur is produced as HS by steam retorting,

the fuel value of the H2S would be 20% of the

fuel value of char if the raw shale contained 1

wt% of S and the retorted shale contained 3% char.

Table 9. Fuel value of retort products as a

function of sulfur concentration (Organic C of

retorted shale assumed to be 3%)

%S in %S in

Retorted

Shale

J/g of raw shale

Raw

Shale

Char Iron

Sulfides

H2S

0.7

1.4

0.5

1.0

1020

1020

120

220

30

90

CONCLUSIONS

We are beginning to be able to make fairly

accurate predictions on the fate of sulfur during

oil shale processing. Most of the effects

observed in pilot-scale processing have been

observed in bench-scale experiments.
Careful

analysis and comparison of
pilot- and

bench-scale

experiments reduces the need for
larger-scale

experiments to predict sulfur fate in

commercial-scale operations.

The H2S and COS concentrations depend on

shale composition and processing
conditions. We

are presently able to predict H2S concentrations

more accurately than COS concentrations.

Insufficient data exists to determine how

accurately organo-sulfur compounds in the gas can

be predicted from assay-gas analysis.

Retorted shale can be burned without the

release of S0? and without much carbonate

decomposition. The contribution of sulfur

combustion to process heat is significant.

Refinements are needed in our understanding of the

sulfur-related reactions during combustion,

particularly those occurring in processes that use

recycled, burned shale as a heat carrier. Further

work is also required to determine the rates of

the sulfur-related oxidation reactions.

Finally, the simple picture of sulfur

occurrence based on Anvil Points Mahogany zone is

not generally applicable. The substantial

variation in sulfur occurrence undoubtably leads

to variations in the sulfur disposition. However,

sufficient data is not yet available to deduce

reliable relations between raw shale sulfur

content and sulfur fate.
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CONTINUOUS MONITORING OF METHANE IN A DEEP OIL SHALE MINE

M. J. Sapko and J. K. Richmond

Bureau of Mines

U.S. Department of the Interior

Pittsburgh Research Center

P.O. Box 18070 - Cochrans Mill Road

Pittsburgh, Pennsylvania 15236

ABSTRACT

As a part of its long-range research program on

oil shale mining safety, the Interior Department's

Bureau of Mines has set up a project to monitor

methane emission at its Experimental Shaft at Horse

Draw, Rio Blanco County, Colorado.

Data through October 1981 are presented

correlating methane release with oil shale blasted

during drift and stope block development at the

Bureau of Mines Experimental Shaft. Data were

collected from up to 2250 feet below the surface. A

weighted average value of 42 cubic feet of methane

per ton of oil shale is reported. Some correlation

between methane yield and geologic and chemical

structure is postulated. A new gas monitoring

system designed for automatic operation at a remote

site was constructed and shipped to the mine. This

system uses the same tube bundle principle for

extracting samples from underground as reported

earlier, with rotary valve switching and analysis on

the surface. The system is controlled by a

microprocessor, programmed to calibrate itself at

prescribed intervals, to sample and store data as

programmed or in response to telephone command, and

to transmit the data by telephone back to headquar

ters. Emergency power, manual override, and

redundant analog recording are also provided.

INTRODUCTION

Although the presence and hazards of methane in

coal mines have been well documented, there has been

very limited experience with methane in oil shale

J. P. McDonnell

Multi Mineral Corporation

715 Horizon Drive

Grand Junction, Colorado 81501

mines. It is important not only to detect

methane for safety reasons, but to monitor

methane quantitatively during mining, and to

correlate such findings with methane found in

cores. In this way, one can hope to predict

the quantity of methane to be expected in

future mining operations.

The first report of quantitative data for

methane in an oil shale mine was published last

year (Richmond, et al , 1981). This mine is the

Bureau of Mines No. 1 Shaft, in Horse Draw, a

tributary of Piceance Creek, Rio Blanco County,

Colorado. The details of how the shaft was

sunk, of how drifts were developed, and of

methane encounters were also reported previous

ly (Cox, 1979, and Vinson, et al , 1979). A

gas-monitoring trailer was set up at the site,

and methane and other gases were monitored con

tinuously by means of tube bundles into the

mine. Gas concentration data were recorded in

analog fashion on strip charts, which were read

at intervals. Pitot probes were installed in

exhaust ducts at various levels and in the

exhaust fan duct itself, so simultaneous meas

urements of air flow could be made on an inter

mittent basis, in order to be able to compute

the gas emissions at those levels. During

blasting underground, the entire mine was

always evacuated, but data continued to be

gathered on the surface. In this manner, the

total methane yield from a blast could be
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calculated and compared with the weight of oil shale

blasted. Favorable comparisons were also made with

the gas emission from one set of core samples. In

last year's paper, the data collected up until the

end of 1980 were reported.

In this paper, we report all the available data

through October 1981, when mining was terminated at

this site, in addition to some monitoring data after

that date. Relatively large amounts of oil shale

were blasted in the process of mining the stope

between the 2130- and the 2230-foot levels, with

corresponding large yields of methane. Most of the

data reported here and in the previous paper were

gathered by the same gas-monitoring trailer set into

operation early in 1980.

The Mining Plan

Multi Mineral Corporation has been interested

in collecting bulk samples of material from the

mine, in order to be able to develop and scale up

their processing technology. These materials

include nahcolite, dawsonite, and kerogen. To be

able to mine the stope by vertical crater blasting,

drifts and rooms were first mined at the 2130- and

2230-foot levels. Methane was encountered at every

step. A raise was also mined between these two

levels to gather more samples and to assist with

ventilation. Mining was also done at an intermedi

ate level, called the Greeno level, because of

interesting minerals found there. In addition, a

ramp, called the L2A ramp, was started downward from

a point along the 2230 level. Figure 1 is an iso

metric view of the mine and the various mining and

gas sampling locations. As the mining progressed,

the sample tubes could be moved to provide local

information as to methane levels. Figure 1 shows a

typical set of sampling points. Even though the

mining scale constitutes development only, it

is felt that some of the blasts were large

enough to be typical of full-scale mines, and

the data should be useful for production

ventilation design.

Methane Emitted During Mining

The results for oil shale blasted and

methane produced at the 2130 level, 2230 level,

VCR Stope/Raise, Greeno level, and L2A Ramp are

shown in Tables 1-5, respectively. Plan views

of four levels, with the various blocks indi

cated, are shown in Figures 2-5, respectively.

Each table also includes a statistical

treatment of the values of cubic feet per ton

for each level. The relatively large standard

deviation indicates a broad distribution of

values and a lack of precision to be assigned

to the mean values. It cannot be stated with

certainty that the values of cubic feet per

ton (CFT) are randomly distributed. The values

for low or zero CFT are all for small blocks

blasted, so do not affect the average value

very much, as indicated by the similarity

between mean values and weighted mean values.

The arithmetic mean of CFT for the five levels

is 44.0 CFT, and that with the stope/raise

omitted comes to 51.1 CFT. It was suggested

that the low value for the stope/raise (15.7

CFT) might have arisen from the presence of

long holes drilled in the stope block and then

allowed to drain for a period of time. Only

one block in the stope gave a value exceeding

34 CFT. Some of the quantities of methane were

so large (22,000 to 109,000 cubic feet) as to

reduce the probability of significant experi

mental error. The weighted mean for the entire
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TABLE 1. - 2130 Level

Blast Reference Data:

Date Location Ft. 3 CH4 Tons CFT

11-07-80 Crosscut No. 1

CS 0+41.1 to 0+49.6

4,145 68.4 60.6

11-08-80 Raise Alcove

CS 0+06 to 0+12.1

3,454 50.4 68.5

11-10-80 Crosscut No. 1

CS 0+40.6 to 0+58.1

4,551 71.0 64.1

11-11-80 Crosscut No. 2

CS 0+11.5 to 0+17.3

860 32.1 26.8

11-13-80 Crosscut No. 2

CS 0+17.3 to 0+23.6

898 40.8 22.0

11-14-80 Topsill Drift

CS 0+5.1 to 0+10.9

1,440 23.6 60.9

11-17-80 Crosscut No. 1

CS 0+66.6 to 0+72.6

1,925 46.4 41.5

12-02-80 Topsill Drift

CS 0+41.2 to 0+50.3

3,464 91.1 38.0

01-28-81 Topsill Slabbing 8,010 200.0 40.1

28,747 623.8

Statistical Data:

n = No. Samples = 9

x"wt
= Weighted Mean = 46.1 CFT

x = Mean = 46.9 CFT

s = Standard Deviation = 17.0 CFT
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TABLE 2. - 2230 Level

Blast Reference Data:

Date Location Ft.3

CH4 Tons CFT

11-19-80 Main Drift

CS 1+15.1 to 1+21.3

302 50.8 5.9

01-12-81 Main Drift

CS 1+69.6 to 1+75.6

4,380 45.8 95.6

01-22-81 Main Drift

CS 2+09.5 to 0+12.7

Crosscut No. 1

CS 0+6.9 to 0+12.9

810 92.0 8.8

01-27-81 Main Drift

CS 2+16 to 2+21.7

Crosscut No. 2

CS 0+06 to 0+11.8

720 69.0 10.4

02-27-81 Crosscut No. 2

CS 0+65.9 to 0+72

5,637 61.2 92.2

03-03-81 Crosscut No. 1

CS 0+67.0 to 0+74.6

4,676 61.0 76.7

03-16-81 Undercut Crosscut 7,726 50.7 152.4

No. 1 Side

CS 0+11 to 0+16.7

03-19-81 Undercut Slabbing 5,863 141.3 41.5

Statistical Data:

n = No. Samples = 9

"xwt = Weighted Mean = 52.7 CFT

= Mean = 60.4 CFT

s = Standard Deviation = 52.7 CFT

30,114 571.8
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TABLE 3. - VCR Stope/Raise

Blast Reference Data:

Ft.3
CH4 TonsDate Location CFT

04-24-81 Stope & Drop Raise 2,224 349.6 6.4

04-24-81 Stope & Drop Raise 2,668 366.0 7.3

04-27-81 Stope & Drop Raise 4,002 136.7 29.3

04-27-81 Stope & Drop Raise 4,447 358.9 12.4

04-28-81 Drop Raise 305 17.8 17.1

04-28-81 Stope & Drop Raise 40,648 1,170.0 34.7

05-01-81 Drop Raise 0 28.1 0

06-04-81 Stope 109,300 1,830.0 59.7

07-13-81 Stope 22,640 790.0 28.7

07-20-81 Stope 1,690 222.8 7.6

08-19-81 Stope 322 286.0 1.1

08-19-81 Stope 3,562 545.0 6.5

08-20-81 Stope 0 530.0 0

08-20-81 Stope 28,390 1,281.0 22.2

09-23-81 Stope 28,390 530.0 17.4

10-13-81 Stope Slot Raise 2,070 163.0 12.7

10-14-81 Stope Slot Raise 522 178.0 2.9

10-15-81 Stope Slot Raise 1,113 500.0 2.2

10-16-81 Crosscut No. 1 Side

Sill Pillar 81,684 3,219.0 25.4

10-23-81 Crosscut No. 2 Side

Sill Pillar 66,768 3,406.0 19.6

381,575 15,907.9

Statistical Data:

n = 20

7wt = 24.0 CFT

x = 15.7 CFT

s = 14.8 CFT
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TABLE 4. - Greeno Level

Blast Reference Data:

Date Locationi
Ft.3

CH4 Tons CFT

07-01-81 Stop Crosscut 0 16.8 0

CS 0+15 to 0+20.5

08-14-81 Drift No. 1

CS 0+36.2 to 0+40.9

435 13.2 33.0

08-17-81 Drift No. 1

CS 0+46.6 to 0+52.5

1,169 18.0 64.9

08-18-81 Drift No. 1

CS 0+52.5 to 0+57.5

878 15.3 57.5

08-19-81 Drift No. 1

CS 0+57.5 to 0+62.5

690 15.3 45.1

08-31-81 Drift No. 2 2,300 61.1 37.6

CS 0+05 to 0+11.5

5,472 139.7

Statistical Data:

n =6

7wt =39.2 CFT

7 =39.7 CFT

s - 22.8 CFT
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TABLE 5. - L2A Ramp

Blast Reference Data:

Date Location Ft.3
CH4 Tons CFT

09-23-81 CS 0+84.9 to 0+89

09-24-81 CS 0+84 to 0+94.5

09-24-81 CS 0+94.5 to 1+00

09-28-81 CS 1+05 to 1+10

09-29-81 CS 1+10 to 1+15

09-30-81 CS 1+20.6 to 1+26

10-01-81 CS 1+26 to 1+31.8

10-05-81 CS 1+45.1 to 1+51.1

10-06-81 CS 1+51.1 to 1+57.1

10-07-81 CS 1+58.6 to 1+64.6

10-08-81 CS 1+64.6 to 1+71.6

10-08-81 CS 1+71.6 to 1+77.0

10-12-81 CS 1+83.1 to 1+89.5

17,159.4 302.7

Statistical Data:

n =13

7wt =56.7 CFT

7 =57.2 CFT

s = 20.1 CFT

1,436.0 18.2 78.8

108.0 19.6 5.5

1,220.0 19.2 63.7

1,500.0 20.1 74.8

1,690.0 23.2 73.0

1,470.0 22.2 66.3

1,450.0 24.9 58.2

1,460.0 27.5 53.1

1,535.0 27.5 55.8

1,500.0 24.8 60.6

1,500.0 28.1 53.4

1,540.0 21.7 71.1

750.4 25.7 29.2

327



FIGURE 2. - Plan view of 2130 level.
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process, obtained by dividing the total methane

by the total oil shale blasted, equals 26.4 CFT.

This value is so much less than the unweighted mean

(44.0 CFT) (due to the influence of the stope/raise)

that one would have to assume something different

happened in the latter case. At any rate, the value

of 50 CFT, assumed for ventilation design purposes,

appears to be reasonable. As pointed out in the

previous report, this value is in the same range as

those reported from outgassing of cores taken

nearby. At this stage, the data are inadequate to

permit correlation of CFT with depth in the mine, or

with kerogen or nahcolite content. All the data

included in this report are for activity between the

2130'

and 2230-foot level. The available ventila

tion was more than adequate for the background

emission of methane (approximately 13 cfm).

Methane Monitoring Results After Cessation of Mining

and Normal Ventilation

All mining at Horse Draw ceased in October

1981, and the fan was shut off on November 23, 1981,

but methane monitoring continued. A listing of

methane concentration values at various locations

for a two-week period is shown in Tables 6 and 7,

for the mine in this standby condition. It was

noted that a natural draft occurred, owing to the

temperature gradient. This could vary between 1900

cfm and 3590 cfm. Measurements at the surface

return location indicated that the total methane

yield (background emission) was between 13 and

18 cfm. Earlier observations had indicated that

most of this methane emission occurred in the 100-

foot drift at the 2080-foot level, which apparently

is near some methane horizon. Multi Mineral Corpor

ation did not further develop this level after the

Bureau of Mines turned over the operation. Because

of the natural ventilation prevailing during

the period covered by Tables 6 and 7, the

methane concentration at most locations did not

exceed 1 percent. The exception is the R3A

Raise, which happened to contain a methane

source, was a dead end, and could not be

reached by the natural ventilation. Intermit

tent ventilation of the R3A Raise was accom

plished by a compressed air line. It was also

noted that 86 to 89 ppm of carbon monoxide was

observed in the R3A Raise at the same time.

The existence of low levels of natural carbon

monoxide has been observed in many coal mines,

and recently in trona mines containing oil

shale, and in some oil shale core samples.

The ability to monitor methane safely from

a mine in standby status points out an impor

tant advantage of the tube bundle monitoring

technique: No one needs to go underground, and

there are no possibilities of ignition under

ground.

Recent Developments in Remote Mine Monitoring

by the Bureau of Mines

The Electrical Safety and Communications

Group, the Fires and Explosions Group and

others at the Pittsburgh Research Center (PRC)

of the Bureau of Mines have been engaged in a

remote mine-monitoring project for the

following reasons:

1. The need to increase safety in the

presence of methane, carbon dioxide, hydrogen

sulfide and other gases.

2. The need to provide an early warning

for fires and to report status of fires being

controlled.
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TABLE 6. - Methane Monitoring in Stand-by Status

Monitor Number and Location Methane Concentration (pet)

Date

Time

Cum. hours

11-23-81

1320 hr

0

11-24-81

1000

20.8

11-25-81

1300

47.8

11-30-81

0800

66.8

4 1840 Main Drift < 0.1

5 1840 Main Drift < 0.1 0.46 0.45 0.45

6 2080 Main Drift < 0.1 0.76 0.76

7 2080 Return < 0.1 1.10 1.15 0.80

8 2130 Return < 0.1 0.45

9 2230 Main Drift < 0.1 0.05 0.20 0.12

10 L2A Ramp < 0.1 0.32 0.25

11 2130 Main Drift < 0.1 0.45 0.20

12 Surface Return < 0.1 0.42 0.34 0.70

14
80'

Down Shaft < 0.1 0.04 0.04 0.04

15 R3A Raise < 0.1 0.60 1.80 6.40

16 Topsill < 0.1 0.45 0.45 0.40

17 VCR Drop Raise Above

Greeno

< 0.1 0.30 0.34 0.34

TABLE 7. - Methane Monitoring in Stand-by Status

Monitor Number and

Date

Time

Cum. hours

Location Methane Concentration (pet)

12-01-81

0830

91.3

12-02-81

0830 hr

115.3

12-03-81

0830

139.3

12-04-81

0830

163.3

12-07-81

0800

234.8

4 1840 Main Drift

5 1840 Main Drift 0.45 0.45 0.36 0.32 0.32

6 2080 Main Drift 0.75 0.60 0.40 0.37 0.36

7 2080 Return 0.70 0.75 0.55 0.50

8 2130 Return 0.60 0.42 0.25 0.25

9 2230 Main Drift 0.15 0.10 0.07 0.07

10 L2A 1temp 0.30 0.25 0.13 0.13

11 2130 Main Drift 0.40 0.42 0.21 0.20

12 Surface Return 0.70 0.70 0.50 0.50 0.50

14
80'

Down Shaft 0.04 0.05 0.05 0.04 0.05

15 R3A Raise 6.80 6.60 7.20 8.60 2.3

16 Topsi 11 0.45 0.40 0.40 0.42 0.20

17 VCR Drop Raise Above

Greeno

0.45 0.30 0.17 0.15
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3. The need to provide automatic or nearly

automatic monitoring without skilled local assist

ance.

4. The opportunity to obtain basic scientific

data on the phenomena being observed.

5. The opportunity to demonstrate the advan

tages of these systems to industry.

The systems developed by the Bureau in recent

years have grown through several stages. Several

trailers were equipped and transported to various

coal mine fire sites in Appal achia. Some of these

have been made into permanent mobile systems by

MSHA. A stationary system was set up at the

Somerset Coal Mine in Colorado to monitor incipient

fires there. This one included a microprocessor

that could digitize and store data telemeter the

data back to PRC via commercial telephone lines.

Another more advanced system was set up at the Black

River limestone mine in Kentucky, primarily to moni

tor environmental parameters. At present writing, a

data logging system is being set up at an under

ground fire site at Calamity Hollow, Pennsylvania,

which can communicate by telephone with the computer

center at PRC. A prototype system to monitor meth

ane and other gases at Horse Draw has been set up

and demonstrated. The latter is described in the

next section.

Features of New Methane-Monitoring System at Horse

Draw

A new system was installed in a renovated

surplus Army radar trailer and contained many novel

features not before included. Unfortunately, this

system could not be delivered to the site before

mining and ventilation had ceased, but many of its

important features could be demonstrated. Figure 6

is a photograph of the trailer at its location near

the headframe. Figures 7 and 8 are photo

graphs of the interior of this trailer. Some

of the features of the new system follows:

1. Scanni valves were used to sample gases

and pressure ports.

2. The entire process was controlled by a

microprocessor, programmed to perform many

functions; a manual override was available.

3. The microprocessor (yP) had storage

capacity for 877 lines of data; these data

could be retrieved locally or by a terminal

anywhere in the country via telephone line.

Analog data also appeared on strip charts.

4. By sensing various pressure differen

tials, the system was self-checking for leaks

and plugs.

5. Programming permitted sampling to hold

automatically on any channel when an unusually

large gas level appeared.

6. Could be programmed for alarms and

error or malfunction messages.

7. Could calibrate the gas analyzers at

set intervals.

8. Could monitor Pitot pressures and

calculate air flows in pipes.

9. Contained an uninterruptible power

supply, permitting operation for 4 hours after

power failure.

10. The trailer contained heating and air

conditioning so that operation in all kinds

of weather was possible. Other features have

been planned for this system, as the

opportunity arises.

A typical print -out of data from this

system, as received at PRC in Bruceton,

Pennsylvania, is seen in Figure 9. The
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FIGURE 6. - New trailer at Horse Draw.
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FIGURE 7. - Inside of new trailer.
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FIGURE 8. - Inside of new trailer.
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operator is able to dial and retrieve all raw data

stored in memory since the last dump, to get an

update of the latest values in physical units, plus

the latest calibration data, in addition to error

messages.

The main computer at headquarters was program

med to call up the data from Horse Draw at regular

intervals, process the data using the latest cali

brations, and plot the results. As already men

tioned, not much was going on during the service of

this system, except for the methane level at the R3A

Raise. A typical plot of methane concentrations in

the R3A Raise for several days is seen in Figure 10,

as plotted by the computer center. Julian Days are

days after December 31, 1981. It will be seen that

the methane level exceeded 10 percent (saturation

level of the analyzer) for several days. The same

data were extracted by the operators on the site.

This data would be acquired only by one who knew the

confidential telephone number and the proper

commands.

Summary

Methane emission data are reported for most of

the oil shale mining at Horse Draw up until its

present shut-down. Four hundred sixty-three

thousand cubic feet of methane was recorded, coming

from 17,500 tons of oil shale. If methane drainage

is ignored, the yield was about 26 cubic feet of

methane per ton of oil shale. The average for the

mine, excluding the stope, was 51 cubic feet per

ton.

Remote mine-monitoring systems of the Bureau of

Mines are described. A detailed description of a

new remote gas-monitoring system set up at Horse

Draw is given. This new system features a

microprocessor programmed to perform many

functions, including storage of data that can

be retrieved from a distant location.
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RUBBLIZATION OF

OCCIDENTAL'S RETORTS 7 AND 8

by Dr. Thomas E. Ricketts

Cathedral Bluffs Shale Oil Co.

P. 0. Box 2687

Grand Junction, CO 81502

ABSTRACT

Retort 6 was Occidental's first commercial-

sized retort constructed using newly-developed

horizontal free face blasting technology at the

Logan Wash mine in March, 1978. The Retort 6

design used three mined horizontal void levels lo

cated at various elevations within the retort height.

The basic principle used in blasting Retort 6 was that

equal rock be expanded into equal mined void, a

concept termed "symmetric blasting". Retorts 7 and 8,

two commercial -si zed retorts, 165 ft. (50 m) square

by 241 ft. (73% m) high, were blasted at Logan Wash

in February and April, 1981, respectively. One of

the main purposes of the Retorts 7 and 8 program was

to build two retorts to examine large-scale blasting

reproducibility for commercial -sized rubblization

events. These retorts used the basic Retort 6- type

blast design, since it was a straightforward,

reliable design that had been demonstrated full-

scale. Numerous design improvements that did not

violate the basic Retort 6 blasting principles,

however, were incorporated into the Retorts 7 and 8

design to produce a more uniform rubble bed. These

improvements were tested and demonstrated before

they were used in Retorts 7 and 8 to ensure a

successful rubblization of these retorts.

The Retorts 7 and 8 blast design used about 546

blastholes and about 550,000 lbs. (249,700 kg) of

explosive in ANFO equivalent per retort. Each retort

was rubblized in a single round using millisecond

intervals between delays in the blasting pattern.

These rubblization blasts resulted in retort rubble

beds that were very flat on the tops and contained

void volumes in the rubble extremely close to one

another and to the predicted value. The average

heights of the void plenums over the rubble beds were

within 0.3 ft. (0.1 m) of one another compared to

the 15 ft. (4% m) actual plenum heights. This

excellent reproducibility is brought into true

perspective when compared to the scale of the rubble

beds which were nearly 230 ft. (70 m) high with

3 3
volumes of over six-million ft. (170,000 m ) for

each retort chamber.

The Retorts 7 and 8 blasts were instrument

ed extensively to gain fundamental data on

underground blast effects and to evaluate the

performance of these large-scale blasts. The

instrumentation program included over 40

seismic and air blast stations, three to four

high-speed photographic stations on the

mined void levels, up to 70 downhole detonation

detection and si i fer probes to verify

explosive performance, and twelve sequential

sampling devices to monitor dust and gaseous

products in the mine during and after the

blasts.

The extremely close reproducibility

between two such large-scale blasting events

lends a strong endorsement to Occidental 's

modified in-situ blasting technology, which

has progressed rapidly in the past five years.

This advance in retort blasting technology is

the result of extensive proprietary rock

fragmentation programs conducted at Logan

Wash prior to the rubblization of Retorts 6, 7,

and 8 that included numerous underground blast

ing tests and reliability tests to ensure

successful rubblization of these retorts. The

Retorts 7 and 8 program consisted of a series

of limited void tests to examine the effects

of powder factor, blasthole spacing, and

blasthole depth on fragmentation and bulking

for multiple-row patterns of explosive charges.

In addition, a series of multi-level mini-

retort tests were conducted which, after

blasting, allowed access above and below the

rubble beds so flow and tracer test diagnostics

could be performed. The mini -retorts were 40 ft.

(12 m) square by 120 ft. (36% m) high and the

results of varying blasting parameters in

these tests were used directly in the Retorts

7 and 8 blast design.
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INTRODUCTION

Retorts 7 and 8 were constructed at

Occidental's Logan Wash mine during Phase 2 of a

joint Occidental /Department of Energy cooperative

agreement. The first phase of this cooperative

agreement involved the construction and processing

of Retorts 5 and 6 which were constructed using

radically different mining methods from one another.

Retorts 7 and 8 were designed using Retort 6 blasting

principles since Retort 6 produced a much better oil

yield than did Retort 5.

The primary objectives of the Retorts 7 and 8

Phase 2 program were to construct and process two

side-by-side commercial -si zed retorts in order to:

1. Establish the reproducibility of the

blasting results for two commercial -sized retort

blasts using the same retort design, blast design

and mined-out void volume.

2. Start-up and process two identically

constructed side-by-side retorts connected to a

common off-gas line.

3. Obtain rock mechanics and mine design data

for a multiple retort system for use in ongoing

Cathedral Bluffs commercial mine design efforts.

To increase the amount of rock mechanics data

relevant to the Cathedral Bluffs commercial mine

design, Retort 8X a partial height retort, was added

next to Retort 8 as shown in Figure 1. This partial

retort had a commercial -si zed cross section of

165-ft. (50 m) square but was only 63-ft. (19 m)

high when rubblized compared to 241-ft. (73% m) for

Retorts 7 and 8. The distance between Retorts 7

and 8 was about 160-ft. (49 m) while between Retorts

8 and 8X was 50-ft. (15 m) both of which were rep

resentative dimensions from the Cathedral Bluffs

commercial mine design. By adding partial Retort

8X, the stresses, deformations and fracturing for two

full-scale openings separated by the two main

Cathedral Bluffs mine design distances could be

evaluated. In addition, partial Retort 8X was

rubblized first which increased the reliability and

productivity for the full-scale Retorts 7 & 8 blast

ing operations. The partial Retort 8X blast consisted

of a total of 205 blastholes loaded with 143,088 lbs.

(64,962 kg) of explosive in ANFO equivalent, so was

a large-scale operation in its own right.

Retorts 7 and 8 were constructed using the

basic blasting principles used in the Retort 6

rubblization method (Ricketts, 1980, 1981)

involving three vertically-spaced-apart void

levels and horizontal free face type blasting

(see Figure 1). The basic Retort 6 principle

of up-down symmetric blasting was carried

into the Retorts 7 and 8 design. This

symmetry concept consists of expanding equal

rock into equal void on each of the void

levels or keeping the rock to void ratio fixed

over the entire retort height. This required

that the two horizontal shale layers in each

of Retorts 7 and 8 be detonated at the same

time so that each layer could expand into

its portion of the void at the same time the

other layers were expanding into their portions

of the overall void. In this way, no rock

layer could expand into a void greater than

it was designed to expand into which would

leave less void for the other rock layers.

Certain design features of Retort 6 were

changed for Retorts 7 and 8 if these changes

produced improved rubble bed properties or

offered mine stability advantages, but the

basic principle of the Retort 6 rubblization

method remained intact. These improvements

will be discussed in a subsequent section

of this publication.

The early development of Occidental 's

modified in-situ technology at Logan Wash

before the Retorts 5 and 6 Phase 1 program,

began in 1972 and consisted of the construction

and processing of four underground retorts

the first three being small-scale while

Retort 4 was of commercial scale. The first

three chambers were on the order of 30-ft.

(9 m) sq. by 72-ft. (22 m) to 113-ft. (34% m)

high. These test retorts looked at both

vertical and horizontal mined void configura

tions at various mined-out void volume to

rock volume ratios. The first two used a

single vertical raise in each retort and a

bottom room as the void, while the third

used three horizontal rooms as the void.

The horizontal void test provided the best

yield results of the three in that it produced
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Figure 1. Retorts 7, 8 and partial Retort 8x isometric view.

AIR LEVEL

LOWER

INTERMEDIATE

LEVEL

PRODUCT LEVEL
100'

x
100'

UPPER SHALE LAYER

UPPER

INTERMEDIATE LEVEL

INTERMEDIATE SHALE LAYER

LOWER SHALE LAYER

BULKHEAD

Figure 2. Retort 6 isometric view before blasting.

343



about a 10% increase in recovery ratio (recovery

over oil-in-place) over the first two designs.

The fourth retort was commercial sized 120-ft.

(36% m) sq. by 298- ft. (91 m) high and used two

mined-out vertical void slots extending parallel to

one another across the cross-section. This was the

first attempt to scale-up the vertical void concept.

The results were not as good as the small-scale test

retorts with Retort 4 producing about an 18%

decrease in recovery ratio (recovery over oil-in-

place) compared to the first two retorts which

were the small-scale vertical void designs. Rock

mechanics and stability problems played a major

part in this reduction in yield for Retort 4.

The Retorts 5 and 6 Phase 1 cooperative agreement

program then started in 1976 which compared

commercial-sized vertical void and horizontal void

retorts. The horizontal void retort produced about

a 115% increase in recovery ratio (recovery over oil-

in-place) over the vertical void design. This

increase occurred even though an upset condition

during the processing of Retort 6 caused a loss of

access to the inlet piping system and subsequent

loss of control of the combustion front.

Consequently, the horizontal void design was used

for the Phase 2 Retorts 7 and 8 program (Romig, 1981).

Retorts 5 and 6 are well documented in the D.O.E.

progress and annual reports required under the co

operative agreement and the processing performances

have been modelled by government laboratories

(Gregg, 1980; Campbell, 1981), so no further

discussion of these retorts will be given in this

publication.

The topics and order of discussion in this

publication will begin with the Retort 6 experience

including what was learned from Retort 6 and what

improvements could be made to the Retort 6 design.

The Retorts 7 and 8 rock fragmentation program is

then covered which includes how the program led to

the Retorts 7 and 8 design. This is followed by the

Retorts 7 and 8 design and the blasting results

obtained for these retorts. The numerous technical

programs used for blasting data collection are then

briefly described and finally an overall program

results and summary section is presented, including

the design improvements that were incorporated into

Retorts 7 and 8.

RETORT 6 EXPERIENCE

An isometric view of Retort 6 before blast

ing is shown in Figure 2. A detailed discussion

of this retort has been given previously

(Ricketts 1980, 1981), so only a brief descrip

tion will follow here. A section view of the

blasting design is given in Figure 3. The

retort was 165-ft. (50 m) sq. and consisted of

three void levels, an upper of 36-ft. (11 m),

a lower of 36-ft. (11 m), and a product level

of 19-ft. (5 /^m). There were likewise three

layers of shale to expand into the void

levels, an upper of 35-ft. (10% m), a middle

of 77-ft. (23% m), and a lower layer of 66-ft.

(20 m). The upper rock layer was expanded

strictly downward while the other two layers

were split and expanded up and down. The

void level pillars were blasted first and a

suitable delay time was used before the main

shale layers were detonated. This time delay

allowed the pillar rubble to distribute

throughout each void level but was short enough

for the main shale layers to still catch the

moving pillar rubble in flight. The main shale

layer vertical blastholes were detonated in a

delay sequence that began at a single location

and progressed outward from that location in

subsequent delays.

The results of the Retort 6 blast are

shown in Figure 4 which first shows that the

retort chamber did not bulk full and the top of

the rubble bed was mounded about 40-ft. (12 m)

in the center. When scaled to the other retort

dimensions this does not represent a severe

mound. Tracer tests on the rubble bed showed

the permeability along the edges was about

twice that in the center which was better than

any previous retort especially in view of the

large scale of Retort 6. A concerning amount

of rubble was lost out of the entry drifts that

originally went into the three void levels.

This rubble flow out of these drifts could have

introduced a drawing effect along the edges

of the rubble bed and could have contributed

to the higher edge permeability. In any event,

Retort 6 was considered the most uniform,

large-scale rubble bed constructed to that date.
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The Retort 6 experience pointed out a number

of areas both technical and operational in scope

where design changes could be made that would offer

improvements to the overall design and the rubble

bed uniformity. The major items are as follows:

1. Distribute the void level pillars better

in the mining phase before rubblization. This

would allow for simpler pillar blasting and better

pillar rubble distribution over the cross-section

during blasting. This is especially true of the

extremely large pillar on the upper intermediate

void level shown in Figures 2 and 3. This pillar

was difficult to blast, required a large number

of blastholes and decks, and was difficult to

distribute evenly over the entire cross-section.

2. Reduce the rubble flow out of the void

level entry drifts. This rubble flow could be

partly associated with a drawing effect which

could cause regions of higher permeability along

the edges of the retort.

3. Minimize the number of deep, multiple-

decked vertical blastholes required to pass through

void level pillars to reach the shale directly

beneath these pillars. These holes can be seen

in Figure 3 passing through the void level pillars.

In Retort 6, there were 25 of these holes which are

difficult to load in a manner that ensures the high

degree of reliability desired in retort blasting

operations. Many full-scale operational tests were

performed before Retort 6 was blasted to determine

operational techniques that provided a high degree

of reliability for these types of blastholes.

4. Load the retort with a reliable, bulk

pumpable explosive product. Retort 6 was loaded by

hand with 20 to 60 lb. (9 to 27 kg) bags of

explosives which took several days to load the

entire 499,000 lbs. (226,500 kg) of ANFO equivalent

explosive material. A commercial operation would

demand the use of a bulk, pumpable product to

maintain the high productivity necessary in the full-

scale production schedule.

5. Reduce the retort edge effects of higher

permeability. Retort 6 had double the permeability

along the edges compared to the center which was

considered acceptable, but has room for improvement

which would lead to increased oil recovery.

6. Reduce the rubble bed mounding shape at

the top. This shape could be indicative of forces

within the rubble bed that would lead to non

uniform lateral void distribution. A flat

upper profile would be preferred from a uniform

ity point of view and a processing startup

point of view which uses a plenum above the

rubble pile with a side entry of hot ignition

gases.

RETORTS 7 AND 8 ROCK FRAGMENTATION PROGRAM

The Retorts 7 and 8 fragmentation program

was designed to address the above areas of

potential improvement identified by the

Retort 6 experience, to provide a better

Retorts 7 and 8 design. The main objectives

of this program were to:

1. Improve the Retort 6-type retort

design without changing the basic blasting

principles using a comprehensive series of

blasting tests at Logan Wash.

2. Develop new technology for an improved,

advanced retort design that is technically

reliable and offers a significant economic

advantage over the three void level Retort 6-

type design.

3. Conduct full-scale operational testing

in order to identify and eliminate blasting

uncertainties associated with explosive

products, blasting caps, initiating systems

and any other material or operational aspects

of such a large-scale field operation.

The blasting program was divided into

three tasks to meet the above objectives.

Task 1. Multiple-row array tests (24

total) designed to determine the effects of

powder factor, blasthole spacing, gravity,

available void volume, and shale grade on

fragmentation and bulking. Special test

areas for these tests were mined in the form

of small rooms about 30-ft. (9 m) sq. by 10-ft.

(3m) high with a single small entry drift

so rubble flow out of the test area during

blasting could be controlled. Arrays of

25 to 36 holes were drilled vertically into

the roof or floor or both and expanded into

a controlled available void volume. The tests

blasts varied from 300 to 2,500 lbs. (136 to

1,135 kg) of total explosive weight. Blast-

hole spacings, hole diameters, and depths were
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varied from test to test in a planned sequence to

determine the influence of these variables on the

blasting results. Several sites were used in the

Logan Wash mine which also allowed variation in the

oil shale grade for the tests. These tests resulted

in families of curves providing rubble void fraction

and particle size as a function of powder factor

with blasthole spacing, shale grade and gravity

direction parameters included on the families of

of curves. In addition, the testing provided data

for the ongoing limited void blasting technology

development work started in the Retort 6 rock frag

mentation program as these current tests were

specifically designed as limited void tests.

The test areas were surveyed before blasting

and the rubble piles and crater shapes surveyed

after blasting. Tests that were drilled into the

floor were excavated to allow surveying of the crater

shapes. The rubble piles were sampled to determine

particle size and shape distributions for the

various test conditions. The tests were monitored with

seismic, airblast, time and rate of detonation, and

high-speed photography instrumentation. Measures

to compare mounding and flatness of the rubble beds

were developed to address the mounding problem

pointed out in the Retort 6 rubblization blast.

Task 2. Mini-retort tests (4 total) used to

develop advanced retort design technology and to

improve the Retort 6-type of retort design by

reducing blasting edge effects of higher permeabil

ity and mounding of the top of the rubble pile.

This test area consisted of a three-level develop

ment so that actual retort blasting could be better

simulated, and additionally the tests could be

evaluated with flow and tracer tests the same way

full-scale rubble beds are interrogated. Previous

blasting tests had access only on one level so flow

and tracer testing were not possible; thus, the

mini-retort program could be used to change

blasting parameters and then accurately determine

the effects on lateral permeability distribution

which is strongly related to overall oil recovery

for retorts.

The first two mini -retorts were used in the

development of an advanced retort design technology

and mainly involved limited void blasting in a

range of values different than the Retort 6-type

design. The advanced design work also included

testing on operational aspects unique to the

advanced designs which were demonstrated in

the first two mini -retorts. This work did not

directly contribute to the Retorts 7 and 8

design, so is beyond the scope of this publica

tion.

The second set of mini -retorts, MR3 and

4, however, contributed directly to the

Retorts 7 and 8 design. An isometric view of

a Retort 6-type mini -retort is shown in Figure

5. The blasting consisted of a single up-down

blast between the intermediate and lower void

levels. The shale layer in each mini -retort

blasted was a 40-ft. (12% m) cube of material

that was expanded using about 6,000 lbs.

(2,725 kg) of explosive in ANFO equivalent.

MR3 and MR4 were blasted differently from one

another with the MR3 design being more similar

to the Retort 6 design than was MR4. The

lateral powder distribution or blasthole

pattern was modified in MR4 to reduce the blast

ing edge effects caused by wall confinement.

A summary of the tracer results from MR3

and MR4 is given in Figures 6 and 7, respectively.

These figures are a plan view of the rubble beds

and subdivide the cross-section into nine equal

areas. The letters in the center of each area

represent the tracer response straight down

through the bed with S-being strong, M-moderate,

and W-weak. These were subjective measures of

the flow, with strong meaning the response

arrived at the bottom of the mini-retort at about

the expected time with little peak attenuation

and dispersion of the tracer pulse shape.

Moderate allowed some time lag and/or attenu

ation and/or pulse dispersion while weak

allowed a significant amount of time lag and/or

attenuation and/or pulse dispersion. Actually,

the tracer results divided themselves into

these three catagories quite naturally, which

helped in the interpretation. The arrows

represent cross-flow between areas in the cross-

section where the size of the arrow is related

to strong, moderate or weak cross-flow, the

larger the arrow, the stronger the flow.

The flow through the mini-retorts can thus

be summarized as the following. MR3 had a non

uniform downward major flow distribution having

one strong edge with 83% of the remaining
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area showing weak flow. The center area was very

tight in the downward direction, with essentially

all the flow into that area being directed outward

into other areas. The total amount of cross-flow

between areas was small with the different areas

not communicating very much with one another. MR4

had a more uniform downward major flow distribution

with 2/3 of the total area showing strong flow,

with no weak areas. Thus, a retorting front would

be flatter for MR4 than for MR3. The center of

MR4 was not as tight compared to the other areas

in MR4 as was the case with MR3. MR4 showed a

significant increase in cross-flow between areas

compared to MR3, so more shale would be exposed to

hot retorting gases in MR4. Thus, the MR4 design pro

duced a significant improvement over MR3 in that

the downward major flow distribution was more uni

form across the cross-section, more of the total

area gave strong downward flow, and there was a

significant amount of cross-flow communication

between areas. The MR4 design was used in the

Retorts 7 and 8 rubblizing plan.

Task 3. Full-scale operational tests (36 total)

to improve large-scale blasting reliability and opera

tional productivity. The major part of this work

involved the full-scale testing of two bulk, pumpable

explosive products and the testing of delay blasting

caps and new primer booster systems for possible use

in Retorts 7 and 8. The explosive products

considered were a water gel, and an emulsion slurry,

supplied by different manufacturers. Full-scale

200-ft. (61 m) deep, large-diameter holes were

drilled and under wet conditions were pump loaded

and primed in a manner that simulated the deep,

multiple decked holes in the Retort 7 and 8 design.

Each test series usually consisted of three holes

which were loaded and then allowed to sit for 6-7

days in the hole before detonating to simulate a

full-scale retort loading operation. Each of the

explosive products experienced severe loading

problems on at least one test series in which it was

used, and neither product detonated high-order with

sufficient reliability to be used in Retorts 7 and 8.

Thus, the explosive product used previously in

Retorts 5 and 6 was used in Retorts 7 and 8. The

product had to be hand loaded in bags, but the

proven reliability offerred by this product was

more important than loading productivity for Retorts

7 and 8.

In addition to the bulk explosives testing,

delay blasting caps from several manufacturers

were tested for timing accuracy using a high

speed photographic technique for determining

detonation accuracy. The same type of relia

bility testing was done for the Retort 6 blast,

and it was found in the current tests that a

significant improvement in manufacturer

specified delay times has occurred over the

last three years for all of the delay cap

brands tested. The caps for Retort 6 showed

considerable overlap in observed firing times

between successive delays, which was accounted

for in the blast design to provide a reliable

overall blast sequence. The current Retorts 7

and 8 tests showed much less scatter than the

previous delay caps with no overlaps observed

between successive delays. The extremely low

scatter on these caps suggests possible

seismic enhancement damage for these large

retort blasts, except that the excellent

powder distribution in these designs separates

the energy sufficiently for a specific delay

to keep the seismic amplitude to acceptable

levels. This was substantiated with seismic

measurements taken during the blasting of

Retorts 7 and 8 and will be discussed in a

subsequent section.

RETORTS 7 AND 8 BLAST DESIGN

An isometric view of Retorts 7 or 8 before

blasting is shown in Figure 8. A vertical

section view of Retorts 7 and 8 including the

blast design is given in Figure 9. The design

consisted of three 165-ft. (50 m) sq. horizontal

void levels, an upper 18-ft. (5% m) high, an

intermediate 29 ft. (8 A m) high, and a lower

level 13-ft. (4 m) high. There were two shale

layers between these void levels, the upper

96-ft. (29% m) thick and the lower 85-ft. (26 m)

thick. A product level 14-ft. (4% m) high for

collecting oil was 24-ft. (7% m) below the floor

of the lower void level. The product level also

provided access for the retorting outlet

system which consisted of five 8-ft. (2% m)

diameter raises. One raise was located at the

center of the retort cross-section with the
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other four being positioned 24-ft. (7% m) out from

the center of each side wall, as measured to the

centerlines of the raises.

The upper and lower void levels contained 16-ft.

(5 m) wide by 105-ft. (32 m) long pillars with two

on each level. These pillars were oriented

parallel to one another and were positioned about

52-ft. (15 /4 m) from the side walls that were

parallel to the pillars as measured to the center-

lines of the pillars. The intermediate void levels

each contained four 36-ft. (11 m) sq. pillars with

one pillar located at the center of each quadrant

of the retort cross-section. Thus, the center of

each pillar was located about 42.5-ft. (13 m)

from each of the closest two side walls. These

void level pillars were temporary structures to

support the void level roofs while drilling,

loading, and blasting operations were performed.

The main vertical blastholes for expanding the

upper and lower shale layers and the horizontal

pillar blastholes are shown in Figure 9. The black

sections in the blastholes represent the explosive

columns while the white sections represent

stemming material. All powder columns were center

initiated to give symmetric two-way blasting of

the main shale layers and pillar columns. The

pillar and main shale blasting sequences had

to be properly coordinated to ensure the pillars

were removed and in the process of being

distributed in the void levels before the main

layers were initiated. The pillars were detonated

a sufficient amount of time before the main

shale layers to ensure both proper breakage of the

main shale layers and uniform distribution of

pillar ejecta across the retort cross-section.

This time delay was verified full-scale in a

previous rock fragmentation program and used in

the Retort 6 blast.

A summary of the Retorts 7 and 8 rubblization

events is given in Table 1. The designed detona

tion sequence for Retorts 7 and 8 is given in

Figures 10 through 15 which show vertical section

views at various times in the blasting sequence.

Figure 10 shows time t=0 when the electric zero

delay seismic blasting caps on all three void

levels were initiated. These in turn initiated

the nonelectric detonating cord systems on

the three levels. The upper two levels had

detonating cord networks both on the floor for the

main vertical blastholes and on the pillars for

the horizontal pillar blastholes. The detonat

ing cord system on each level consisted of two

independent trunkline systems passing over

each hole that were each connected to a

different downline leading to a delay cap with

in the powder column. All the powder columns

were dual primed. The two trunkline networks

on each level were then cross-linked together

at numerous locations for an added measure

of redundancy. A nonelectric backup system for

the electric system was included that connected

the trunklines on all three void levels. The

electrical initiation system was also designed

as a dual redundant system and connected in

such a manner that either all the caps within

a circuit would detonate or none would detonate.

The actual electrical initiation system used

for the retorts was tested numerous times before

the rubblization events with caps tied into

the circuits with no failures observed. The

detonating cord systems initiated the downline

cords in the pillar holes and vertical holes

within several milliseconds which subsequently

propagated down to the downhole delay caps.

These delay caps then sat safely in the holes

waiting to detonate at their prescribed times.

Downhole delays had to be used since the pillars

were initiated first, otherwise the main hole

downlines would be destroyed by pillar ejecta

and would not detonate.

Figure 11 shows the sequence at time

t=ti when the center regions of the pillars

on all three levels were initiated. Figure

12 shows time t=tp when the remaining upper

and lower portions of the pillars were initiated,

Thus, at time t2, the pillars had been complete

ly blasted, but significant rock movement had

not yet occurred. The pillars were blasted in

two steps for Retorts 7 and 8 as opposed to

Retort 6 where a single delay was used to

remove the pillars. The two-step procedure was

done to reduce blasting damage to the retort

roof and floor regions since the closest

charges in the pillars would have some

relief away from these boundary areas. The

concept worked successfully in Retorts 7 and 8.

A suitable delay interval was then pro

vided before charges in the main shale layers

351



S4HH mm

_ -J

MR^K Hy""""S"Brl

All pillars blasted simultaneously

Figure 11. Retort 7 or 8 detonation
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Figure 12. Retort 7 or 8 detonation
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Figure 13. Retort 7 or 8 detonation
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Figure 14. Retort 7 or 8 detonation

sequence at time t = t4when
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continue to detonate.
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Figure 16. Retorts 7 and 8 rubblization

results.

Figure 17. Retort 7 rubble bed showing

flat level top.

Figure 18. Retort 8 rubble bed showing

flat level top.
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were detonated. The first main layer charges deto

nated at time t=t3 as shown in Figure 13. The

pillar ejecta had moved about as shown in Figure 13

on the three void levels. The initial main shale

layer delay interval involved initiation at multiple

locations across the cross-section. This was done

to improve lateral uniformity of permeability in

the rubble and reduce mounding of the top of the

rubble pile. Subsequent delay intervals at times

t=t^ and t5 are given in Figures 14 and 15,

respectively. Figure 14 shows initiation at

multiple locations across the retort while Figure

15 shows the final delay interval along the

edges of the retort.

RETORTS 7 AND 8 RUBBLIZATION RESULTS

The results of the Retorts 7 and 8 blasts are

given in Figure 16. The average void fractions

in the rubble beds and the plenum heights were very

close to one another and to the predicted values

from the limited void blasting curve. The tops

of the rubble beds were very flat, as desired,

which is shown in Figures 17 and 18 drawn to scale

along with the entire rubble bed dimensions to show

a relative comparison. A similar view of the

Retort 6 rubble pile is given in Figure 19 for

comparison to show the improvement in Retorts 7 and

8 results. Based on the very large volumes and

total retort heights involved, a difference of only

0.3-ft. (0.1 m) in the plenum heights is a

remarkable result and an excellent demonstration

of large-scale rubblization reproducibility.

The rubble void fractions in Retorts 7 and 8

were likewise very close as seen in Figure 16. The

fact that the rubble average void fractions are

essentially equivalent and the tops of the rubble

piles are both quite flat and level suggests the

rubble beds should have very similar permeability

distributions throughout their volumes. The results

of the flow tests on Retorts 7 and 8 over the entire

heights of the rubble beds are given in Figure 20

in normalized form. The results are for numerous

sampling locations across the retorts at the

bottoms, but do not include the very bottom 10-ft.

(3m) of the rubble beds where outlet effects were

observed in the flow. The curves show that the two

retorts look identical with respect to overall

pressure drop up to flow rates beyond the expected

operating flow rates for these retorts. In

addition, the rubble void appears to be well

distributed into a uniform packed-bed exhibit

ing laminar flow for these operating flow rates.

The uniformity of these rubble beds is further

demonstrated by rubble pressure drop contours

given in Figures 21 and 22 for Retorts 7 and 8,

respectively. These figures show vertical

section views of the retorts and give the

contours of equal pressure drop across the

retorts as a function of vertical location

within the rubble beds. These contours were

developed from numerous sample points located

throughout the rubble beds in arrays at various

elevations in the rubble. These contours in

general show very well behaved pressure drop

increases with depth into the beds which

indicates there are no unblasted or poorly

blasted layers across the retorts which would

have very low permeability values. Additionally,

the contours are generally fairly flat and

level showing good lateral uniformity. In

general, these retorts appear well rubblized,

very uniform and are virtually identical to

one another.

RETORTS 7 AND 8 INSTRUMENTATION

The Retorts 7 and 8 rubblization blasts

were extensively instrumented to monitor the

blast effects for large-scale retort blasting

operations. The blasting data from these

retorts along with similar data from previous

retorts and the large amount of data from

previous rock fragmentation programs involving

over 100 test blasts forms the basis for an

invaluable data base for oil shale blasting.

The test results in the retort blasts and the

fragmentation tests are used to build an under

standing of the fundamentals of the various

blast effects so that predictive capabilities

can be developed. Additionally, the data are

used to help in evaluating the performance of

the blasts. The various technical programs

are described in the following.

1. High-Speed Photography. LOCAM cameras

were set up on all three levels of the mine,

positioned to view the void levels from the

access entry drifts. The cameras were aimed to
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Figure 19. Retort 6 rubble bed showing mounded top.
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Figure 22. Retort 8 normalized pressure

drop contours in the rubble bed.
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monitor the pillar blasting during the rubblization

sequence since the removal of the void level pillars

is a key part of the overall sequence. Photographic

documentation of the pillars being blasted would

provide important data on the success of the overall

blast. The cameras were installed in steel tubes

that were placed in the cribbing structure in each

entry drift to the void levels. Two cameras were

used on a single level aimed from different

directions if the access drifts into the void level

allowed this coverage. The cameras were focused on

portions of the pillars through plexiglass-covered

openings in the steel end pieces. A multiple flash

sequence was started by the first pulse from the

sequential blasting unit used to trigger the blast.

The framing rate used was 500 frames/second.

2. Time and Rate of Detonation. Selected

delay intervals and charges were instrumented for

time of detonation and/or detonation velocity to

verify the performance of the delay caps and explo

sive used in the blast. Two types of gages, double

resistor and slide wire were used to monitor the

detonations. Only pillar holes were instrumented as

it would have been difficult to protect wires on the

floor leading from the main vertical holes from the

pillar ejecta. This is especially true since the

pillars were initiated and then a delay time

occurred before the main vertical holes were

detonated. The double resistor gages consisted of

RG-58 coaxial cable with two resistors in series

and positioned 3-ft. (1 m) apart. Resistors were

chosen so that shorting the first resistor gave

about half the total voltage of a short at the

second resistor. Thus, a good detonation record

shows a voltage step when the first resistor shorts,

followed by a second step a fraction of a milli

second later. In the slide wire gages, a 4- ft.

(1% m) length of resistance wire shorts to the

metal housing as the detonation progresses along

the gage. A good record thus shows a continuous

slope of voltage with time that corresponds to the

detonation velocity. Up to 70 of these downhole

probes and si i fer- type gages were used in a retort

blast. The pillar holes instrumented were chosen

randomly to get a representative sample of holes.

3. Underground Seismic Shock. Extensive

ground motion measurements were made at close-in,

intermediate, and long-range distances on all

levels of the mine during the rubblization

blasts. These results are being used along

with numerous previous seismic measurements in

the development of a new ground motion

predictive model for oil shale. The records are

also used to help evaluate the overall blast

performance. For example, the close-in gages

are located on several sides of the retorts and

seismic symmetry can be documented from each

side of the retort which would indicate

in a gross sense that the detonation sequence

performed about as planned. The intermediate

range results are used to correlate seismic

amplitude and frequency with rock fall and

damage to the surrounding mine structure at

various distances from the blast. The long-

range measurements are used to monitor

selected shock sensitive underground structures

and gain fundamental long-range seismic data.

The instrumentation typically used for

each retort blast consisted of about 40

seismic stations that showed in general that

the retort blasting occurred as planned. The

pillar blasting could be identified within

the proper time interval, followed by a quiet

time when the pillar ejecta was allowed to

expand, followed by the main shale layer

blasting. Peak particle velocity values were

essentially the same as those obtained for

previous retorts as shown in normalized form

in Figure 23. The Retorts 7 and 8 blast

sequence detonated 3.3 times more explosive

in the largest delay interval than Retort 6

and yet did not produce significantly more

seismic amplitude. The excellent powder

distribution and multiple-point initiation

design used in Retorts 7 and 8 provided this

control of seismic energy.

4. Ground Surface Seismic Energy. Ground

motion measurements were made on the ground

surface over the mine located about 700-ft.

(213% m) above the upper void levels. Measure

ments were taken both on the ground surface and

within the extensive modified in-situ processing

facilities located on the surface over the

Logan Wash mine as depicted in Figure 1. The

surface seismic results of Retorts 6, 7, and 8

were all very similar, and based on surface
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seismic amplitudes, each looked like an 8,500 lb.

(3859 kg) explosive event rather than a 500,000 lb.

(227,000 kg) total explosive blast. This 8,500 lbs.

(3859 kg) was also at least 20 times less than the

total explosive weight detonated in the largest

delay interval. Peak amplitudes alone, however,

appear to be inadequate to predict damage potential

as they are not related to the total explosive

energy or to the maximum charge weight per delay

as determined by the surface seismic records. Thus,

new measures such as modified root-mean-square (RMS)

amplitudes which are related to total energy and

correlated better with Retorts 7 and 8 data are

being examined as potential parameters for character

izing ground motion from a structural damage point-

of-view. RMS values fall off with distance more

rapidly than do peak amplitudes, a fact which has

favorable implications with respect to less damage

potential of surface facilities caused by retort

blasting. An RMS analysis, for example, shows that

the damage potential at the Cathedral Bluffs

commercial shale oil mine would be Vi3tu tnat

at Logan Wash for equivalent retort designs, just

based on differences in distance. Preliminary

seismic work at the Cathedral Bluffs mine during

shaft sinking showed a higher rate of attenuation

than at Logan Wash, which will lower the damage

potential for Cathedral Bluffs even more.

5. Underground Airblast. Numerous airblast

measurements were obtained on all three levels of

the mine from 230 to 1500-ft. (70 to 457% m) from

the blast to develop an airblast predictive capa

bility. Additionally, blast sensitive structures

were monitored for each retort blast. The peak

. 2
pressures were always quite low at below 1% lb. /in.

2
(10,342 n/m ) with long durations of about 10

seconds. Sharp air shocks were not obtained indi

cating the cribbing structures in the void entry

drifts held well, spreading the gas release out

over a long time period. Damage from air pressure

was thus held to a minimum.

6. Explosive Gases and Dust. The explosive

detonation gaseous products and dust were collected

on all levels of the mine at various distances from

the blast during and after the rubblization blasts.

The samples were then analyzed to evaluate for

potential explosive gaseous and/or dust mixtures.

Specialized equipment was built to remotely sample

the mine atmosphere at six preset times for a

prescribed sampling time to obtain the dilution

effect of the ventilation system in the mine.

Sampling devices were located in main ventila

tion drifts, adjoining retort void levels and

dead-end drifts to obtain the different

dilution rates for these ventilation

conditions. Samples were taken from the

three levels of the mine to examine if the

explosives detonating in different grades of

shale would interact with the shale and/or

kerogen and produce different detonation

products. The upper shale layer was lean shale

(e.g., about 15 gpt) while the lower shale

layer contained the Mahogany Zone and thus was

richer shale (e.g., about 25 gpt). Thus, the

detonation products taken from the upper level

would be obtained from lean shale only, the

lower level would be from rich shale only,

while the intermediate level would be a mixture

of the two and would involve double the generat

ed gas volume compared to the other two levels.

No difference was observed between the samples

taken from the three different levels.

Additionally, no extra methane, for example,

was found in any samples above the level pre

dicted by the explosive manufacturer, even

though over 6-million
ft.3

(170,000 m3) of

rubble having a small particle size was created

in less than one-half second. This represents

an immense surface area suddenly created on

2 2
the order of 200-million ft. (19-million m )

with no noticeable methane or other hydro

carbon release. Similar measurements will be

taken at the Cathedral Bluffs commercial shale

oil mine during the initial mining development

activities to begin a methane release data base

during blasting.

7. Blast Fracturing Around Retorts.

One of the main objectives of partial Retort 8X

was to determine the permeability in a 50-ft.

(15 m) inter-retort pillar after both the

adjacent retorts were rubblized. This web

pillar was assessed for fracturing using both

a downhole packer and pressurizing system

for measuring in-situ permeability, and a

cross-borehole acoustic transmitting and

receiving system built and operated by the

U. S. Bureau of Mines, Twin Cities Research
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Center, Minneapolis, Minnesota under a cooperative

agreement. Measurements were performed before

blasting, after blasting partial Retort 8X, and

after blasting Retort 8 to obtain a full picture

of the chronology of the blast fracturing between

retorts. In addition, similar measurements were

made on an open side of Retort 8 which was not

adjacent to another retort. The in-situ tests

were performed in slant core holes directed toward

the retort chambers. Cores were taken for labora

tory testing being performed by the U. S. Bureau

of Mines, Twin Cities Research Center in

Minneapolis, Minnesota. A correlation of laboratory

and field results will be attempted during this work.

Blast fracturing on the open side of Retort 8 was

found to be confined very closely to the retort

boundary. The damage in the 50-ft. thick web

pillar was likewise confined to small regions with

a major portion of the pillar thickness remaining

undamaged. The permeability in the Retorts 7 and 8

rubble was several orders of magnitude greater than

the most damaged region in the web pillar, so the

process flow would prefer to go downward through

the rubble rather than from retort to retort

through the web pillar, even if the entire web

pillar was damaged. Thus, the 50-ft. thick web

pillar appears to be a very adequate design for this

structural element in the modified in-situ mine

design.

RETORTS 7 AND 8 SUMMARY

The Retorts 7 and 8 design included numerous

improvements to the Retort 6 design. These

improvements to the design did not change the basic

Retort 6-type design and were only incorporated into

Retorts 7 and 8 if they had been demonstrated to

provide a more uniform rubble bed and a more reliable

blasting operation. The first improvement area

involved the design and location of the void level

pillars which were modified to provide simpler

blasting and better distribution of pillar rubble

throughout the void levels during blasting.

Additionally, this caused a significant reduction in

the number of deep, multiple-decked vertical holes

required in the design which, in turn, produced a

more reliable blasting operation. Secondly, the

blasthole pattern was modified to provide an improved

lateral powder distribution for better fragmentation.

This also caused reduced seismic energy into the

surrounding mine and resulted in a more uniform

lateral void fraction distribution and fragment

ation. Finally, the delay sequence was modified

to produce less mounding of the top of the rubble

pile and less seismic energy into the mine. In

addition, this feature also helped provide a

more uniform void fraction distribution across

the retorts.

The Retorts 6, 7, and 8 rock fragmentation

programs have led to a number of significant

advances in technology and successful large-

scale blasting events. These programs:

1. Produced the most uniform, large-scale

rubble beds to date.

2. Demonstrated excellent reproducibility

between commercial sized retorts very close to

predicted results.

3. Determined the effects of powder factor,

blasthole spacing, direction of blast compared to

gravity, available or mined-out void volume, and

shale grade on fragmentation and bulking.

4. Developed new blast design and seismic

scaling laws and limited void blasting technology.

5. Developed technology to reduce rubble

bed mounding and retort blasting edge effects

of higher permeability.

6. Developed advanced technology for

improved retort designs that are technically

reliable and offer a significant economic

advantage.
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DATE RUBBLIZED

TOTAL BLASTHOLES

MAIN VERTICAL HOLES

PILLAR HORIZONTAL HOLES

EXPLOSIVE WEIGHT

ANFO LBS. (KGS)

TOTAL RETORT

VOLUME, CUBIC FT.

(CUBIC M.)

TONS BLASTED

(METRIC TONNES)

POWDER FACTOR LBS. /TON

(KG/TONNE)

TABLE 1.

RETORTS 7 & 8 BLASTING SUMMARY

RETORT 7 RETORT 8

February 21, 1981 April 4, 1981

539 554

168 168

371 386

539,163 545,622

(244,780) (247,712)

6,221,920 6,224,382

(176,321) (176,390)

348,940 347,750

(316,499) (315,420)

1.55 1.57

(0.77) (0.79)
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P.O. Box 3395, University Station

Laramie, Wyoming 82071

ABSTRACT

During the summer of 1980, twenty post burn

and two unburned core holes were drilled into

retort 16 at the Geokinetics field site in a jointly

funded project by the Department of Energy (DOE)

and the U.S. Environmental Protection Agency

(EPA). The purpose of this investigation is to

determine the physical, chemical, and mineralogical

characteristics of retorted oil shale in a Geokinetics

retort. Lithologic description and Fischer assay of

the cores indicate that a complex pattern of six dis

tinct zones (A, B, C, D, E, and F) was created by

the process. Zone A is undisturbed rock, zone B

has blast fractures, zone C shows slight alteration

along fractures, zone D is blackened, retorted

shale, zone E is pastel colors representing higher

temperatures, and zone F melted rock. The bound

ary of retorted shale is between zones C and D.

Many factors control the formation of these zones.

INTRODUCTION

The Geokinetics In Situ Oil Shale Project is a

cooperative venture between Geokinetics Inc. and

the U.S. Department of Energy (DOE). The objec

tive of the Geokinetics cooperative venture is to:

1) demonstrate the technical and economic feasibility

and environmental costs of shale-oil recovery in an

in situ retort, 2) demonstrate the best fracturing

and utilization methods, and 3) determine the best

operating conditions necessary to obtain the desired

retorting results. The Geokinetics project site is

located 112 kilometers south of Vernal, Utah, in the

NE quarter of sec 2, T14S, R22E, on land owned

by the State of Utah (Fig. 1). Oil shale rights are

leased from the state by Geokinetics Inc., utilizing

64.78 hectares (160 acres) as a test site.

Geokinetics utilizes the LOFRECO (Low Front

End Cost) process, developed by the Geokinetics

Group, for the in situ production of oil from oil

shale. The LOFRECO process was developed prior

FIG. 1 LOCATION MAP OF GEOKINETICS SITE.

to entering into the cooperative agreement with

DOE. The oil shale is fractured using explosives

placed in blastholes drilled and detonated from the

surface, thus creating a fractured rock zone with

adequate void space to allow retorting. Air in

jection holes are drilled at one end and off-gas

recovery holes at the other. Using the forward

combustion process, oil shale is ignited at the air

injection end and the burn front procedes horizon

tally through the fractured rock to the off-gas end

of the retort (Lekas, 1979).

The oil shale is heated by the hot gases of the

burn front. The heat from the burn front alters

the kerogen, yielding shale oil. The shale oil

drains to the bottom of the retort where it is re

covered using conventional oil production wells.

PURPOSE OF POST BURN CORE ANALYSIS

The purpose of this study is to determine the

physical, chemical, and mineralogical characteristics

of retorted rocks in a Geokinetics retort. The

visual extent of the blasting and retorting was

determined by noting color changes, fracturing,

and friability of the cores. Fischer assay was

utilized to define the vertical and horizontal limits
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of retorting (i.e. removal of oil from the oil shale).

Subsequent analyses of these cores will include:

investigating of the vertical variability of elements

and mineral phases in raw and spent shale, deter

mining mineralogical reactions that occur during the

retorting, and assessing the environmental import

ance of trace element interactions in an in situ

retorting environment. Vertical variability in trace

elements and mineral phases in oil shale deposits

has been previously noted by Poulson et al (1977),

Robb et al (1978), and Giauque et al (1980). The

content and variability of the cores may be impor

tant from an economic, environmental, and produc

tion standpoint. The study of these cores is jointly

funded by the DOE and the Environmental Protec

tion Agency (EPA).

GENERAL GEOLOGY

Green River Formation oil shale is a sedimen

tary rock that contains solid combustible organic

matter in a mineral matrix. Although used as a

lithologic term, oil shale is an economic term that

refers to the rock's ability to yield oil when heated

(Smith and Jensen, 1977). The Green River oil

shale was deposited from ancient stratified lakes

that covered parts of Colorado, Utah, and Wyoming.

Oil shale was formed by lithification of sediments

accumulated at the bottom of these lakes. In addi

tion to those generated in the lake, other sediments

were introduced by overland runoff and atmospheric

fallout of dust, pollen, and volcanic ash (Bradley,

1931).

The oil shale section being utilized by Geokine

tics Inc. is the "rich
section"

of the Mahogany zone

in the Parachute Creek Member of the Eocene age

Green River Formation. The Mahogany zone is a

particularly rich oil shale sequence between two

lean sections (A groove and B groove). At the

Geokinetics site the Mahogany zone is approximately

30 meters (100 feet) thick and averages 0.06

liters/ kilogram (13.3 gal/ton) exceeding 0.27

liters/kilogram (65 gal/ton) for the Mahogany bed

(LETC, 1981). The beds strike east-west and dip

to the north about 1.5 degrees. Overburden of the

rich zone on the site ranges from zero (surface

outcrop) to a maximum of 33.5 meters (Hutchison,

1980).

The lithology and stratigraphy at the Geokine

tics site can be more fully understood by examining

Geokinetics Corehole W-14 (LETC, 1981). The litho

logic description by L. G. Trudell shows an alter

nating sequence of dolomitic to calcareous oil shale,

tuff, mudstone, marly mudstone, siltstone, lime

stone, marlstone, oolite, sandstone, claystone, and

tar sand. The oil yield histogram shows declining

yield at the bottom of the section, with high yields

through the rich zone (Fig. 2). The lithology for

the coreholes near retort 16 (EPA PB16-21U and

EPA PB16-22U) closely resembles the Geokinetics

Corehole W-14, although some lateral variation can

be recognized, particularly in the clastic zones.

Surface

0 10 20 30 40 50 60 70
i < i

Oil shale

Siltstone

|dj Mudstone

==| Tuff

Limestone

Oolite

Tar sand

lilil Marlstone

Note: Plotting below

the X-axis indicates

missing samples.

FIG. 2 -

LITHOLOGIC COLUMN WITH OIL YIELD

INFORMATION. GEOKINETICS W-14.
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RETORT 16 DESCRIPTION

Retort 16 was the selected site for the joint

DOE/EPA post burn coring program. The dimen

sions of the retort are 26.2 meters long, 19.2

meters wide, and 5.8 meters thick. Overburden

thickness averages 12.8 meters. Three production

holes were drilled, two near the air-out wells and

one in the center of the pattern. The retort was

combustion process, oil shale is ignited at the air

injection end and the burn front procedes horizon

tally through the fractured rock to the off-gas end

of the retort (Lekas, 1979).

DEFINITION OF A RETORT

The term
"retort"

has been used to describe a

variety of different configurations used in the pro

cessing of oil shale. A retort in surface technology

refers to the container in which the processing

occurs. In in situ technology the retort has been

used to describe both the limits of retorted shale

and the area in the subsurface to be processed.

To make in situ terminology agree with surface

technology, the authors define the term
"retort"

to

mean "all the material within the given boundaries,

be it a surface vessel or an in situ area, that is to

be processed". "Retorted
shale"

will refer to any

oil shale that displays any sign of alteration caused

by the retorting process. Therefore, in a given

retort (surface or in situ) there can exist shale

that has not been retorted; and retorted shale can

exist beyond the boundaries of an in situ retort.

POST BURN DRILLING

The post burn drilling of retort 16 commenced

on June 11, 1980 and was completed on July 27,

1980, approximately 18 months after completion of

the burn. A total of twenty-two coreholes were

drilled for the investigation. Twenty holes were

drilled into the retort itself (Fig. 3). Two were

drilled approximately 30 meters outside the retorted

zone to serve as control holes for mineralogical,

chemical, and environmental studies.

Blasting
Pattern

Boundary

Post Burn Coreholes

6 m A1/ Air-In Wells

3I
D'

O Air-OutWells

a Production Wells

FIG. 3 - POST BURN COREHOLE AND CROSS-SECTION LOCATIONS, RETORT 16.
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Cores were drilled with NCWL (wireline)

drilling equipment, using an air-water mist system.

Each core was completed as follows: a 16.5 cm

diameter access hole was drilled, surface casing set

to a depth of 1.2 m and 60.3 cm diameter core

drilled to total depth. High temperature grease was

used to lubricate joints to prevent problems caused

by expansion from the moderately high temperatures

still encountered in the retort. As some of the

cores came out of the ground they were too hot to

handle except with protective gloves. Cores were

drilled in 0.76 meter intervals in an effort to re

cover the maximum amount of the friable, retorted,

and burned material. The percentage of recovered

core averaged 85.7 for the twenty-two holes.

During some coring runs, either little or no core

was recovered. It is assumed that the material was

too fine to recover and was washed out by the

drilling fluid or that the oil shale completely de

composed during the retorting process. A total of

508.1 meters of core was drilled; total depths per

core ranged from 19.9 meters to 27.1 meters,

averaging 23.1 meters.

DISCUSSION

Description of the cores was based on visual

observations by geologists. Lithologic descriptions

were difficult for burned and retorted zones due to

the complete alteration of the oil shale into mineral

forms which are not readily identifiable without the

use of laboratory techniques. From the descrip

tions of the cores, six distinct zones (A, B, C, D,

E, and F) were defined (Fig. 4). The different

zones were selected on the basis of color, physical

properties, textural changes, and Fischer assay

analyses. From the available data, these zones are

felt to represent the resultant alteration of the oil

shale as caused by hot gases and the fire front,

with the different zones representing varying

degrees of alteration due to increasing tempera

tures. Because of the very distinct characteristics

of each zone, these zones can further be inter

preted as temperature thresholds with the lowest

temperatures resulting in the least alteration and

the highest temperatures resulting in the greatest

alteration. For example, this implies that the

lithology found in zone F can only be obtained when

the temperatures and conditions are sufficiently

Top of

Retorted

Shale

highest

temp, zone

Bottom

of

Retorted

Shale

Zone Descriptions

A - unaffected by blasting or retorting

B - fractured by blasting but shows

no heat alteration

C - fractures show heat alteration

D - black, sooty, retorted, carbonized

E - more heat alteration, burned;

primarily tan and light grey

F - highest temperature zone; melt,

vescicular, clinker-like material

E

D

C

B

A

FIG. 4 - SIMPLIFIED SCHEMATIC OF BURN ZONES.

correct to cross the threshold of conditions from

zone E. From Figure 4, the simplified schematic,

zone A would therefore represent the lowest temp

era tures and least alteration encountered and zone

F would represent the zone subjected to the highest

temperature and greatest alteration. Not all of the

supporting laboratory data has been completed,

therefore data about temperatures must be treated

as speculative.

Data suggests the basis for division of the

zones is as follows: Zone A represents oil shale

that was not visibly affected by either the blasting

or the retorting process. Zone B is oil shale that

was fractured by the blasting process, but contains

no visible sign of heat alteration. Zone C is oil

shale that was fractured by blasting, and along at

least part of the fractures some visible sign of heat

alteration can be recognized. Zone D represents oil

shale that has been subjected to the retorting

process and apparently carbonized. It has a black

sooty appearance still retaining the shale partings

(tendency of rock to separate into individual

layers) but the color and texture no longer
resem-

able the original material. As determined by

Fischer assay (Stanfield and Frost, 1949) all but a

trace of oil has been removed . Because zone D is

the uppermost zone that shows the greatest change

in oil present, it is interpreted to be the top of the

retorted shale. The boundary of the retorted shale

is therefore between zones C and D. Zone E repre

sents a higher temperature zone within the burn.

* A "trace of
oil"

in Fischer assay represents less than 0.05 weight percent.
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The altered material appears variable in color, light

gray to light tan and retains the original shale

parting. A trace of oil was detected in Fischer

assay. Zone F represents the greatest alteration,

thus probably the most intense temperatures. The

oil shale has been completely altered into a fused

vesicular
"clinker"

that occurs in varying shades of

red, yellow, green, and gray, showing no resemb

lance to the original oil shale. The partings

observed in all other zones are no longer present in

zone F because temperatures achieved were suffi

cient to melt the rock.

Corehole 22U represents the control hole and

has not been subjected to retorting. From the oil

yield histograms (Fig. 5) it is readily apparent that

virtually no oil remains in zones D, E, and F. Not

all of the oil was recovered because some of it

served as the combustible material for the firefront.

By correlating the lithologic descriptions, cross

sections, and oil histograms, it clearly can be

shown that the boundary of the retorted shale is

between zones C and D where a sharp break in oil

yields exists.

The cross-section locations are shown on

Figure 3. Cross sections drawn from the corehole

data demonstrate the complexity of the zones in the

retort (Figs. 6-10). Dashed lines on these figures

indicate interpolated boundaries, since some coring

intervals yielded little or no core. Many criteria

can be recognized that might cause these complex

patterns: blast design and resulting fractures,

natural joints, amount of oxygen present, lithology,

location of inlet and outlet holes, air-in and off-gas

volume, amount of organic material, temperature

variability, and burn time. Resemblance of the

cross sections to the hypothetical section can be

observed, but due to the complexity of controlling

factors in the actual retort, prediction of the zones

appears unlikely. However, overall appearance of

the retort from the cross sections indicates that the

hottest zones of the retorted shale are found in the

center of the retort, with numerous hotter and

cooler zones throughout. This zoning phenomenon

can probably be attributed to channeling of the

burn by the aforementioned criteria.

PB16-2

CfiLLONS PER TON

PB16-19

CnLLONS PER TON

PB16-11

GALLONS PER TON

PB16-10

CfiLLONS PER ION
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10 ft. = 3.05 m

top and bottom boundaries of retorted shale
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FIG. 5 - OIL YIELD HISTOGRAMS FOR COREHOLES EPA-PB 16-2, 16-10, 16-11, 16-19, 16-22U.

COREHOLES 2, 10, 11, AND 19 ARE SHOWN IN FIG. 10
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2050-

2046-

2042

2038

2034-

2030-
?

FIG. 6 - SE-NW CROSS SECTION A-A'. SEE FIG. 4 FOR LEGEND. CROSS-SECTIONAL DISTANCE
APPROXIMATELY 18m. DASHED LINES INDICATE INTERPOLATED BOUNDARIES.

2050-

2046

2042-

c
2038-

2034-

2030

FIG. 7 - SE-NW CROSS SECTION B-B'. SEE FIG. 4 FOR LEGEND. CROSS-SECTIONAL DISTANCE
APPROXIMATELY 23m. DASHED LINES INDICATE INTERPOLATED BOUNDARIES.
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2050-

2026

FIG. 8 - SE-NW CROSS SECTION C-C. SEE FIG. 4 FOR LIGEND. CROSS-SECTIONAL DISTANCE

APPROXIMATELY 12m. DASHED LINES INDICATE INTERPOLATED BOUNDARIES.

FIG. 9. SW-NE CROSS SECTION D-D'. SEE FIG. 4 FOR LEGEND. CROSS-SECTIONAL DISTANCE

APPROXIMATLEY 23m. DASHED LINES INDICATE INTERPOLATED BOUNDARIES.
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FIG. 10 - S-N CROSS SECTION E-E1. SEE FIG. 4 FOR LEGEND. CROSS-SECTIONAL DISTANCE

APPROXIMATELY 16.5m. DASHED LINES INDICATE INTERPOLATED BOUNDARIES.

SUMMARY

Six lithologically distinct zones were defined:

A, B, C, D, E, and F. The zones represent

a very complex pattern influenced by numerous

controlling factors: blast design and the

resulting fractures, natural joints, amount of

oxygen present, lithology, location of inlets

amount of organic material, temperature varia

bility, and burn time.

The different lithologic zones represent tem

perature thresholds. Zones A and B show no

visible trace of temperature effect, while zone

C displays temperature effects only along

fractures. The boundary of the retorted shale

lies between zones C and D where a very

sharp oil yield contact is present. Zone D has

a distinct black, sooty appearance, while zone

E is much lighter in true color. Temperatures

in zone F were sufficient to melt the rock.

3. A retort is defined as "all the material within a

given boundary, be it a surface vessel or in

situ area, that is to be processed".
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SANDIA/GEOKINETICS RETORT 23:

A HORIZONTAL IN SITU RETORTING EXPERIMENT

C. E. Tyner, R. L. Parrish, B. H. Major

Sandia National Laboratories

Albuquerque, NM 87185

ABSTRACT

Sandia National Laboratories and Geokinetics,

Inc. have recently completed processing of a 6000

tonne horizontal in situ oil shale retort near Vernal,

Utah. The heavily-instrumented, explosively-fractured

oil shale bed, containing 12% void, was combustion

retorted using a number of distinct operating condi

tions, including air at high and low flow rates and

air plus 30% combusted recycle gas. A number of

techniques were used to evaluate the effectiveness

of these various processing modes. The extensive

suite of thermal instrumentation, for example, allowed

continuous monitoring of the steam and retorting

fronts and estimation of oil coking losses (from

heating rate data) and total shale retorted. Actual

sweep efficiency, based upon these data, was 79%.

Sweep efficiency estimates from steam front data

were nearly identical, both in total shale contacted

and spatial distribution of the swept zone. The

thermal data also provided a direct means of assessing

the validity of a number of retort diagnostic techni

ques based on fluid product (offgas and oil) analyses.

Offgas material balance calculation estimates of sweep

efficiency, for example, were 77%, while retorting

efficiency was 58% of Fischer Assay, with a 27% oil

loss to combustion and a 15% loss to coking. Oil

loss estimates based on oil analyses were similar.

The experiment demonstrated that true in situ retort

ing of thin-seam rubbled shale beds with low void

volume is practical using horizontal burn techniques

and that existing retort diagnostics are capable of

providing a detailed analysis of the process.

INTRODUCTION

A well-instrumented horizontal in situ oil shale

retorting experiment has been conducted by Sandia

National Laboratories and Geokinetics, Inc. (GKI) at

the Geokinetics field site 70 miles south of Vernal,

Utah. Conducted under Department of Energy sponsor

ship, the experiment provided valuable data for char

acterizing the processes associated with in situ re

torting of the thin-seam oil shale beds prevalent in

the Uintah basin. Bed preparation and operation of

J. M. Lekas

Geokinetics, Incorporated

Salt Lake City, UT 84108

the surface processing equipment during the jointly-

conducted experiment were done by GKI; Sandia was

responsible for technical direction, instrumentation,

data acquisition and analysis, and overall evaluation

of the test. Emphasis was placed on instrumentation

and real-time data acquisition and analysis techni

ques sufficient to acquire an in-depth understanding

of the retorting process such that overall efficiency

of future in situ projects can be maximized.

The many details of the retort bed characteriza

tion, instrumentation systems, and retort operation,

together with all pertinent data from the experiment,

have been documented elsewhere,
1
as have details of

the offgas and material balance calculation results. 2

In this paper we discuss details of the thermal data

analysis, the steam front analysis, and energy balance

calculations. In addition, we compare these results

with the material balance and other offgas and oil

analysis techniques we have used in understanding

and evaluating retort performance.

Background

The Geokinetics, Inc. in situ oil shale recovery

program is an industry-government cooperative venture

to develop a true in situ process for recovering

shale oil by propagating a retorting front horizon

tally through the retort
bed.3 in this process

(designed to retort relatively thin shale beds under

shallow overburden) the shale is fractured by means

of explosives placed in boreholes drilled from the

surface. After a specified volume has been fractured,

injection wells are drilled at one end of the frac

tured zone, and offgas and liquid recovery wells at

the other end and perhaps intermediate locations.

The oil shale is ignited at the injection wells and

an oxidant (air or air plus recycle gas) is continual

ly injected to establish and maintain a combustion

front. The burn front moves in a horizontal direction

through the fractured rock, heating the oil shale

ahead of the combustion front. This decomposes the

organic material, kerogen, which produces oil that

drains to the bottom of the retort where it is re

covered through oil production wells. The residual
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FIGURE 1. SANDIA/GEOKINETICS RETORT 23.

char left in the retorted oil shale is partially

utilized as fuel. The process is illustrated in

Figure 1.

Twenty-seven developmental in situ retort beds,

ranging in size from 50 to 170,000 tonnes, have been

rubbled by Geokinetics since 1975. Of these, 16

have been retorted, producing more than 7000 m3

(45,000 bbl) of shale oil.

Retort 23 (the subject of this report) was not

part of GKI's commercial retort development program.

Rather, it was a scientific test module conducted

jointly with Sandia to investigate horizontal in situ

retorting in detail.

Experiment Objectives

Our overall objective in conducting this experi

ment^
was to increase our understanding of the hori

zontal in situ retorting process, which in turn

should lead to means of increasing efficiency and oil

yield on future retorts. Some specific technical

objectives were:

1. Determine spatial distribution of the retort and

correlate this with the results of the post-blast

formation assessment.

2. Determine intra-retort dynamics and local retort

ing efficiency, e.g., block versus rubble retorting

characteristics, oil versus char combustion.

3. Determine effect of variations in injected gas

composition and rate on retorting efficiency and

rate. Specifically, the effects of the addition of

combusted recycle gas were examined.

4. Determine, by comparison with independent measure

ments, the usefulness of retort fluid-product analyses

(e.g., material balance, alkene/alkane ratios, oil

analyses) as retort diagnostics.

EXPERIMENT DESCRIPTION

Retort 23 was rubbled by Geokinetics in September

1979, as part of a series of fracturing tests. The

retort was 30 m (100 ft) long (inlet wells to outlet

wells), 15 m (50 ft) wide, and 7.3 m (24 ft) high (in

tended broken zone). The average void in the retort

zone was 12% (6.4 m of shale height, 0.9 m of void

height). The retort bottom sloped 1.5 m (5 ft) along

its length toward the outlet wells. The overburden

thickness averaged 12 m (40 ft). The average shale

grade in the retort was 108A/tonne (26 gal/ton);

grade in the overburden was less than 40Jl/tonne

(<10 gpt). The retort contained 5830 tonnes (6410

tons) of shale and 630 m3 (3970 bbl) of oil by

Fischer Assay (FA).

A schematic of the process equipment is shown

in Figure 2. The two inlet gas blowers were capable

of injecting a nominal 20 moles/sec (1000 scfm) of

air or a combination of air and combusted recycle gas

into each of the air-in wells. The outlet blower

was capable of pulling nominally 48 moles/sec (2400

scfm) from the retort air-out wells. The offgas was

pulled through an uncooled demister system and sent

to a flare for disposal. Combusted offgas from near

the top of the flare could be pulled by the inlet

gas blowers through a water cooled heat exchanger

for mixing with fresh air and injection into the

retort.

EXIT

GAS

[F] INDICATES TOTAL

FLOW MEASUREMENT

TO

ATMOSPHERE

FIGURE 2. PROCESS EQUIPMENT AND INSTRUMENTATION.
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Instrumentation

In order to meet the established objectives of

this experiment, we placed heavy emphasis on having

an extensive suite of instrumentation and real-time

data acquisition and analysis capabilities. The in

strumentation package consisted of surface process

instrumentation (primarily pressures, temperatures,

and flows in all process lines), subsurface thermo

couples and pressure transducers, and inlet gas, off

gas, and intra-retort gas sample analyses.

Surface process instrumentation is shown schema

tically in Figure 2. Each of the nine flow sections

shown consisted of temperature, pressure, and
orifice-

plate pressure-drop transducers which provided data

for calculation of inlet and outlet flows. Liquid

oil and water from the pump wells and demisters were

collected in holding tanks and measured daily during

transfer to storage tanks. The liquid oil was also

measured by Geokinetics after separation.

Downhole instrumentation consisted of 259 ther

mocouples and 39 ports for pressure and gas sampling

measurements in 27 vertical wells and one
30

slant

well, as depicted in Figures 3 and 4. The thermo

couples were spaced through the retorting zone and

for a distance up into the overburden.

The gas analysis systems used for this experiment

included gas chromatographs and on-line analyzers (for

CO2, CO, total hydrocarbons, and O2). We did not per

form any oil analysis on site. Instead, samples were

taken regularly and shipped periodically to the oil

shale group at Lawrence Livermore National Labora

tory for analysis.

We acquired and stored all data using a field

data acquisition and analysis system consisting of a

minicomputer and ancillary equipment. The computer

system provided a range of real-time listing and

plotting capabilities. Listing capabilities included

continually-updated TV monitors showing current retort

status, listings of thermocouple locations and tem

peratures, and listings of all data histories. Plot

ting capabilities included time histories of data,

well thermal profiles, and plan and section views of

temperature contours within the retort.

Retort Operation

Our pre-test operational
plan^ for Retort 23

involved five steps, including ignition, three dis

tinct operating phases (each to process about one-

third of the retort), and shutdown. This plan can

be summarized as follows:

1. Ignition.

2. A "base
case"

condition of approximately 0.2

moles/ m2 s (1200 SCFM, or 0.3 m/min superficial

gas velocity [SGV]) of air injection (typical of GKI

operating conditions).

3. A recycle condition of 30% to 50% by volume com

busted recycle gas in air at the same total flow as 2.

4. A high flow condition with air (~1.5 to 2 times

that of the base case).

5. Shut down.

We achieved ignition and the first two operating

conditions as planned. The third operating condition

was achieved for only nine days, after which the out

let blower failed. This resulted in a fourth operat

ing phase (low/erratic flow) after the outlet blower

was partially repaired.
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WELLS
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23 \ AIR OUT

\ WELLS

26#
\ \
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\

\
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O
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17T18
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25 0\ /
\/
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/
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/

PROCESS W ELLS u INSTRUMENT WELLS

O *'" IN 0 THERMOCOUPLE AND GAS SAMPLING
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Ok LIQUID

'" PRODUCTION

O OBSERVATION

r ^ INVERTED TC RECEIVER

? T/C MATERIAL EVALUATION WELL
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FIGURE 3. INSTRUMENT WELLS - PLAN VIEW. FIGURE 4. INSTRUMENT WELLS - SECTION VIEW.
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We ignited Retort 23 on March 15, 1981, using

established GKI ignition procedures. The ignition

procedure involved filling both injection wells with

charcoal to levels above the bottom of the casings,

lighting the wells by dropping a few briquettes of

burning charcoal into each, and gradually increasing

air flow. When successful ignition had been verified

by gas analyses, the airflow was steadily increased

to the "base
case"

conditions. By the end of March

(15 days into the experiment), the combustion and

retorting fronts were well established.

Operating conditions for the balance of the test

period are summarized in Figures 5 and 6. First,

Figure 5 shows the total inlet and outlet flows

during the course of the experiment. (Note that the

vertical dashed lines delineate the base, recycle,

high, and low/erratic flow phases of the experiment.

This convention will be used throughout the paper.)

The total combusted recycle percentage in the inlet

gas is shown in Figure 6. (Actually, the combusted

recycle drawn from the flare for re-injection normally

contained some oxygen. The percentage recycle plotted

in Figure 6 is on an air-free basis, i.e., the oxygen

in the recycle plus an appropriate amount of nitrogen

were counted as fresh air, with only the remaining gas

counted as recycle gas.) The recycle phase of the

experiment is, of course, obvious from this plot.

The retort was shut in on June 30, 1981, when

temperatures in the offgas wells could not be con

trolled below the maximum operating limit of the out

let blower. Pumping of fluids continued for about

one week, by which time oil was no longer being

produced.

ANALYSIS OF RESULTS

In addition to the measured process parameters

discussed above, the primary data acquired and ana

lyzed during the experiment were the thermal data

and the fluid (offgas, intra-retort gas, and oil)

product analyses. We discuss these in detail below,

with particular emphasis on the correlation of these

results to produce a coherent picture of the retorting

process.

Thermal Data

We acquired data from the 259 thermocouples in

the retort and overburden every four hours (more often

early in the test). Resistance diagnostics were used

to check for thermocouple failures; only validated

measurements were used in the analysis and made avail

able to plotting and listing routines.

Typical time-history plots of four thermocouples

within the retort (located 11.9 m above the reference

plane, near the center of the retort) are shown in

Figure 7. Movement of the steam and retorting fronts,

heating rates, peak temperatures, and typical cooldown

behavior are evident from this type of plot.

Temperature contours and the shape and uniformity

of the various fronts are most easily visualized, how

ever, using computer-calculated two-dimensional tem

perature contours. These contours were available in

any x, y, or z plane within the retort. (The value x

was the distance along the retort from the inlet

wells, y was the distance off the retort centerline,

and z was the height above the reference plane, 2024 m

MSL [6640 ft MSL].) The retort floor was nominally

-INLET FLOW --DRY OUTLET FLOW -COMBUSTED RECYCLE

RETORT DAY
RETORT DAY

FIGURE 5. PROCESS GAS FLOWS. FIGURE 6. INLET RECYCLE CONCENTRATION.
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WELL 1 LEVEL 11.9m WELL 7 LEVEL 11.9m
WELL 15 LEVEL 11.9m WELL 22 LEVEL 11.9m

E BOO

RETORT DAY 50

100

RETORT DAY

FIGURE 7. TYPICAL RETORT TEMPERATURES.

at z = 7 m. For example, Figure 8 shows contours in

(a) a horizontal plane at the z = 11.9 m (39 ft)

level and (b) a vertical section along the retort

centerline (y = 0 m), at day 50 (Julian day 125)*,

near the middle of the experiment. Similarly, Figure

9 shows contours at the same locations just before

the retort was shut in (on day 105).

The uniformity of the retorting front (i.e.,

the 300-450C contours) in the horizontal direction

throughout the test is evident from these plots. At

the 11.9 m level, for example, the horizontal sweep

was 100%. The vertical sections also indicate good

sweep, although we did observe some override through

out the test, with the result that the bottom third

or so of the production end of the retort was not

swept (see Figure 9b). The overall sweep efficiency,

as calculated from thermal data using a computer

contouring routine to determine zones reaching 400C,

was 79% of the shale in the retort zone. Figure 10

is a plot of shale retorted versus time. The lower

curve is shale from the retort zone (with an average

grade of 108 A/tonne [26 gal/ton]), while the upper

curve includes, in addition, material from the over

burden (where the grade was 20-30 A/tonne). It is

evident that there was little retorting of the over

burden, except by conduction from below during the

*For simplicity all times given hereafter will be in

retort days (i.e., time into experiment in days).

The beginning of the experiment, Julian day 75,

was retort day 0.

Z= 119m
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FIGURE 8. TEMPERATURE CONTOURS - DAY 50.

RETORT DAY 105

Z = 11 9 m

FIGURE 9. TEMPERATURE CONTOURS - DAY 105.
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FIGURE 10. SHALE RETORTED - THERMAL DATA. FIGURE 11. TYPICAL STEAM FRONT TEMPERATURES.

later phases of the experiment. In contrast, GKI

has observed more extensive overburden heating in

some previous retorts. We believe the most probable

explanation for the lack of such undesirable heating

on Retort 23 is that the low-void nature of this

retort resulted in less movement (and correspondingly

less fracturing) of the overburden during bed prepara

tion.

Peak temperatures in the retort ranged from well

above 800C in the center regions of the retort to

about 600C or so around the edges. While the tem

poral and spatial extent of retorting could be deter

mined quite accurately, determination of peak tempera

tures and the fraction of the retort reaching 600 to

900C (carbonate decomposition temperatures) was more

difficult because of thermocouple failures at high

temperatures. We observed qualitatively, however,

that the center sections of the retort generally

reached carbonate decomposition temperatures (maxi

mums as high as 1100C were observed), while the

periphery did not. Based on the thermal data, then,

we estimate that a substantial fraction (perhaps

half) of the carbonate minerals in the retort was

decomposed. This is consistent with material balance

calculation estimates of carbonate decomposition

(see description below and Figure 18).

Steam Front Analysis

Even though we did not inject steam during the

operation of Retort 23, the steam generated by re

torting, combustion, and water influx vaporization

was sufficient to create a readily observable steam

condensation front in the retort. Figure 11, a tem

perature versus time plot, shows, for example, the

arrival of the steam front (and the steam plateau

temperatures) at wells 4 and 25. Using data from

each of the thermal wells, we were able to draw a

number of conclusions about flow patterns in the

retort. Because the steam front moves much more

rapidly than does the retorting front, these obser

vations, available very early in the test, indicate

the future geometry of the retorting front.

In Figure 12, we have compared the horizontal

and vertical sweep of the steam and retorting fronts

at two points in time half way through the retort

and at the end of the retort. (The plan view [Fig.

12a] represents a vertical integration of shale

reaching 35C and 400C, while the section view

[Fig. 12b] represents a similar horizontal integra

tion.) The times shown for the steam front were

chosen such that the total material affected was the

same as the total shale retorted at the times shown.

At the conditions of this experiment (no steam injec

tion, a steam concentration of 18 volume % behind

the steam front see below), the steam front moved

approximately four times as fast as the retorting

front.

We summarize in Table 1 the results of a number

of other steam front calculations. For example, in

the first half of the retort, i.e., wells 6-10 to

wells 15-20 (results from the second half are similar

and are given in the table), the mean velocity of the

steam front (35C point) was 1.0 m/day. The average

steam plateau temperature was 52C, meaning a steam
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FIGURE 12. COMPARISON OF STEAM AND RETORTING

FRONTS.

concentration of 17.3 volume % behind the steam front

in this zone. Using this information and performing

an energy balance across the steam front, we calcu

lated a mean dry gas flux behind the steam front of

0.088 moles/m2s. Using the nominal retort cross

section of 111 m2 (7.3 m high by 15.2 m wide), the

dry gas flow through the retort would be 9.8 moles/s.

The observed recovery of gas was 11.2 moles/s dry,

air-free offgas, 13% higher than the flow calculated

solely from steam front data. While this discrepancy

could be caused, for example, by a retort cross sec

tion 13% larger than 111 m2 (indeed, the steam front

and retorting were eventually observed in wells 11

and 20, just outside the retort boundaries), it is

also probably within the accuracy of the steam front

velocity and other measurements.

We have also looked at the sources of water for

steam production. Based on the above calculations,

the average steam flow (during the first half of the

steam front calculations) was 2.05 moles of steam/sec.

Using material balance calculation estimates of re

torting and combustion, 0.64 moles/sec of water were

being produced by fixed water release and retorting,

while a total of 2.98 moles of water/sec could have

been available if all the produced oil and gas were

TABLE 1. STEAM FRONT CALCULATION SUMMARY

WELLS 6-10 15-20 24-25

MEAN STEAM FRONT ARRIVAL TIME

MEAN STEAM PLATEAU TEMPERATURE

MOLAR STEAM/AIR RATIO

(based on steam temp)

MEAN STEAM FRONT VELOCITY, Vs

DRY GAS FLUX

(based on S.F.)

DRY GAS FLUX

(based on gas recovered)

7.3 14 7 22 8 days

53.0 51 3 54 3 Deg C

0.22

1.0

0.088

(0.41)

0.101

(0.47)

0 20

1.4

0.123

(0.57)

0.150

(0.70)

0 24 moles steam/

mole air

m/day

moles/s
m2

(ft/sec SGV)

moles/s m2

(ft/sec SGV)

TOTAL STEAM FLOW THROUGH RETORT

(behind S.F.)

STEAM SOURCES

FIXED WATER, RETORTING

100% COMBUSTION OF OIL, GAS

MAX REQUIRED COMBUSTION, w/no influx

MAX COMBUSTION IF ALL OXYGEN BURNED OIL

MBL ESTIMATED OIL COMBUSTION

REQUIRED INFLUX TO LIMIT

COMBUSTION TO MBL ESTIMATE

2.05

0.64

2.98

47%

42%

23%

0.72

(7.4)

3.00

0.98

4.65

43%

40%

27%

0.76

(7.9)

moles/s

moles/s

%FA oil

%FA oil

%FA oil

moles/s

(bbl/day)
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burned during this time. Thus 47% combustion of the

produced oil and gas could have produced the observed

steam. (Enough oxygen was injected during this period

to allow 42% combustion, maximum.) However, material

balance calculations indicate only 23% combustion,

meaning that an assumption of some water influx

(0.72 moles/sec, or 7.4 barrels per day) is required

to account for the observed steam. While the actual

water influx is not known, this amount is not
incon-

sistant with pre-burn pump-down tests.

While use of steam front data as a diagnostic

tool is, of course, not new (see, for example, ref

erence 5), these data provide the first quantitative

confirmation of the utility of steam front data in

determining eventual retort sweep efficiency in a

large in situ retort. They also illustrate the

usefulness of steam front analyses as a secondary

means of estimating in situ gas fluxes, oil combus

tion, and water influx. As a result, we are currently

employing these techniques with increased confidence

on the analysis of other in situ retorts. 6

Material Balance Calculations and Real-Time Retort

Diagnostic Technique Evaluation

We used retort offgas compositions and flow data

in real-time material balance calculations and other

correlations to determine shale processed, oil pro

duced, oil loss mechanisms, etc., during the course

of Retort 23. In addition, we determined loss mech

anisms from analyses of the produced oil. The de

tails of the offgas analyses and these calculations

have been published
elsewhere.2 A summary of the

results and comparisons with thermal data are dis

cussed below.

Our primary method for estimating shale process

ing rates, oil production, combustion losses, and

carbonate decomposition was the oil shale retort

material balance (MBL) technique developed previously

by Hommert. 7 This technique utilizes the overall

stoichiometry of the principal reactions occurring

in the retort and mass balances on the atomic species

carbon, hydrogen, and oxygen to determine the extent

of the various reactions. While the application of

this technique is not without problems (since several

assumptions must be made), it has proven to give con

sistent, reliable results on numerous sets of data

encompassing a wide range of retorting conditions

(from laboratory experiments to modified in situ re

torts to true in situ retorts). The results discussed

below indicate this test to be no exception.

Figure 13 shows oil coking and combustion losses.

(The upper curve is the total yield loss to coking

and combustion.) Coking loss was calculated from

heating rate information (determined from the thermal

data) and a heating rate/coking loss correlation from

the literature. Combustion losses were then deter

mined by material balance calculations. The average

coking loss over the course of the experiment was 15%,

while the combustion loss averaged 27%. The effect

of different operating conditions is discussed below.

Also plotted on Figure 13 are the coking and

combustion losses predicted from oil analyses using

the empirical correlations of Burnham and
Clarkson.9

Although the oil analysis correlations, as with the

MBL calculations, are not without drawbacks (e.g.,

time delay in oil collection, limited data for corre

lation development at high yield loss), the technique

has proven effective on a large number of samples.

The excellent agreement between the MBL-calculated

losses and those determined by oil analyses, over

the course of this experiment, has given us increased

confidence in both techniques.

Including the inlet and offgas flow rates with

the gas composition allowed us to calculate shale

retorting and oil production rates, as shown in

Figure 14. These rates were highest during the high

flow and base periods (as would be expected because

of the high oxygen fluxes). We discuss the effects

of the different operating conditions on retort per

formance in detail below.

RETORT DAY

FIGURE 13. OIL COMBUSTION AND COKING LOSSES.
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FIGURE 14. SHALE AND SHALE OIL PRODUCTION RATES. FIGURE 15. CUMULATIVE OIL PRODUCTION.

Cumulative oil production is shown in Figure 15.

The upper curve is produced oil* from MBL calculations

(i.e., the time-integral of the oil production rate

shown on Figure 14). The bottom curve is the actual

"collected"

(in the tank) oil (totalling 160 m3 [1005

bbl], or 25% of FA oil in place), while the middle

curve is the
"recoverable"

oil, i.e., collected oil

plus uncondensed heavy hydrocarbons in the offgas.

(Over the course of the experiment, we measured over

80
m3

[510 bbl] of C5
-

C-q hydrocarbons [mostly C7
-

Ciol being carried uncondensed through the offgas

demist systems and flared. Because of the low con

centrations of these components in the offgas [0.5

to 1.0 volume % total] their economic collection may

be difficult.) The difference between the MBL-

predicted production (280 m3 [1760 bbl], 44% of FA

including all C5+ components as oil) and recoverable

oil (240 m3 [1515 bbl], or 86% of the MBL-predicted

production) could logically be produced oil that was

lost to the formation, although the difference is

probably also within the accuracy of the MBL calcula

tion and measurements of recoverable oil.

*The term
"produced"

is used here to describe oil

produced from kerogen, after losses to coking and

combustion; thus material balance calculations pre

dict produced oil. The term
"recoverable"

oil will

be used to refer to oil that ultimately comes out

of the ground (as liquid or vapor), while the term

"collected"

oil is used to refer to oil actually

collected in the storage tank (i.e., recoverable

oil minus uncondensed vapors sent to the flare).

60 A

RETORT DAY

FIGURE 16. CUMULATIVE SHALE PROCESSED.

Figure 16 is a plot of the cumulative amount of

shale processed over the course of the experiment.

The agreement between the MBL-calculated results (4480

tonnes, or 77% of the 5830 tonnes in place) and the

thermal data results (4600 tonnes [79% of shale in

the retort]; see Thermal Data section) is excellent,

not only at the end, but throughout the experiment.

Also plotted in the figure are the results of two

LLNL correlations10 for shale processed. One of

these is based on the total quantity of C4 hydro

carbons produced, the other on total C^ s with a cor

rection based on the ethene/ethane ratio. Agreement

between these and the MBL and thermal data is also

good, with the LLNL correlations being somewhat

higher, probably because these correlations were

developed from reasonably ideal (i.e., high yield)
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TABLE 2. OPERATING CONDITION EFFECTS

RETORTING RATE (m/day)

BASE

.27

RECYCLE

.23

HIGH

.43

END

.21

OVERALL

.25

kg SHALE/kmole GAS 60.2 33.7 46.5 44.8 43.9

kg SHALE/kmole OXYGEN 287.4 226.7 225.5 212.9 238.2

m3 OIL/Mmole GAS 4.1 2.2 2.8 2.5 2.8

m3 OIL/Mmole Oxygen 19.3 14.5 13.5 12.0 14.9

LOCAL YIELD (% FA) 62

Coking Loss (% FA) 13

Combustion Loss (% FA) 25

59

18

23

55 53 58

9 13 15

36 34 27

pilot retort data.

In Table 2 we summarize the effects of the

various operating conditions on retorting rate,

amounts of shale processed and shale oil produced

per unit of gas injection, and yield and losses (all

based on MBL calculations). Differences among the

various conditions were small. The base case (i.e.,

typical GKI conditions) does appear at first glance

to be marginally better in most respects local yield,

oxygen utilization, etc. ,
while the low/erratic flow

period appears the least productive.

On closer examination, however, it appears that

the general decrease in retort performance seen with

time may be more significant than any changes asso

ciated with operating conditions. For example, local

yield and material processed per unit of gas injection

decrease markedly over the course of the experiment.

Figure 17, for example, shows the decrease in shale

processed and oil produced per mole of oxygen inject

ed. We believe this is most likely due to an
ever-

increasing oxygen consumption far behind the retort

zone. This could occur because of continued char or

CO combustion (after char gasification by CO2 produced

from carbonate decomposition), or perhaps combustion

of oil dripping from the gradually-heating overburden.

The resultant heat probably went primarily to increas

ed carbonate decomposition, which did little to ad

vance the retorting front. The lingering high tem

peratures over most of the retort (as shown in Figure

9), oxygen-deficient intra-retort gas samples taken

behind the retorting front, and the general increase

-KG SHALE / MOLE 02 --BBL OIL / KMOLE 02

v lJ \

RETORT DAY

FIGURE 17. OXYGEN UTILIZATION.

-CARBONATES DECOMPOSED

RETORT DAY

FIGURE 18. CARBONATE DECOMPOSITION.

379



in the percentage of carbonates being decomposed

(as estimated from material balance calculations and

shown in Figure 18) all tend to support this conclu

sion.

On the basis of these results, we have conclud

ed that overall retort performance was not as sensi

tive to the operating conditions used as to the dis

tance from the air injection wells to the combustion

and retorting fronts. It appears, therefore, that

the use of additional injection wells mid-way down

the retort could help maintain efficient processing

conditions by decreasing the likelihood of oxygen

consumption well behind the retorting front. It

will be important in future experiments to examine

additional conditions (particularly higher flows and

the use of additional injection wells) to determine

whether more optimal processing conditions can be

achieved.

Energy Balance Calculations

Using final retort temperature profiles, offgas

composition and temperature, and material balance

calculation estimates of retorting, carbonate de

composition, and combustion rates, we were able to

close an energy balance on the retort. Results are

shown graphically in Figures 19 through 21 and sum

marized in Table 3.

The total heating value of the raw kerogen in

Retort 23 was 32.3 x
IO12 Joules. Of this, we

estimate that at the completion of processing (in

units of IO12
Joules), 10.7 were left in situ (7.1

as unretorted kerogen, 3.6 as unconsumed char), 7.8

had been combusted, 6.1 were recovered as low-btu

offgas, and 10.0 were recovered as oil and C5
-

C]_]_

hydrocarbons (for a total of 34.6 x
1012 Joules -

a

7% overaccounting). See Table 3 and Figure 19. Of

particular interest is the energy produced by com

bustion and the ultimate disposition of that energy.

These are discussed below.

The only source of heat in the retort was the

combustion of the various kerogen by-products. The

calculated total energy produced by combustion was

7.75 x
1012 Joules. The division between oil, gas,

and char combustion (Figure 20) necessarily invol

ved a number of approximations (e.g.
,

extent of

various char reactions, final combustion products

(CO or CO2, etc.) and can best be described as our

"best
guess"

given the data available. The total

UNRETORTED SHALE

C5 - Cll

HYDROCARBONS

LIQUID OIL

LOW BTU GAS

COMBUSTED

RAW KEROGEN HEATING VALUE

32.3 E12 JOULES

FIGURE 19. KEROGEN HEATING VALUE UTILIZATION.

GAS

OIL
TOTAL COMBUSTION ENERGY

7.75 E12 JOULES

FIGURE 20. COMBUSTION FUELS.

GAS. LIQUID SENSIBLE HEAT

CARBONATE

DECOMPOSITION

STEAM

TOTAL ENERGY

7.81 E12 JOULES SHALE SENSIBLE HEAT

FIGURE 21. COMBUSTION ENERGY UTILIZATION.
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TABLE 3. ENERGY BALANCE SUMMARY

RAW KEROGEN HEATING VALUE UTILIZATION (IO12
Joules) (%)

Initial Heating Value of Kerogen 32.3

Final Disposition

Left on Rock Matrix

Unretorted

Char

Combusted

Low BTU Gas

Recoverable Oil

Liquid

C5-C11 Vapor

10.7 30.9

(7.1) (20.5)

(3.6) (10.4)

7.8 22.5

6.1 17.6

10.0 28.9

(6.7) (19.4)

(3.3) ( 9.5)

TOTAL 34.6 100%

ENERGY FROM COMBUSTION

Char Combustion 2.73 35

Gas Combustion .26

Oil Combustion

TOTAL

4.76

7.75

62

100%

COMBUSTION ENERGY UTILIZATION

Sensible Heat, Shale 3.48 44.6

Retort

Overburden

(2.18)

(1.30)

(27.9)

(16.7)

Sensible & Latent Heat, Produced Fluids 2.58 33.0

Steam Out

Dry Gas Out

Pumped Water

Pumped Oil

(2.14)

(0.34)

(0.08)

(0.02)

(27.4)

( 1.3)

( 1.0)

( 0.3)

Heats of Reaction 1.75 22.5

Carbonate Decomposition

Kerogen Decomposition

Char/C02 (to unburned CO)

(1.32)

( .25)

( .18)

TOTAL 7.81

(16.9)

( 3.2)

( 2.3)

100%
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energy produced, however, is tied directly to oxygen

consumption and is thus quantitative.

Figure 21 shows the ultimate disposition of the

energy produced by combustion. In this retort, the

largest share by far (45%) ended up as sensible heat

in the shale, split 2:1 between the retort proper and

the overburden (as determined from final thermal

profiles and shale heat capacity). Produced steam

(27%) and endothermic carbonate decomposition (17%)

were the other major energy sinks. In this particu

lar instance the energy balance closed almost exactly

(7.81 x
IO12 Joules could be accounted for) fortui

tous indeed since the input data were not precise.

Generally, these results were not unexpected in

view of what we had already learned from the thermal

data and material balance calculations. The one area

of some surprise was the utilization of combustion

energy. For example, nearly one third of that energy

appeared as sensible and latent heat of the produced

fluids. At the low temperatures (<60C, except near

the end of the retort) and low steam concentrations

(<20 volume %) , that energy is nearly impossible to

recover economically. Likewise, little can be done

to reduce the 22.5% lost to endothermic reactions

within the retort. (In fact, in many in situ pro

cesses the extent of the carbonate reactions here

only about 50% could be substantially higher, nearly

doubling this factor.)

The 45% of the combustion energy left as sensible

heat in the shale is a slightly
different matter,

however. This energy corresponds to an average tem

perature in the retorted shale of well over 400C

at the end of the experiment. Had the retort been

longer (so that the thermal wave occupied a smaller

percentage of its total length) or had more high-heat

capacity diluant (e.g., steam or CO2) been injected

(carrying more heat to the retort front, thus moving

the front faster and reducing the amount of required

combustion), some of this energy could have been

recovered during processing. Alternatively, some of

that energy could have been recovered after processing

by injecting water to produce steam. However, even

if half of the sensible heat in the shale were re

covered, the total usable energy from the process

would have increased by barely 10% (above the 16.1 x

lO^2 Joules in the recovered oil and gas) a small

effect overall.

We feel that this energy balance applies not

just to this experiment, but is indicative of what

we could expect from any current in situ process.

Results of other field retort analyses tend to sup

port this conslusion.H

SUMMARY OF RETORT 23 RESULTS

We have summarized in Table 4 the production of

shale and shale oil over the course of the experiment.

TABLE 4. PRODUCTION SUMMARY

SHALE IN PLACE

PROCESSED (MBL)

PROCESSED

(thermal)

5830 tonnes

4480

4600

77% (SWEEP EFFICIENCY)

79%

YIELD LOCAL YIELD

COKING LOSS

COMBUSTION LOSS

58% (RETORTING EFFICIENCY)

15%

27%

OIL IN PLACE

PRODUCED (MBL)

LIQUID + C5+

LIQUID

630m3 (3970 bbl)

280m3 (1762 bbl)

240m3
(1510 bbl)

160m3 (1005 bbl)

44% (OVERALL EFFICIENCY)

38%

25%
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Observed sweep efficiency was 77 to 79% of shale in

the retort, with most of the unprocessed shale in the

bottom third of the production end of the retort.

Little overburden was heated to retorting tempera

tures.

Observed local oil yield (i.e., retorting effi

ciency) was 58% of FA, with a 15% loss to coking and

a 27% loss to combustion. The resulting overall

yield (sweep efficiency times retorting efficiency)

was 44% FA, although only 25% (160 m3
or 1005 bbl)

was actually collected (38% including the heavy hydro

carbons that passed, uncondensed, through the surface

recovery systems).

Operating conditions had a minimal effect on

local yield. While oil coking, for example, decreased

with increasing oxygen flux, oil combustion showed

corresponding increases, as would be expected from

modeling
results.-12 Of perhaps more consequence was

the observed general degradation of retort performance

as the retort progressed. This, we think, was pro

bably due to increasingly poorer utilization of oxygen

for moving the combustion and retorting fronts (with

the produced energy going to unfruitful carbonate

decomposition). Air injection at the retort center

late in the retort could possibly have improved the

situation.

CONCLUSIONS

The extensive instrumentation package and real

time data acquisition and analysis systems success

fully used in this experiment gave us a virtually

unprecedented capability for detailed analysis of

an in situ retorting experiment, including in-depth

comparison of thermal, offgas, and liquid product

analyses.

Generally speaking, the agreement between the va

rious retort diagnostic techniques (material balance

and other offgas correlations and oil analysis) and

the thermal data was very good. We believe, in fact,

that the demonstration of the utility of these tech

niques in retort monitoring and analysis, even in

the extreme case of a low-void true in situ retort,

was one of the most important results of this experi

ment. While all of these techniques have been used

before, this was the first field experiment where

adequate independent (i.e., thermal) data were avail

able to allow a definitive assessment of the real

time fluid-product-data techniques. Because our use

of these techniques on Retort 23 was so successful,

Geokinetics plans to use them as primary monitoring

techniques on future retorts.

This experiment has also demonstrated that re

torting of thin-seam, rubbled shale beds with low

void volume (in this case approximately 12%) is prac

tical using the Geokinetics horizontal burn technique.

The experimental evidence indicates that efficiencies

comparable to any yet achieved by an in situ process

could result with only modest improvements in sweep

efficiency, retorting efficiency, and ability to re

cover the heavy hydrocarbons in the offgas.

On the basis of our Retort 23 experience and

knowledge of previous tests conducted by GKI, we can

make the following recommendations concerning
near-

surface horizontal retorting technology:

1. Although the sweep efficiency on the relatively

small Retort 23 was acceptable, the primary improv

ement in yield on larger retorts must come from a

reduction in losses due to sweep inefficiencies.

This can best be accomplished by improving blast de

sign, particularly for large retorts.

2. The present processing conditions such as those

employed by Geokinetics, are nearly optimal. Low

oxygen fluxes directly behind the retorting zone

(whether caused by low injection rates or oxygen de

pletion over long lengths of hot retort bed) appear,

however, to be detrimental. During the latter phases

of a retort, new injection wells in the middle of the

retort could help alleviate this problem.

3. In future processing research, emphasis should

be placed on the development of control strategies

for dealing with retorts that have significant flow

non-uniformities. We do not expect, however, that

improvements in process controls will be as effective

in dealing with non-uniformities as reductions of

those non-uniformities through use of improved blast

designs.

4. Significant improvements can be made in yield

with better-engineered liquid collection systems and

by condensing the low molecular weight hydrocarbons

that are present in significant amounts in the offgas.
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MODIFIED IN-SITU RETORTING RESULTS

K

TWO FIELD RETORTS

K. L. Berry, R. L. Hutson, J. S. Sterrett h\ J. C. Knepper

Rio Blanco Oil Shale Company
2851 South Parker Road

Aurora, Colorado 80014

ABSTRACT

Rio Blanco Oil Shale Company (RBOSC) has de

signed, constructed and processed two Modified In-Situ

(MIS) retorts at Tract C-a using newly developed tech

niques for rubbling, ignition and operation through

surface drill holes. Retort Zero was ignited in

October, 1980, nominal dimensions
30'

x
30'

x
155'

(9 x 9 x 50 meters), oil yield was 1,876 barrels

(298,300 liters). Retort One was ignited June, 1981,

nominal dimensions
60'

x
60'

x
400'

(18 x 18 x 122

meters), oil yield was 24,444 barrels (3,886,000

liters). RBOSC s MIS method was proved very success

ful; ignition was achieved in less than 36 hours,

average front advance rates were 2.7 and 3.0 ft/day

(.8 and .9 meter/day) and oil yields were 68 percent

of Fischer Assay, close to model predictions for both

retorts. This paper will describe conceptually the

MIS method developed by RBOSC and give the process

results. Details of how the results were achieved

are proprietary.

improve the process.

Figure 1 summarizes the timing of the operating

phase of the MIS program during the past two years.

During the summer of 1980, a number of preburn tests

were run on Retort Zero. These tests included gas

tracer experiments, pressure tests and testing of

the retort ignition control systems. Retort Zero

was ignited on October 13, 1980, and the retorting

operation was completed on December 23, 1980. Mean

while, Retort One rubbling proceeded in parallel

with Retort Zero burn, and was completed in January

of 1981. Retort One preburn testing was carried out

during the spring of 1981, and the retort was ig

nited on June 21, 1981; retort operation was

completed on December 14, 1981. An item of particu

lar significance, as shown on Figure 1, is the over

lap between Retort Zero burn and Retort One rubbling.

This increases confidence that systems can be

designed to safely conduct mining and retorting

operations in close proximity.

INTRODUCTION

Rio Blanco Oil Shale Company (RBOSC) is a 50/50

general partnership of Gulf Oil Corporation and

Standard Oil Company (Indiana). It was formed after

submitting the winning bid in January, 1974, for

Federal Oil Shale Lease C-a. Rio Blanco began site

preparation in late 1977 to demonstrate modified in-

situ (MIS) retorting on Tract C-a. The MIS program

cost $132,000,000 and required four-and-one-half years

concluding with the successful demonstration of two

retorts.

The specific objective of the program was to de

velop Rio Blanco's mining and rubbling methods for MIS

retorts and to burn, study and evaluate retorting oper

ations of the Rio Blanco process. Surface equipment

was designed, installed and tested and safe operating

procedures established for carrying out the underground

combustion. The feasibility and safety of mining and

simultaneously processing on a semi -commercial scale

was demonstrated; the yields of oil and gas were

determined; and, environmental and process data were

collected which would be needed to evaluate and

385

MINE DESIGN AND DEVELOPMENT

Figure 2 is an isometric layout of the mine and

the two experimental retorts. Key features of the

mine include the production shaft which was con

structed firstusing conventional shaft sinking

equipment--foil owed by the exhaust shaft which was

raise bored to the surface in order to establish a

conventional exhaust ventilation system for the mine,

and the service/escape shaft which was also raise

bored to the surface. A separate circuit, for sup

plying air and steam to the retorts through the sur

face drilled blast holes and piping the off gases

back to the surface through the off gas shaft, was

sealed from the working areas of the mine.

The main production level of the mine is the

G-level, 850 feet (260 meters) below the surface.

G-level consists of a network of drifts which pro

vides access to the bottom of the retorts before

bulkheads were installed to seal off the mine from

the retorts.

The upper portion of Retort One extends through

the Upper Aquifer of the Piceance Basin. At Tract



Retort
0'

Pre-Burn Tests

Retort
0'

Burn

J Retort T Rubbling

Retort T Pre-Burn Tests

Retort 1
'

Burn

Figure 1 Timing of In-Situ Experiments

Exhaust Shaft

Off-Gas Shaft

Production Shaft

C Level

Separator

Ramp to Shaft Bottom

Figure 2. Mine and Retort Development Plan
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C-a the Upper Aquifer is characterized as a fractured

reservoir in which erratic fractures in the rock are

filled with water which flows slowly toward the White

River some 20 miles (32 kilometers) away. This is

a confined aquifer system with precipitation recharge

entering the aquifer updip from Tract C-a causing

hydrostatic pressure at the mine location of several

hundred feet of water. Dewatering of this aquifer

in the vicinity of the mine was necessary in order

to develop the mine and to keep water out of the

retorts during the retorting operation. Initial de-

watering was accomplished with a ring of surface

dewatering wells around the production shaft. Pro

duction of water was at rates as high as 3600 gallons

(13,600 liters) per minute. Prior to ignition of the

retorts the Sub E-level was constructed and a ring of

long holes was drilled into the base of the Upper

Aquifer to intercept the fractures to prevent water

flow to the retorts. Water production stabilized at

about 1100 gallons (4,160 liters) per minute and

retort inflows were reduced to the order of 10 gallons

(38 liters) per minute at the time Retort One was

ignited.

Retort Zero was located below the Upper Aquifer

and was isolated from the as yet undrained aquifer by

casing and cementing the drill holes. This retort

was intended as a shakedown run to demonstrate Rio

Blanco's rubbling technology, ignition and retort

operating procedures, and to debug the surface

equipment. Retort Zero is about
30'

x
30'

(9x9

meters) square in cross-section and has a height of

about
165'

(50 meters). There was no internal

instrumentation in Retort Zero. Retorting process

data were limited to bulk measurements of oil and gas

production rates and overall pressure drop.

Retort One was the first real test of Rio

Blanco's technology on a semi -commercial scale.

Retort One is about
60'

x
60'

(18 x 18 meters) square

in cross-section and about
400'

(122 meters) high.

It completely penetrates the Upper Aquifer. It is

the tallest in-situ retort ever built. More than

150 thermocouples were drilled into the rubble after

the retort was constructed, and pressure taps at

frequent intervals enabled constant monitoring of the

retort as operation proceeded. An instrument shaft

with five stations was installed near the retort.

From this shaft thermocouple and pressure taps were

placed directly into the Retort One rubble, pro

viding detailed measurements of what goes on inside

the retort itself.

RETORT DEVELOPMENT

The next three figures (Figures 3, 4 and 5) will

show conceptually Rio Blanco's proprietary procedure

for constructing the retorts. The rubbling proced

ure is felt to be the single most critical factor

affecting the success of this process. Retorts Zero

and One were built using a unique rubbling method

developed by Rio Blanco. After each blast, material

free falls and expands in volume towards its natural

void space characteristic of the particle-size range

produced.

Figure 3 shows Step 1 in the construction of the

Rio Blanco retort. The first step is to drill blast

holes, at widely spaced intervals, from the surface

to the full depth of the planned retort. The second

step is to excavate an undercut room across the full

cross-section of the retort. In Rio Blanco's case

the undercut room was constructed by extending the

mine drift to the back side of the retort and then

widening out to the full design width of the retort.

During the second step, as shown on Figure 4,

the blast holes are loaded with explosives, and a

segment of the roof is blasted down into the undercut.

Part of the material is then removed by loading from

the opening, leaving the rubble in the room at its

angle of repose. The sequence of loading explosives

and blasting down segments and excavating material

is repeated until the desired void space is created

within the retort.

In Step 3, as shown on Figure 5, the process of

loading explosives and blasting down segments of the

roof was continued but now without withdrawing muck

until the retort is filled with broken rubble. An

attic space may be left at the top of the retort to

promote air distribution, if desired.

The Rio Blanco method of retort rubbling is a

simple design which offers economic advantages for

producing retortable rubble. Size analysis of muck

withdrawn from the retorts indicate that a small

average particle size was produced for both Retort

Zero and Retort One. The desired void space is

created by a series of blasts and withdrawal of the

muck at a single mining level. The rubble created

by the above technique produces randomly mixed par

ticle sizes and randomly distributed void spaces

resulting in low pressure drop at fast retorting

rates and high sweep efficiency with high oil yields.
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Another advantage is that the blast holes used to

construct the retort are later used for retort igni

tion and operation to supply air and steam to the

retort.

PREBURN ANALYSIS

The retorts were tested prior to ignition in

order to predict pressure drop, sweep efficiency and

leak rates. These data were then used to predict oil

yield and set conditions for safe, efficient

operations.

Retort sweep efficiency is a measure of the

fraction of shale retorted at the time the burn is

terminated. Usually this will be due to high exit

temperature, although oxygen breakthrough is concep

tually possible. Tracer gases were used to simulate

sweep efficiency in the rubble prior to retorting.

Figure 6 shows the essentials of the concept on two

dimensions. The model used is simply to suppose that

the volume of retort represented by the fastest

traveling gas will be retorted completely. For

slower traveling gases, the fraction retorted is pro

portional to the vertical distance traversed at the

time the fastest gas arrives at the retort outlet.

The assumption is made that each of the tracer gases

characterizes a proportional part of the retort

volume.

To conduct the tracer experiments air flow was

established through the retort and as many as five

freon gases were injected into the rubble. The retort

outlet was covered with a brattice cloth with a nomi

nal three foot (.9 meter) square hole cut out from

its center to collect effluent gases. Samples were

pulled from this opening and carried to an analysis

station through inert plastic tubing. Syringe samples

were analyzed using electron capture chromatographs.

Then sweep efficiency is calculated based on the dis

tances traversed by each tracer in unit time, as

shown on Figure 6.

In this manner, sweep efficiency for Retorts

Zero and One were each calculated to be 85 percent.

Access to Retort One at several levels, plus improved
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experimental technique, showed that sweep of the top

two-thirds of the retort was 100 percent, while sweep

over the bottom portion was estimated to be 60 percent.

The reason for 60 percent sweep in the lower portion

is known and believed to be correctable to near 100

percent.

Cold flow pressure drop was measured directly as

a function of air flow rate. Results for Retorts

Zero and One are shown on Figure 7. It is interesting

to note that in both cases pressure drop responds

quite similarly to changes in air flow rate on this

log-log plot. The data can also be closely repre

sented by fitting the Ergun equation, using measured

void volume and calculating an effective mean particle

size.

Void volume and leak rates from the retorts were

calculated by noticing the pressure rise as air was

introduced at a fixed rate into a retort with valves

on the product gas side closed. Void volume can then

be calculated from the ideal gas law and the rate of

pressure rise at zero pressure. Leak rates for the

retorts are shown on Figure 8. Leak rate is deter

mined directly from inlet air flow once pressure

stabilizes. Leak rates at intermediate pressures are

determined by differentiating pressure versus time

data as the pressure is rising to its equilibrium

value and as pressure declines with the retort inlet

blocked off. Pressure testing for leak rates was

done primarily for safety and secondarily for process

reasons. The safety aspect was further addressed by

a series of sulfur hexafluoride, SF,, tracer tests

wherein the tracer was mixed throughout the system by

circulating air and tracer, and then pressured to the

desired level. In this manner points of leakage,

times of arrival and approximate leak rates to cri

tical points in the mine were determined. All of

this information was used to develop safe operating

procedures.

IGNITION

The advancement of retort ignition technology

was one of the major accomplishments of the Rio Blanco

program. For instance, Rio Blanco demonstrated that

a retort could be ignited uniformly within 28 hours

and that an oxygen decay rate to less than two per

cent in the retort exit gas can be achieved within

two hours after lighting the burners.

The Rio Blanco procedure involves lowering spec

ially developed gas-fired downhole burners through

the existing boreholes (same holes that were used for

blasting) to the top of the retort as shown in Figure

9. Ignition takes place at the top of the rubble bed

and the fire progresses from top to bottom. It is

not necessary to develop mine drifts to the top of

the retorts. During Rio Blanco operation on Retorts

Zero and One the flow control valves, orifice runs

and shutoff valves were skid mounted on the surface

above the retort, and operation of the burners was

controlled from the control room. Fuel gas shutoff

valves were designed to close on flame out, low fuel

gas flow, and secondary air failure. The burners

used for Retorts Zero and One were full commercial

size and were designed to be retractable for later

recovery and reuse. However, attempts have not yet

been made to recover any of the downhole burners.

Figure 10 shows how the oxygen in the Retort One

exit gas stream decayed rapidly to less than two per

cent within two hours of lighting the burners. Oxy

gen was monitored by two independent continuous

oxygen analyzers. Also, an on-stream gas chromato-

graph provided a complete gas analysis every 20

minutes. Calculations indicated that there were

insufficient combustibles to support combustion for

the first 6-7 hours after ignition. As shown on

Figure 10 the lower limit of oxygen (LEL) for flamma-

bility was about eight percent once the combustibles

built up to a high enough level, but by that time

the amount of oxygen present in the off gas was less

than one percent. As can be seen in Figure 10, a

considerable safety factor existed on flammability

throughout the ignition operation.

The entire ignition process was judged completed

within 28 hours, and the burners were permanently

shut off. Before the permanent shut off several

experiments were carried out reducing the burner

firing and increasing air injection through various

boreholes to test ignition and propagation of the

flame front. As indicated by Figure 10 the ignition

process probably could have been concluded even ear

lier than 28 hours.

The Rio Blanco burner durability and reliability

was demonstrated wherein the burners were shut down

and reignited many times during the two startups.

These burners are designed to operate with a high

turn down and over a wide range of operating condi

tions. The burner achieves a high heat flux with

excess air for cooling which protects the burner and

the borehole, yet produces fast localized combustion
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in the top of the shale bed. The rapid shale com

bustion quickly consumed the excess oxygen produc

ing additional heat and high localized tempera

tures. The higher pressure drop in the rubble which

had ignited provided a driving force to direct gas

flow and to propagate the flame front in the radial

as well as the axial direction. The performance of

the burner indicates a high tolerance for ground

water inflow above what was observed. It was

learned that survival of attic space is not a

necessary requirement for successful ignition.

Burner fuel consumption is low due to the short

startup time. The burner fuel consumption for a

commerical size retort is estimated to be less than

l/10th percent of the heating value of the oil

recovered from the retort. Finally, the safety of

the ignition procedure was fully demonstrated.

OPERATION

Figure 11 is a block flow diagram showing the

simplified process scheme for MIS retorting on

Tract C-a. Air and steam were fed to the retort

through the same boreholes used to create the

retort. Products flowed to an underground separ

ator in the mine. Oil and water were pumped

separately to the surface, and gases drawn to the

surface by a suction compressor. For this devel

opment program, the product gases were burned in a

gas fired incinerator, and the resultant sulfur

dioxide is scrubbed from the gas in a wet single

alkali scrubber before discharge to the stack.

During emergency conditions the product gases were

vented automatically to an emergency flare stack.

The retort water and the scrubber blowdown water

were sent to plastic lined evaporation ponds.

Figure 12 shows the retort pressure control

schemes that were used for the two retorts. Retort

Zero operated under pressure in a push/pull operat

ing mode. The top pressure was allowed to increase

during the run to as high as 14 psig as dictated by

retort pressure drop. The bottom pressure was con

trolled at slightly negative pressure with respect

to the mine atmosphere to ensure that air would

leak into the system rather than gases leak into

the mine.

Retort One was operated entirely under vacuum

because the retort penetrated the Upper Aquifer and

pressure operation would have resulted in leakage

of gases into the mine. Therefore, the top pres

sure was controlled slightly negative with respect

to the mine atmosphere, while the bottom atmosphere

was allowed to decrease to as low as 60 inches (150

centimeters) of water gauge vacuum as limited by

the suction compressor.

The pressure drop increased with time in both

retorts as retorting progressed from top to bottom.

Rio Blanco philosophy for operation was to maximize

the retort front advance rate within the limitations

of the equipment available, consistent with safety

considerations. Consequently, the flux rate through

the retort tended to decrease with time due to the

increasing pressure drop through the retorts.

Retort One also encountered limitations to its burn

rate by either air leakage from the mine into the

retort gas exit drift (a two percent oxygen limit

was observed) or sulfur dioxide emission limits as

established by the terms of our PSD Permit. Never

theless, the front advance rate for Retort Zero

averaged 2.7 feet (.8 meters) per day excluding

air outages -- with portions of the run as high as

4.6 feet (1.4 meters) per day. The front advance

rate for Retort One averaged about three feet (.9

meters) per day, with brief periods as high as

seven feet (2 meters) per day.

Figure 13 is a plot of Retort One retort

front advance rates and cumulative oil production

versus time. The top 200 feet (61 meters) of the

retort were processed in 50 days, for an average

front advance rate of four feet (1.2 meters) per

day. There were test periods during this time when

the front advance was as high as seven feet (2

meters) per day. For the second half of the burn,

the severity of the operation was reduced consider

ably in an effort to retort as much of the bottom

as possible since the sweep efficiency was lower in

the bottom third of the retort.

The oil recovery which totalled 24,444 barrels

(3,886,000 liters) is shown by the dotted line.

The first liquid oil appeared about 15 days after

ignition. The oil production includes liquid oil

pumped from the separator room, the Cc+ condensable

o

vapors found in the exit gas and any oil mist found

in the form of aerosol in the exit gas.

POSTBURN ANALYSIS

The oil yield from the retorts is compared

with the available oil above the top of the exit

used on both Retort Zero and Retort One. Break

through of gas exiting the retort will occur at

this point leaving the bottom shale in the retort
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untouched by gas flow. The bottom sweep efficiency

can be improved in commercial retorts by redesign

of the exit system. The retort oil yields are shown

on Table 1.

Table 1

Retort 0 Retort 1

Air/Steam Ratio, Average 50/50 70/30

Front Advance Rate, Avg.

Ft/Day 2.7 3.0

Actual Yield, Bbls. 1,876 24,444

Available Rubble, FA GPT 17.3 21.6

Max. Calculated Yield, % FA 70 79

Actual Yield, % FA 68 68

A very successful and safe commercial ignition

system has been demonstrated using commercially

sized ignition burners. It has also been demon

strated that successful retorting can be achieved

in the dewatered fractured Upper Aquifer. Even

though Rio Blanco has decided not to pursue the MIS

method any further for the Tract C-a operation, due

to its amenability to open pit mining, the results

achieved indicate that the process may be applicable

to other deposits located deeper beneath the surface

than at Tract Ca.

The maximum calculated yield was obtained by

using the computer model generated by data from

Lawrence Livermore Laboratory which takes into

account the shale grade, particle size, air/steam

ratio and front advance rate. The maximum calcu

lated yield assumes 100 percent sweep efficiency.

It will be recalled that the tracer data indicated

about 85 percent sweep efficiency for both retorts.

In the case of Retort Zero the actual yield of 68

percent of Fischer Assay approached the maximum

calculated yield of 70 percent of Fischer Assay

rather closely, indicating either an actual sweep

efficiency higher than measured in the preburn ana

lysis or some other factor occurred to cause a

higher yield than the maximum calculated value. In

the case of Retort One the actual yield of 68

percent of Fischer Assay when compared to the

maximum calculated yield of 79 percent of Fischer

Assay indicates the sweep efficiency to be the same

as calculated from the preburn analysis. With data

available from only two field retorts it is not

possible to draw firm conclusions regarding the

extrapolated Livermore data, but indications are

that field results are equal to or higher than the

small scale simulation.

In conclusion, the Rio Blanco method is a

simple, economical design which has been demonstra

ted to approach the results obtained in laboratory

scale equipment. The method achieves rubble suit

able for MIS retorting at high rates with a low

pressure drop. The entire retort can be developed

from a single mine level; no access drift to the

upper part of the retort is required for ignition.
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ABSTRACT

Rio Blanco Oil Shale Company (RBOSC) has con

sidered the modified in-situ (MIS) process as one of

the alternatives for extracting oil from oil-shale at

Tract C-a. One of the problems to be solved for this

approach is the environmental consequence of under

ground retort abandonment. This includes possible

contamination of groundwater as the natural ground

water regime is re-established, aerial subsidence,

aquifer mixing and underground disposal of surface-

retorted materials. This paper outlines the four

phase program under contract to the Department of the

Interior, Bureau of Mines, which is one alternative

being studied to address the problem and details

the laboratory and pilot scale testing.

INTRODUCTION

The stratigraphy of Tract C-a has been estab

lished by 27 coreholes drilled on the tract. A repre

sentative SW-NE stratigraphic cross-section is shown

in Figure 1. This figure also shows the RBOSC oil -

shale zones, 9 relatively rich and 10 relatively lean.

One of the richer and more shallow of these zones is

the Mahogany Zone. It has an average thickness of 35

meters on the tract. The depth to the top of this

zone varies from 18 to 270 meters with an average

overburden thickness of about 146 meters. All the

zones generally dip to the east and northeast at

rates of 60 to 105 meters per mile.

The entire oil -shale interval (all 19 zones com

bined) underlying the tract averages 375 meters in

thickness and 78 1/T oil. The average overburden is

about 105 meters.

UNDERGROUND PROCESSING

In view of the large variations in depth of this

resource, several extraction methods have been con

sidered. One of these methods is the modified in-

1
Standard Oil Company (Indiana)

Rio Blanco Oil Shale Company

Soletanche & Rodio, Inc.

Colorado School of Mines Research Institute

U. S. Bureau of Mines

situ (MIS) system. This consists of removing 20-40%

of the shale from a cavern by conventional mining

methods and taking it to the surface for above-ground

retorting. The remainder of the shale is then

rubblized by blasting from surface drill holes. The

rubblized material is then retorted. The retort is

ignited by a downhole burner lowered to the top of

the retort from the surface. Fluids produced are

drawn off from the base of each retort and conveyed

to the surface.

SURFACE PROCESSING

After an extensive review of several surface

retorting processes, RBOSC selected the LURGI-RUHRGAS

(L-R) method as the most promising. Figure 2 is a

schematic of the retorting process. Fresh shale is

fed into the screw mixer. Retorting occurs in the

screw mixer and surge bin. Heat is supplied by cir

culating hot spent-shale ash (SSA) from the lift

pipe/separation bin combustion system. The kerogen

is converted to gas and oil vapors which flow through

a product gas cyclone to the oil and gas recovery

system. This cyclone removes some of the dust car

ried with this gas stream. The remaining dust is

removed in the heavy oil dedusting process. The dust

from the heavy oil dedusting and from the cyclone is

carried to the lift pipe, where air picks it up along

with all of the recirculating steam plus the freshly

retorted shale discharged from the surge bin.

Burning takes place in the lift pipe and separa

tion bin where nearly all of the coke on the retorted

shale is burnt off to provide the heat for retorting.

Fine SSA is blown out of the separator bin into the

flue gas cyclone and the waste heat recovery system.

Coarse SSA then drops into the screw mixer and the

process continues. About half of the fine SSA is

recovered in the flue gas cyclone and half by the

electrostatic precipitator located in the waste heat

recovery system. There are, therefore, two types of

ash for disposal derived from the L-R processfrom

the cyclone, and the electrostatic precipitator.
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RESEARCH OBJECTIVES

As a result of both underground and surface

retorting, there will be many large caverns or

spent-shale retorts below ground filled with lumps of

retorted shale, and large quantities of surface pro

duced SSA, both from the cyclone and electrostatic

precipitator, for surface disposal.

Figure 3 shows the in-situ retorts located in

an array that is complicated by the existence of two

aquifers. These aquifers, of slightly different

water quality, may be connected by some of the retort

caverns. If the retorts are abandoned unsealed, the

possibility exists of surface subsidence and water

contamination, in addition to aquifer mixing after

the groundwater reassumes its natural level.

The purpose of this program was to develop and

test a SSA-based grout suitable for injection into

in-situ spent retorts. The grout would:

1. Seal the retorts adequately to avoid leach

ing of any possible contaminants from the in-situ

spent shale,

2. Stabilize the retorts sufficiently to elimi

nate the possibility of significant surface settle

ment as the rock pillars or walls between the retorts

deteriorate with time, and

3. Use the surface retorted SSA as a major con

stituent of the grout to reduce surface disposal of

waste.

Phase 1 consisted of defining the characteristics

of the SSA and ascertaining if a grout based on this

material could be developed with satisfactory param

eters to fill the abandoned retorts. This work also

included laboratory testing of the three most promis

ing grouts.

Phase 2 addressed the laboratory SSA-based grout

optimization. Large pilot-sized retorts were

grouted with the two most promising grouts under sim

ulated in-situ conditions. The grouted
"retorts"

were then tested for in-situ strength and permeabil

ity for comparison with laboratory results.

Phase 3 is a paper study to examine and outline

the optimum equipment and methodology for grouting

the full-scale retorts.

Phase 4 is the field trial for the grouting sys

tem. This work may include the grouting and testing

of a modular development phase retort at Tract C-a.

Phases 1 & 2 are described in this paper.

ORIGIN OF SSA USED IN STUDY

One of the limitations in the development of a

SSA-based grout was the small quantity of SSA avail

able. As the L-R process was being developed on a

pilot scale, this was the best source of SSA. How

ever, the main purpose of the Lurgi pilot plant was

process development rather than SSA production. This

meant that test runs were made with the shale at

varying temperatures and with differing residence

times. In order to have a sufficient quantity of

representative SSA, a blend was made using the ash

from those test runs which most closely represented

the proposed operating temperatures and residence

times. This was achieved by mixing ash from various

test runs in and between two cement trucks.

ANTICIPATED MIS RETORT CONDITIONS

A spent retort just prior to grouting, as shown

in Figure 4, is expected to contain coarse spent

shale rubble with some fines. A void is anticipated
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at the top of the retort as a result of temperature

shrinkage of the rubble, consolidation and crushing

of low strength rubble under its own weight, and

removal of the hydrocarbons from the raw shale,

reducing its bulk.

The physical conditions are very similar to the

grouting of coarse alluvium deposits. This type of

grouting is normally accomplished with a cement/water

mix with the main objective of limiting water flow

beneath or in the abutments of a dam.

However, there are several conditions which are

different from the standard grouting operation as

follows:

1. The rubble void volume is considerably

higher.

2. After retorting, cooling and rehydration,

the rubble will have a temperature of 65 to 75C, and

if the rehydration process has not been completed

there may be some rehydration of the rubble at the

expense of the grout.

There are two sets of characteristics which must

be met by grout using SSA as a major component.

1. The rheological characteristics which are

directly related to the groutability of the slurry,

and

2. The long-term characteristics of the grout

which will govern the in-situ behavior of the grouted

MIS retort.

RHEOLOGICAL CHARACTERISTICS

The rheological characteristics of a grout are

defined by the following:

Initial visocity. This can be related to the

distance of flow and the effectiveness of penetration.

Stability. At first, all three basic grout

families were investigated (unstable, stable,

aerated). However, both the unstable and aerated

were eliminated as a) the surplus water from the

unstable grouts could not be absorbed in the retort

walls and b) aerated grouts would not give a satis

factory permeability, c) stable grouts have been

proven to be the best for grouting
"similar"

alluvium

material .

--Setting time. This parameter defines the time

for the grout to be injected and flow through the

rubble matrix before hardening.

Based on the analogy with alluvium grouting and

the corresponding characteristics required, the fol

lowing were selected for the SSA-based grout:

Viscosity 45-55 Marsh Seconds

Stability Bleeding 5%

Setting Time 2 Hours (under a temperature of

65C)

MECHANICAL CHARACTERISTICS

The mechanical characteristics define the

strength, permeability and durability of the cured

and hardened grout. The most critical parameter as

selected for this study was the permeability. Once

this value had been selected, the highest strength

possible was chosen within the limits imposed by the

rheological characteristics and the permeability.

This grout strength is further modified as in a

grouted abandoned retort because part of the load

will be carried by the rubble matrix. The values

selected were:

1 x

10"

cm/sec.

7 Kg/cm2(100 psi)

Permeability

Strength

LABORATORY TESTING GROUTS

An extensive series of laboratory tests was run

on various grout additives to define setting time,

permeability, strength, bleeding characteristics and

viscosity. Based on this work, two grouts were

selected as optimal. Their characteristics are shown

in Table 1 below.

Table 1

Characteristics of Both Selected Grouts

Grout # 1 2 Target

Additive 1

Type Glucon. Glucon.

Content, l/m3 1 1

Additive 2

Type Cement

Content, kg/m3 15

Marsh viscosi ty, sec. 49.5 47 45-55

Dynamic visocity, cP 140 145

Setting time, min. 95 100 120

Bleeding, % 4 1.5 5

Unconf ined 2 day 3.5 4.6

Compressive 7 day 4.8 6.6

Strength 14 day 5.6 7.2

kg/cm 28 day 6.1 7.7 7

Permeability, cm/s
10"7

5 4.5 10
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LABORATORY PHYSICAL PROPERTY TESTS

Additional tests run on these grouts were con

solidated drained triaxial shear tests, one-

dimensional consolidation tests and long-term perme

ability tests. The results of the triaxial shear

tests are shown in Table 2 below.

Table 2

Results of Consolidated Drained Triaxial Shear Tests

Grout # 1

Angle of friction, degrees 39 30.5

Cohesion,
kg/cm2

0.583 1.97

Typical consolidation and permeability results

are shown in Figures 5 and 6.

LABORATORY TESTS OF RUBBLE

Before loading the vessels with the spent oil -

shale rubble, some physical characteristics were

measured as follows:

--specific gravity and water absorption

unconfined compressive strength

Six retorted blocks of spent oil -shale from

Tract C-a were cut into five centimeter cubes. These

six blocks varied from lightly to completely retorted

to simulate conditions in a full-scale retort.

SPECIFIC GRAVITY AND WATER ABSORPTION

These tests were performed according to ASTM C97

"Absorption and Bulk Specific Gravity of Natural

Building
Stone."

The maximum, minimum and average values are

given in Table 3 below.

Table 3

Bulk Specific Gravity and Water Absorption

of Spent Oil Shale

Min, Max. Avg.

Dry specific gravity, g/cm 1.17 1.98 1.48

Soaked specific gravity,
g/cm3

1.68 2.23 1.89

Water absorption, weight % 1.1 48 30

UNCONFINED COMPRESSIVE STRENGTH

Unconfined compressive strengths were measured

according to ASTM C170 "Compressive Strength of

Natural Building
Stone."

Two methods of applying the

load are used for this type of rock:

--loading
perpendicular to bedding

--loading parallel to bedding

The results are shown in Table 4 below.

Table 4

Unconfined Compressive Strength

of Spent Oil -Shale Cubes

Min. Max. Avg,

Kg
/cm2

Unconfined compressive strength
_

--Load perpendicular to the

bedding 32.3 112.5 69.2

Load parallel to the bedding 16.2 104.8 49.2

TEST VESSELS

The purpose of the test vessels was to simulate

the anticipated conditions for grouting full-scale

retorts in terms of spent shale rubble, temperature,

confinement and grouting pressures. Two vessels were

constructed so that the two most promising grouts

could be tested.

The vessel dimensions were 1.52 meters in dia

meter by 3.35 meters high and were designed to with-

2
stand an internal pressure of 17.6 kg/cm at a

temperature of 93C. The vessel top consisted of a

nine centimeter thick steel plate held in place by

44-3.18 centimeter diameter bolts.

Numerous nozzles in the cylinder wall and at

both ends allowed for grout injection, monitoring,

testing, and safety valve fitting. A pipe coil

welded around the vessel allowed heating by steam

circulation. Prior to heating, a 15 centimeter

fiberglass insulating jacket was installed.

The total vessel weight was five tonnes, of

which two tonnes was the lid. A schematic of the

vessel is shown in Figure 7.

A large load of rubblized shale which had been

retorted in the aboveground retort at Laramie was ob

tained to simulate the C-a retorted rubble. The

entire 18 tonne load was screened. As there was con

siderable breakage of the material in handling, some

of the fines were removed prior to placement in the

test vessels. Figure 8 shows the size gradation of

the rubble used in each vessel.

Prior to loading the vessels with rubble, filter

sand was placed in the bottom dish-shaped section.

This was then covered with a filter fabric to main

tain an accurate sample dimension, avoid mixing and

avoid grout injection into the sand layer. A similar

filter fabric and sand layer were placed at the top

of the vessel .
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The shale was lowered into the vessels in bar

rels to minimize further breakage and hand placed.

Instrumentation was also installed at this time.

After loading and securing the vessel, the

sample was saturated to simulate in-situ conditions

where grouting would take place against a head of

water. This also avoided any grout flash set due to

water loss to dry shale.

PRE-GROUTING TESTS ON THE VESSELS

After the vessels had been loaded manually with

the various sized fraction of rubble, two series of

tests were performed in the vessels:

void ratio

--permeability

Both of these parameters were needed to monitor

the grouting.

VOID RATIO

The void ratio was calculated from two void

volume measurements and an average value deter-

mi ned :

--volume of water injected in the vessel

filled with the dry rubble

--volume of water drained out from the ves

sel after the saturation of the rubble.

Table 5 gives the results for both tests.
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Table 5

Vessels Void Ratios Before Grouting

Vessel -1 Vessel -2

Bulk volume of rubble, m 15.47 15.29

Volume of water injected, m 7.56 7.49

Ratio with regard to bulk volume 0.489 0.489

3
Volume of water drained out, m 6.30 4.78

Ratio with regard to bulk volume 0.407 0.317

Estimated void ratio 0.45 0.40

PERMEABILITY TEST

For each vessel, two permeability tests were

performed as follows:

A constant flow of water was sent through the

vessel from the bottom to the top and the flow rate

measured. Simultaneously, the head losses were mea

sured by two transparent flexible tubes connected to

the vessel on two nozzles .91 meters apart vertically.

The difference of water levels between the tubing is

proportional to the head losses in the .91 meters of

rubble.

From this data, the following permeabilities

were calculated in Table 6.

Table 6

Vessels Permeability Before Grouting

Vessel -1 Vessel -2

40 to 60 8 to 10Permeability, cm/s

TEST VESSEL GROUTING PROCEDURE

Before starting the grouting, the steam-heating

was turned on until the whole mass of rubble and

water inside the vessel reached a temperature of

77C.

The grouting was carried out in three phases,

one per day on successive days:

--phase 1 with a maximum grouting pressure of

7 kg/cm

phase 2 with a maximum grouting pressure of

10.5
kg/cm2

--phase 3 with a maximum grouting pressure of

2
14 kg/cm

The basis of this multi-phase grouting was to

inject the greatest volume of grout possible during

each phase with a pressure remaining within the pre

set range. In fact, most of the grout was injected

during phases 2 and 3 for the shrinkage or bleeding

of the previous grouting phases. For each phase, the

grout was injected successively through three levels:

bottom, through the four ramps simultaneously

middle, successively through two grouting

points diametrically apart

top, same as middle level

For each level, the grouting was carried out

until the maximum pressure was reached, even with a

very low grout-flow rate, and then the pressure was

kept steady for 10 minutes. At the same time, the

water inside the vessel was pushed upward by the

grout and collected through the lid ports.

After the three grouting phases were completed,

the heating was turned on for a 28 day curing period

at 77C.

GENERAL CONSIDERATIONS

ABOUT THE GROUTING OF THE VESSELS

The spent oil -shale rubble was a new and fairly

unknown medium to be injected especially in the con

ditions of confinement which inhibit elastic movement

of the surrounding soil. The grouting of the first

vessel was therefore done with the purpose of testing

equipment as well as representing retort conditions.

The second vessel was loaded with rubble only

after vessel #1 had been loaded, grouted, cured for

28 days, and the permeability test started.

As the grouting of vessel #1 went very smoothly

and as the first results of the permeability test

were encouraging, it was decided to make the condi

tions for vessel #2 more stringent as follows:

--the vessel was loaded with five size fractions

of rubble available including the fraction finer than

6 Mesh

--the heating was turned on between each grout

ing phase and only turned off during the grouting

itself

GROUTING DATA

Vessel #1 Grouting: Table 7 gives the main

grouting data.

Grouting Phase 1

3
The 2.33 m of grout that were injected into

vessel #1 through the lower level (four ramps) repre

sent 49.5 percent of the bulk volume of rubble and

94 percent of the total volume of grout which was
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Table 7

Grouting Data

Volume of Grout Injected, m

Vessel -1 Vessel -2

Volume of Grout to Volume

of Bulk Rubble Ratio, %

Vessel -1 Vessel -2

Phase 1 (7 kg/crrT)

--lower level 2.33

--middle level 0.028

upper level 0.014

Total 2.37

Phase 2 (10.5 kg/cm2)

--lower level 0.056

--middle level 0.028

--upper level 0

Total 0.084

1.28 49.5 27.5

0.60 0.6 12.8

0.19 0.3 4.1

2.07 50.4 44.4

1.2

0.6

0.0

1.8

Phase 3 (14 kg/cm2)

--3 levels combined 0.014 0 0.3 0

Total for 3 phases 2.47 2.07 52.5 44.4

Water collected 2.43 1.97 51.5 42.3

injected.

The whole step occurred very smoothly and lasted

7.25 hours. The grout flow rate was ranging between

0.25 and 0.39 m3/h with an average of 0.31 m3/h. The

2
pressure was maintained close to 3.5 kg/cm most of

2
the time and finally increased slowly up to 7 kg/cm

during the last hour.

Almost no grout, 0.028 and 0.014 m3, was

injected through the middle and upper levels even at

2
the maximum pressure, 7 kg/cm

.

The Marsh visocity and specific gravity of the

grout were measured regularly: the Marsh viscosity

ranged between 43 and 53 seconds and the specific

gravity between 1.52 and 1.54. The latter is satis

factory whereas the variances in the viscosity are a

little too large. However, these variances did not

adversely affect the quality of the grouting.

Grouting Phase 2

The next day, grouting was resumed after clean

up of the grouting equipment.

--Lower level. As soon as the grouting started,

2
the pressure reached 6.32 kg/cm and then increased

2
regularly up to 10.5 kg/cm after 20 minutes. The

2
pressure was maintained steady at 10.5 kg/cm for 10

more minutes. The volume of grout injected was about

0.056 m3.

Middle level. For the two grouting ports, the

2
pressure increased very quickly up to 10.5 kg/cm

.

3
About 0.28 m of grout was injected during the two

fold 10 minutes of grouting.

--Upper level. No grout was injected.

Grouting Phase 3

The intake of grout during phase 3 was very low,

and the total volume injected through the three

3
levels was only 0.014 m . The remainder of grout

from this batch was used to prepare the five samples

for the direct shear test to be performed at the USBM

Laboratory in Spokane. The characteristics of the

grout were as follows:

--viscosity: 40 Marsh seconds

3
--specific gravity: 1.52 g/cm

In order to allow the various phase grouts to be

identified during dismantling of each vessel, the

grout of each phase was colored as follows:

--phase 1: fluorescein which would be very eas

ily detected with an ultraviolet light

--phase 2: red cement dye

--phase 3: green cement dye

Vessel #2 Grouting

As explained before, vessel #2 was loaded with

finer rubble than was vessel #1 in order to get a

smaller void ratio. Thus, the grouting was not as
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easy to perform as for vessel #1. Table 7 gives the

data for this grouting. The staged system followed

closely the procedure for vessel #1.

Tests on the Grouted Vessels

Both vessels were cured for 28 days at a tem

perature ranging between 170 and 180F monitored by

means of thermocouples. After 28 days of curing, the

insulation was removed and the heating turned off.

The vessels were left to cool for three days before

testing.

Permeability Tests

The permeability tests were run on the grouted

mass of rubble. Water was circulating from the bot

tom to the top.

Tap water was connected directly to the bottom

ports of each vessel. The water pressure was stable

and variations were slow and slight within the range

8.79-9.49 kg/
cm2

(125-135 psi) with an average value

2
of 9.14 kg/cm

. This corresponds to a hydraulic gra

dient of 35.5.

The outflowing water was collected from the top

ports in containers provided with protection to pre

vent evaporation. The volume of water was measured

twice a day.

Figures 9 and 10 give the overall results of the

permeability tests.

For vessel #1, the initial permeability was

25 x 10"7cm/s.

For vessel #2, the results vary with some

"waves"

in the curve. However, the overall shape of

the curve shows a continuous decreasing of permeabil-

c

ity from 9.5 x

10"

cm/s at the beginning to

fi
4 x

10"

cm/s after 55 days.

Pressuremeter Tests

The objective of this work was to determine the

strength and deformation characteristics of the

grouted shale. Pressuremeter tests were run in three

holes located in the vessels as shown in Figure 11.

Geotechnical parameters interpreted from the pres

suremeter test curves are summarized in Table 8.

These results indicate that the grouted shale mass is

a competent engineering material under confined con

ditions. It is capable of sustaining heavy loads

without significant deformation. It has an undrained

2
shear strength of 12 kg/cm

,
an initial tangent

2
modulus of 5,000 kg/cm and a secant modulus at 50

2
percent of peak stress of 1,200 kg/cm .

Table 8

Summary of Pressuremeter Test Results

Boring/Depth M

B-L/0.6

B-l/1.4

B-l/2.3

B-2/0.6

B-2/1.5

B-2/2.4

B-3/0.6

Initial

Elastic

Soil

Modulus
2

E, kg/cm

Rel oad

Modulus
?

E, kg/cm

Limit

Pressure

PL, kg/cr

155 296 14

68.5 7

39.7

1450 4300 72

790 4300 72

1234 5670 80

278 1780/3000 39

DISCUSSIONS AND CONCLUSIONS

This study has clearly demonstrated that a grout

can be formulated using SSA as a base. However, some

chemical additives will be required to ensure that

underground MIS retorts can be sealed successfully.

Not all of the ash that is generated by surface

retorting of mined-out shale can be used for this re

injection, so a surface tailings disposal system will

also be needed. However, this surface disposal sys

tem can be substantially reduced in size.

The proposed grouting system will require a

large quantity of water when used on a commercial

scale. It is presently assumed that this water

would be obtained from process waste as well as the

mine drainage. In this way it may be possible to

immobilize large volumes of water which otherwise

would need extensive treatment prior to discharge.

It is also evident that by varying additives,

permeability can be decreased and strength increased.

The SSA could therefore also be adapted as a hydraulic

backfill for other types of mining.
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ABSTRACT

The IITRI RF process for oil shale can

be carried out at
350

to 375C instead of

500C, as normally used for other processes.

This lower temperature makes the economics

of the process even more favorable. Some

investigations have measured low yields at

350C, which would not be cost effective.

However, we have found that high yields are

obtained if the shale is very slowly heated

from
300

to
350

or 375C. This allows

time for autogenously developed vapor to

produce the liquid shale oil. In this way,

the oil is not exposed for long periods to

temperatures at which it can crack to light

ends and char.

Evidence for these effects was found in

thermogravimetric analysis (TGA) experi

ments, which were two orders of magnitude

faster than core pyrolysis experiments.

This indicates that physical processes can

limit the production rate for core experi

ments. The permeability measured during

pyrolysis of cores was 500 to 4400 milli-

darcies. The yield in core pyrolysis

experiments ranged from 30 to over 100 per

cent of Fisher assay (depending on grade,

temperature, and physical conditions) when

the heating rate was 5C/min. When the core

was heated from
300

to 400C at 10C/day,

the yield was 90 to 102 percent of Fisher

assay.

A field experiment on Utah tar sands

heated a 60-ton volume of tar sand in situ

to 200C. Eight barrels, or 26 to 38 per

cent of the bitumen in this volume, were

produced in 20 days. This extrapolates to

50 to 70 percent overall recovery in six

months, which would allow production of

upgraded oil below the world price.

INTRODUCTION

The IITRI RF process is an in situ

method for producing oil from oil shale and

tar sands. It heats the deposit by radio-

frequency electrical energy applied through

a special pattern of electrodes inserted

into boreholes. The keys to the success of

such a process are 1) efficient utilization

of the costly electrical energy, which

requires uniform application of the energy

throughout the volume of the deposit, and 2)

high recovery of product at a moderate

processing temperature. The first topic has

been described in previous papers and will

be summarized here. This paper primarily

concerns the second topic.

The IITRI RF process has been developed

during a Department of Energy cooperative

program,* which included laboratory experi

ments, field tests, and economic studies.

Independent evaluations have established the

following potential advantages for the

process :

High energy efficiency: 2.5 or more

barrels produced for every barrel of

oil consumed

* Contract No. DE-AC01-79ER10181
, "RF

Heating of Utah Tar
Sands."

Conducted

from October 1979 to March 1982. Project

monitors were Ernest F. Blase and

Kishore Parikh.
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Low capital costs: half of the cost

of conventional processes

Low production cost: the selling

price of upgraded oil would be very

competitive with the world market as

projected by a recent independent

study (September 1981)

Minimal environmental impact: little

mining and water needed, few

emissions

Improved product and yield: produces

low pour-point oil and high-Btu gases

Better resource utilization:

processes 85 percent of resource

Companion processing with other

processes : recovers unprocessed

shale and low-Btu waste gases.

RF HEATING OF OIL SHALE

Volumetric heating of oil shale to the

pvrolysis temperature bv this process

depends on the electrical properties of the

shale, the design of the electrode struc

ture, the frequency of the applied RF

energy, etc. It is essential to optimize

the electrode design and operating frequency

to ensure a nearly uniform heating of the

shale volume to reduce the electrical energy

requirement. If this uniform heating is

not realized, portions of the shale will be

either overheated or underheated
, resulting

in inefficient use of electrical energy.

This has been the principal difficulty with

past electrical approaches for heating large

volumes of shale (Bridges 1976, 1979). The

IITRI process overcomes this limitation by

establishing uniform electric field

densities within most of the shale volume.

Such uniform field densities produce nearly

uniform heating.

IITRI has invented nonradiating ,

electromagnetic wave transmission, guiding,

and cavity structures for in situ use to

uniformly deposit RF energy within a desired

oil shale volume. These structures were

described bv Bridges et al . (1976, 1979).

Figure 1 shows a production plan for

accessing a deposit with overburden.

Boreholes are drilled from mined galleries,

and the produced oil is recovered through

the electrode pipes.

Inactive Drift

Second Tier Act ive Dr if t

Figure 1. Production scheme of IITRI RF process.
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PRODUCTION ASPECTS

A true in situ process differs from

above-ground processes in that there is

little capital expense associated with the

reactor, which is simply a portion of the

deposit. There is no economic reason to

minimize the reaction time since one is not

tying up a costly reactor. A lower temper

ature is desirable, since this reduces the

amount of electrical energy needed to heat

the deposit. On the other hand, it has been

suggested that lower temperature results in

lower yield. If this were the case, then

the RF process could not take advantage of

the economies resulting from lower tempera

ture heating. The purpose of this paper is

to show that high oil yield can be obtained

at low processing temperature if a particu

lar heating protocol is followed.

High yield is possible at low

temperatures if the kerogen is converted to

a liquid product and recovered before oil

coking decreases yield. There is some

evidence obtained from IITRI experiments

that pyrolysis in the temperature range of

280-375C does yield a liquid hydrocarbon

product within the pores of the shale

matrix. This was confirmed by subjecting

spent cores, obtained from low temperature

pyrolysis experiments, to Soxhlet extrac

tion .

Rapid recovery of liquid shale oil is

possible during pyrolysis by applying one of

the petroleum reservoir production tech

niques. These include gravity drainage, gas

drive, and autogenously developed gas drive.

This assumes, as will be shown, that suffi

cient permeability develops for the liquid

to flow under one of these drive mechanisms.

For example, gravity drainage will produce

oil if the head of liquid shale oil present

in the core is sufficient to overcome the

capillary forces that are responsible for

fluid holdup at internal interfaces.

Production aspects are important in

laboratory shale pyrolysis experiments as

well as in full-scale production. If they

are not taken into account, then physical

effects can be confused with chemical rate

effects. This will be demonstrated in

experimental results presented below.

COMPARISON OF TGA AND CORE PYROLYSIS

EXPERIMENTS

IITRI carried out a series of pyrolysis

experiments on Colorado oil shale samples

using two methods. The first group used

thermogravimetric analysis (TGA), a method

of heating small pieces of shale in a

current of nitrogen, and determining the

extent of reaction by continuously weighing

the sample. The TGA experiments used small

pieces, so the oil could rapidly vaporize

and be carried away by the sweep gas. The

second group of experiments retorted 2-in.

diameter cores of shale in a pipe reactor.

Details are given by Snow et al . (1979).

The cores were larger pieces, and there was

no sweep gas to carry away the products.

The cores were not tall enough to experience

gravity drainage. Oil produced had to flow

down the reactor walls as a liquid, or be

carried out with the autogenously produced

light gases. We found that the rate of

production was 50 times greater in the TGA

experiments than in the core experiments.

The TGA experimental results are

presented in Figure 2. The reaction is

essentially complete in 10 min at 450C,

whereas it takes over 1000 min at 350C.

The slight differences in final amount

produced are due to differences in the grade

of the shale samples. The kinetics of

pyrolysis are analyzed in Figure 3. For

this analysis the reaction rate was assumed

first order in organic material remaining in

the sample. The temperature coefficient of

the graph gives the Arrhenius activation

energy, which is 45 kcal. This value is in

agreement with other published data, such as

those of Wallman et al . (1981).

Pyrolysis data for some of the core

experiments are given in Figure 4 and Table

1. The time for complete reaction at 450C

is 500 min, and the reaction at 330C is not

complete at 60,000 min. The Arrhenius plots

for both core and TGA experiments are

compared in Figure 5. The temperature coef

ficient for the two types of experiments is
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Figure 4. Anvil Points shale core pyrolysis experiments, volume of oil

produced as a function of time at various temperatures.
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similar, but the core pyrolysis rate is 50

times slower. This points to a different

mechanism. We postulate that the core

pyrolysis is limited by the physical

resistance to production of oil, as well as

by the chemical reaction rate, whereas TGA

pyrolysis is only slightly limited by

physical production of the oil.

The lower curve in Figure 5 could

perhaps be better fitted with an S-shaped

curve or else by two straight lines. The

difference between the two regions is

apparently due to physical processes rather

than chemical kinetics. At higher temper

atures the oil can be distilled from the

shale pieces, leading to a rapid recovery

rate. At lower temperatures a larger

fraction is still in the form of a liquid.

In small cores there is no production

mechanism to overcome the capillary forces

which keep the liquid within the shale

pores. Therefore, the oil remains in place,

and is eventually coked to gas and char.

The data in Table 1 are grouped

according to grade and final pyrolysis

temperature. Within each grade the yield is

greater at higher pyrolysis temperature.

Some of the experiments were not carried to

completion; in these we have estimated the

final yield by extrapolating the reaction

rate curve. The cores of a higher grade

than 50 gal/ ton swelled and sealed to the

inner wall of the pipe reactor during

pyrolysis. When this happened, a pressure

of autogenous gas developed in the top of

the reactor. This was vented whenever it

exceeded 300 psig. In experiments where the

shale sealed to the reactor, the path for

the flow of oil was greater, and this slowed

the production even further. For example,

experiment P2-4 used a 61.8 gal/ ton shale.

The heating rate was 5C/min, up. to 450C,

and then the temperature was held constant

for 200 min. Only 10 percent of Fisher as

say was recovered. The oil was very light,

indicating that extensive cracking had oc

curred. It appeared that the rate of heat

ing was too fast, and did not allow time for

the oil to flow through the length of the

sample before it cracked to char and gas.

LOW TEMPERATURE PYROLYSIS EXPERIMENTS

Several experiments were conducted at

lower temperatures to show that high oil

yields are possible with low temperature

pyrolysis. The laboratory reactor used for

these experiments is illustrated in Figure

6. Shale core samples were loaded into this

reactor. A steel spring placed on top of

the core was used to simulate an overburden

pressure of approximately 50 psi. This

corresponds to an overburden thickness of

approximately 50 ft. A quarter-inch hole

was drilled along the axis of the shale core

to accommodate a thermowell to measure the

temperature at the center of the core. The

reactor was heated in a furnace. Tempera

ture control was provided by a controller

activated by the thermocouple placed inside

the thermowell. A water-cooled product

condenser was inserted in the bottom outlet

line of the reactor. The produced oil was

collected in a graduated cylinder.

The oil recovery from three experiments

is presented in Figure 7. This figure shows

the percentage of Fisher assay recovered as

a function of time. Pyrolysis temperatures

of
280

to 360C were investigated. In two

experiments at
300

and 360C, the total oil

recovered was approximately 76 to 80 percent

of the Fisher assay. Spent cores from the

two experiments were subjected to Soxhlet

extraction after the experiment was termi

nated. In core P2-34 , approximately 5.6 ml

of oil was retained, which corresponds to

7 percent of the original Fisher assay. In

core P2-7, pyrolyzed at 280C, 21.5 ml of

oil was retained in the core, corresponding

to 26.3 percent of the Fisher assay. The

dashed vertical lines in Figure 7 show the

potential yield, had all the oil retained in

the cores been produced during pyrolysis.

Table 2 summarizes the material balance for

these cores. Both cores were subjected to

Fisher assay after pyrolysis. In experiment

P2-7 , approximately 22.4 percent of the

original Fisher assay was left unconverted

after pyrolysis at 280C for 11,000 hours.

In experiment P2-34 there
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was no kerogen left in the core after

pyrolysis at 300C for 13,000 hours.

Table 2 shows that recovery from core

P2-34 could be increased by at least 7

percent by the application of a suitable

production mechanism to the heated core.

The oil retained in the pores could be

recovered by two recovery mechanisms. The

first mechanism is gravity drainage under a

hydrostatic head of liquid shale oil in a

core long enough so that the hydrostatic

pressure of the column of liquid shale oil

retained by the core is sufficient to

overcome the capillary pressure. The other

possible recovery mechanism is the gas drive

provided by autogenously generated gas

pressure during pyrolysis.

TABLE 2. MATERIAL BALANCE SUMMARY OF

PYROLYZED OIL SHALE CORES

Sample No.

P2-7 P2-34

Pyrolysis

Temperature, C 280 300

Fisher Assay,

gal/ ton 40 33

Expected

Recovery, ml 96.0 80.2

Oil Produced

by Gravity

Drainage, %FA 22.9 74.8

Oil Retained

in
Core,a

%FA 26.3 7.0

Unconverted

Kerogen Left

in Core, %FA 22.4 0.0

Coking
Loss,c

%FA 28.4 18.2

a
By Soxhlet extraction.

b
By Fisher assay.

c
By difference.

The application of a suitable

production technique would also help reduce

the coking loss by reducing the residence

time of oil in the core. Coking loss for

the cores P2-34 and P2-7 was estimated to be

18.2 and 28.4 percent of the Fisher assay,

respectively. Calculations presented below

for the in situ pyrolysis of large blocks of

oil shale show that coking losses may be

reduced to 7 percent if the production is

assisted by autogenously developed gas

pressure drive.

SIMULTANEOUS MEASUREMENT OF CORE

PERMEABILITY AND PRODUCTION

In order to measure the permeability

and control the physical production of oil

during pyrolysis, an experimental technique

was developed to seal the core to the

reactor wall. A variety of methods were

tried before a successful technique was

found. The apparatus is illustrated in

Figure 8. It consists of a pipe reactor,

into which the shale core is cemented with

Portland cement. We found that the cement

not only seals the space between the core

and the wall, but it also constrains the

sample and prevents it from swelling

axially, thus simulating the effect of an

overburden. It retains sufficient strength

to at least 500C.

Electrical Heater

Cool ing Water

Gases

Shale Oil

Figure 8. Schematic of the high temperature

permeability cell.
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With this apparatus we have carried out

several experiments to measure the gas

permeability as it developed during the

pyrolysis of shale. This was done by

measuring the gas pressure at the top of the

reactor, and the gas flow rate out of the

bottom of the reactor. Figure 9 shows the

results for 27-gal/ton shale. The permea

bility develops slowly at the temperature

when oil production starts, and it increases

with oil production. At the end of the ex

periment the permeability reached 4 darcies.

This is a substantial permeability in

relation to oil field production conditions.

In another experiment with 11.7-gal/ton

shale the permeability reached 1.1 darcies.

In these experiments, the core was cut

parallel to the bedding plane.

These experiments differed from the

previous ones in heating at a low rate of

0.2C/hr, instead of 5C/min. This was done

to allow time for the autogenous vapor to

produce the liquid oil from the core before

a temperature is reached at which extensive

coking will occur. In this way an oil

production of 90 percent of Fisher assay was

attained with the final temperature of 400C

for 27-gal/ton shale. With the 11.7-gal/ton

sample the yield was 102 percent of Fisher

assay under the same conditions.

Figure 9 shows that the rate of

production is already substantial at 350C,

and that complete pyrolysis could be carried

out at that temperature. Additional experi

ments are in progress to measure the yield

at 350C.

MODELING OF FULL-SCALE PRODUCTION

Calculations were done to determine the

production rate and the yield of oil from

within a unit cell of shale to a production

electrode pipe in the IITRI RF process.

These calculations are based on the perme

abilities measured as described above and on

the oil shale pyrolysis kinetics. The

assumed production mechanism was an auto

genous gas drive, due to the gases and

vapors produced during the pyrolysis. The

vapor pressure was determined from the

distillation curve of the shale oil samples

from our experiments. The yield was deter

mined by calculating the rate of coking of

the oil remaining in the shale, using the

kinetics developed by Campbell (1977).

The volume of shale included in the

calculation is shown in Figure 10. This was

approximated by inscribing and circumscrib

ing cylinders around this volume. We then

applied
Darcy'

s equation for radial flow,

and took the average of the two results.

This equation is:

Q =

2ir kh (P - P )v
e

v/J

v In (^)
w

The calculation should be integrated over

time, but for simplicity we divided the

pyrolysis time into two intervals. These

were the intervals while the shale was

heating from
300

to 330C, and from
330

to

360C. The pyrolysis was essentially com

plete when 360C was reached. The results

are given in Table 3. For comparison, a

similar calculation done by Mallon (1980) is

given. His assumptions differed slightly,

but the results are similar. It appears

that most of the char formation occurs

toward the end of pyrolysis, when the shale

has reached the highest temperature.

TABLE 3. CALCULATED PRODUCTION OF SHALE OIL

BY THE IITRI RF PROCESS

Mallon
, IITRI,

1980 1982

Temperature of 420C 360C

pyrolysis

Kinetics of L.L.L. IITRI

pyrolysis

Permeability data Thomas IITRI

Distillation data - IITRI

Calculated pressure:

Maximum 12 atm 6 atm

Average 6 atm 6 atm

Oil produced 92% 93.1%

Oil lost by coking 8% 6.9%
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Loss of shale oil during its transport

from within the shale block to the nearest

electrode was estimated to be 6.9 percent in

our studies, whereas Mallon (1980) estimates

this to be 8 percent. Mallon estimates a

further coking loss of 9.5 percent due to

the outside of the shale piece being hotter

than the inside, so that the oil is sub

jected to a higher temperature as it flows

out of the particle. This mechanism will

not be present with RF heating, since heat

ing is uniform.

FIELD DEMONSTRATIONS OF THE IITRI RF PROCESS

Field experiments have been conducted

to demonstrate the feasibility of the

process to recover fuels from both western

oil shale and tar sands. The field experi

ments on western shale were conducted at

Avintaquin Canyon, Utah. Tar sand experi

ments were conducted at the Asphalt Ridge

deposit, Utah.

In the shale experiments one cubic

meter of oil shale was heated in situ with

RF energy to pyrolysis temperatures using

horizontally placed electrodes in an out

crop. Approximately one-half barrel of oil

was recovered. The experiment successfully

demonstrated ability of the process to heat

shale to pyrolysis temperatures (400C), and

recovered considerable products. However,

the experiment was too small to be quantita

tive.

The tar sand tests were larger in size.

About 25 cubic meters or 50 tons of tar sand

were heated in situ with RF energy using

vertically emplaced electrodes, in the

geometry shown in Figure 11. The deposit

was heated to 200C in 20 days. Approxi

mately 8 barrels of tar were recovered,

amounting to 26 to 38 percent of the in-

place bitumen. These two recovery estimates

are obtained depending upon the definition

of the deposit volume heated by RF energy.

A recovery of 26 percent is obtained if the

volume of the deposit is based on the length

of the ground-electrode row, the distance

between the two ground planes, and the

average depth. A recovery of 38 percent is

obtained if the length of exciter-electrode

row is used instead of the ground-electrode

row for calculating the heated volume. How

ever, the true value of the yield probably

lies between these two numbers. The rate of

recovery of tar as a function of time is

illustrated in Figure 12. Had the experi

ment been continued 6 months, we estimate

that a recovery of 50 to 75 percent would

have been attained, resulting in a low cost

per barrel .

In addition to demonstrating the

ability to heat and recover products, the

experiment validated analytical models

concerning the heating of the deposit and

the rate of recovery of bitumen. Recovery

of bitumen by the gravity drainage mechanism

was confirmed during this field test.

Figure 13 illustrates the bitumen saturation

as a function of depth in two tar sand

cores. The core obtained from hole 2 shows

the saturation before the test, while hole 7

illustrates the saturation after the field

test. This figure substantiates the pre

dictions made by the gravity drainage model.

The bitumen saturation increased near the

bottom of the heated volume while the top

portions were depleted. This would be ex

pected if the liquid bitumen trickles down

as gravity drainage occurs.

At both experimental locations

measurements showed very little radio-

frequency leakage from the arrays. These

experiments involved a scale-up factor of

approximately 1000 based on the laboratory

experiments. The designed electrode system,

matching networks, and the product recovery

system worked very satisfactorily.

CONCLUSION

We conclude that shale oil can be

produced in yields of at least 90 percent of

Fisher assay by the IITRI RF process at a

temperature of 350C, if the heating rate is

not more than 0.2C/hr from
300

to 350C.

A recent independent cost study determined

that upgraded synfuel could be produced by

this process at a cost competitive with

world oil prices if the processing tempera

ture was 385C. Lowering the temperature to

350C would reduce the RF energy requirement
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and all the costs by 10 percent, making the

process even more attractive. Extrapolating

these results to tar sands indicates a

selling price of $18 to $25 a barrel for

synfuel made from tar sands bitumen.
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NITROGEN DISTRIBUTION IN SHALE OIL: COMPARISON OF BENCH-SCALE

AND COMMERCIAL-SCALE HYDROPROCESSING

S. A. Holmes, L. F. Thompson, and R. A. Heppner

Laramie Energy Technology Center, U.S. Department of Energy

P. O. Box 3395, Laramie, Wyoming 8201

ABSTRACT

A comparison of the nitrogen distributions in

two hydrotreated whole shale oils, one from a

bench-scale hydroprocess and the other from a

commercial-scale hydroprocess, is presented. The

characterization data are interpreted in terms of

hydrodenitrogenation processes. The distribution

of nitrogen base types in hydrotreated shale oil was

seemingly independent of the conditions (350 to

425C and 10.5 to 13.8 MPa) and scale of
hydro-

processing. However, the distribution of nitrogen

compound types in each base type that survive

hydrodenitrogenation does depend upon the hydro-

processing conditions. The distribution of nitrogen

compound types in a hydrotreated whole shale oil

produced by a single-pass, bench-scale hydro-

process is distinctively different from that in a

whole oil produced by a commercial-scale
hydro-

process which recycled the bottoms with the raw

feed. Nitrogen compounds resistant to hydrodeni

trogenation apparently build up in the recycled

bottoms. Better knowledge of the nitrogen-type

redistribution occurring during upgrading could

enable the process engineer to optimize
hydro-

processing conditions to remove nitrogen compounds

more effectively.

INTRODUCTION

Hydroprocessing conditions optimized on bench

scale are used to help design a commercial-scale

hydroprocess. To effect a greater yield of lighter

products from the feedstock, the bottoms or residu

um is fractionated from the hydrotreated oil and

recycled with fresh feed through the hydrocracker.

Often the equipment necessary to recycle the re

siduum is not available in bench-scale hydropro

cessing. Therefore, the components of an oil

processed by bench-scale equipment are likely to be

different from the components of an oil processed

by commercial-scale equipment which includes re

cycle. Hydroprocessing conditions such as catalyst

activity and hydrogen consumption will be affected

by these oil differences. The identification of

nitrogen compound types in feedstocks and
hydro-

processed oils may aid in explaining hydrodenitro

genation, which is defined as hydrogenation of the

nitrogen-containing molecule and removal of the

nitrogen atom as ammonia by carbon-nitrogen bond

scission (hydrogenolysis).

The nitrogen distribution in a hydroprocessed

shale oil depends upon the feedstock to the hydro-

treater and to a lesser extent upon the hydrotreat-

ing conditions employed (Holmes and Thompson,

1981). Although the overall nitrogen content de

pends upon severity of treatment, the ratios of

basic nitrogen to total nitrogen in differently
hydro-

treated shale oils were found to be independent of

hydrotreating conditions. However, a comparison of

nitrogen compound type distributions in oils pro

duced by a single-pass, bench-scale hydroprocess

and a commercial-scale hydroprocess has not been

previously reported. Flinn, et al. (1963) showed

that hydrodenitrogenation proceeded rapidly with

low-boiling feedstock but became much slower as the

boiling range of the feedstock increased. Elemental

nitrogen was found to be distributed mainly in the

heavier fractions of crude shale oil, particularly the

polyaromatics, resins, and asphaltenes (Ruberto et

al., 1974). In this paper, the nitrogen distribution

in a hydroprocessed oil produced without residuum

recycle is contrasted with the nitrogen distribution

in a hydroprocessed oil produced with residuum

recycle. Differences in the nitrogen distributions

may aid in determining nitrogen compound types

unreactive to hydrodenitrogenation and in under

standing the hydrodenitrogenation process.

The nitrogen distributions in a Paraho retorted

shale oil (feedstock) and in two hydroprocessed

shale oils (one produced by the Laramie Energy

Technology Center and one produced by The Stan

dard Oil Company of Ohio) are presented. Com

pound types most difficult to remove during
hydro-

processing were determined. The relative rates of

reaction for hydrogenation and hydrogenolysis of

nitrogen compounds as a function of hydropro

cessing conditions are discussed.
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EXPERIMENTAL SECTION

Shale Oil Hydroprocessing

Two hydroprocessed whole shale oils were stu

died. One was produced in a commercial-scale

hydroprocess by The Standard Oil Company of Ohio

(Sohio) at a refinery in Toledo, Ohio, and one was

produced in a bench-scale hydroprocess by the

Laramie Energy Technology Center (LETC). The

crude shale oil used as feedstock in both hydropro-

cesses was produced by Paraho Development Cor

poration utilizing a direct-heat retort to recover the

oil from crushed Green River oil shale.

The commercial-scale hydroprocessing of

11,622
m3

of shale oil continued from November 10

to December 12, 1978. Details regarding the hydro-

processing can be found elsewhere (Ervin and

Robinson, 1979; Wasilk and Robinson, 1980) and are

summarized in Table 1. The crude shale oil was al

lowed to settle, mixed with hydrogen, preheated,

passed through a guard bed, and hydrotreated over

a Shell 324 Ni-Mo catalyst. The hydrotreated shale

oil was fractionated by distillation into gasoline, jet

fuel, diesel fuel marine, and 345C+ residuum.

About 60 percent of the residuum was recycled (1:3

residuum to fresh feed) through the guard bed and

modified Isocracker I unit containing Shell 324

catalyst to increase the total yield of lighter pro

ducts. The hydroprocessed whole shale oil which

contained recycled residuum was sampled on Novem

ber 28 and contained material that had been re

cycled to the modified Isocracker I unit at least

twice.

-4

The bench-scale hydroprocessing of 7.1 x 10

m3

of shale oil required one day. Details regarding

the hydroprocessing can be found elsewhere
(Cot-

tingham and Nickerson, 1975; Smith and Nickerson,

1981) and are summarized in Table 1. The crude

shale oil was mixed with hydrogen, passed through

a preheated Shell 514 catalyst which served as

guard bed material, and hydrotreated over a Shell

324 Ni-Mo catalyst. Total throughput of crude oil

was 23.6 volumes of oil per volume of catalyst

(V /V ). The hydrotreated oil was sampled from

the composite product oil.

Each hydroprocessed shale oil was passed

through a high-pressure separator and water

washed to remove hydrogen, ammonia, and hydro

gen sulfide. The net hydrogen consumption was

*Mention of specific brand names or models of equipment is

ment by the Department of Energy.

TABLE 1. Hydroprocessing conditions used in

upgrading Paraho retorted shale oil

Hydroprocessing
parameters Sohio LETC

Preheated guard

bed

Alumina extru-

date

Shell 514

support balls

Hydrotreater,
one stage

Modified Iso

cracker I unit

1.43 i.d. x

101.6 cm length

stainless steel

reactor

Catalyst Shell 324 Ni-Mo Shell 324 Ni-Mo

Temp, C 406 385

H2 pressure,

MPa 6.9 to 10.4 10.4

Space velocity <0.6 1.0

H2 consumption,
kmole/m3 7.9 8.3

Recycle ratio of

residuum to

fresh feed
l:3a

None

aAbout 174 m3

of residuum was recycled with 505
m3

of fresh feed on November 28.

slightly more in the bench-scale hydroprocessing

than in the commercial-scale hydroprocessing--8.3

and 7.9 kmole/m3, respectively. The space velocity

(LHSV) was significantly greater in the bench-scale

hydroprocessing than in the commercial-scale
hydro-

processing--! .0 and <0.6, respectively.

Alumina and Silica Gel Adsorption Chromatography

of Shale Oils

Each hydroprocessed shale oil was separated

into six compound-type fractions using basic and

neutral alumina and silica gel adsorption chroma

tography. These six fractions were named after

characteristic compound types as follows: hydro

carbon, pyridine I, pyrrole, pyrrole/arylamine,

pyridine II, and amide/pyridine III. Details re

garding the chromatographic procedure and the

solvents and adsorbents employed in the procedure

were reported by Holmes and Thompson (1981).

Analytical Methods

Elemental carbon, hydrogen, oxygen, sulfur,

and nitrogen were determined in whole shale oils by

Huffman Laboratories,
Inc.* Elemental nitrogen was

determined in the compound-type fractions using

either an HP-185 F&M CHN analyzer for higher

for information only and does not imply
endorse-
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nitrogen contents (nitrogen 0.2 weight percent)

or an Antek model 771 pyroreactor with an Antek

model 720 digital nitrogen detector. The aromatic

hydrogen and aromatic carbon values were deter

mined from 'H and 13C NMR spectra obtained on a

JEOL FX-270 Ft spectrometer and a Varian CFT-20

Ft spectrometer, respectively. Specific gravities

and pour points were determined using ASTM pro

cedures, and average molecular weights were ob

tained by vapor pressure osmometry using a
four-

point determination in benzene.

Simulated distillation data were obtained using

a Hewlett-Packard 5700 series gas chromatograph

equipped with a dual flame-ionization detector.

This was interfaced with a Hewlett-Packard 2100A

minicomputer equipped with a 3354 B/C Laboratory

Automation System (Jackson et al., 1978; Thomas et

al., 1982). Nitrogen base types were determined

from differential potentiometric titration data ob

tained using a Mettler potentiometric titrimeter

(Holmes and Thompson, 1982). Nitrogen compound

types were determined from infrared spectroscopic

and high-resolution mass spectrometric data (Holmes

and Thompson, 1981). Infrared spectra were

obtained using a Perkin-Elmer Model 621 grating

infrared spectrophotometer. High-resolution mass

spectra were acquired using a DuPont Model CEC-

21-110B mass spectrometer operating at 8 kV ac

celerating voltage, 70 volts ionizing voltage, and a

resolution of 10,000.

RESULTS AND DISCUSSION

Physicochemical Properties of Whole Shale Oils

The results of physicochemical measurements of

the whole Paraho crude and the two hydroprocessed

shale oils are listed in Table 2. The results of

elemental analyses, gravities, and aromatic carbon

content are not significantly different for the hydro-

processed oils. Less aromatic hydrogen content is

indicated in the LETC oil than in the Sohio oil

0. 030 and 0.108, respectively. The LETC oil has a

lower pour point than the Sohio oil--21.1 and

29.4C, respectively. The LETC hydroprocessed oil

has a slightly greater average molecular weight than

the Sohio hydroprocessed oil--295 and 265 amu,

respectively. However, simulated distillation results

for the LETC oil indicate 6 percent more material

boiling below 316C but 8 percent less residuum

material.

As expected, hydroprocessing had a significant

effect upon the Paraho crude shale oil.
Hydropro-

TABLE 2.
- Properties of shale oils

Property

Sohio LETC

Paraho
hydro- hydro-

crude processed processed

Carbon, wt. % 84.0 86.5 86.1

Hydrogen, wt. % 11.4 13.1 13.3

Oxygen, wt. % 2.0 0.12 0.27

Sulfur, wt. % 0.66 0.02 0.05

Nitrogen, wt. % 2.19 0.43 0.42

H/C atomic ratio 1.63 1.82 1.85

Specific gravity,
0.925a 0.856a

60/60F 0.850

API gravity 21.
4a

33.
8a

34.9

Average molecu

lar wt.
,
amu 311 265 295

Pour point, C 29.
4a

29.
4a

21.1

Aromatic C/

total C 0.21 0.10 0.09

Aromatic H/

total H 0.058 0.108 0.030

Distillation

Cut point, C Wt. percent of shal e oil

38 Nil Nil 0.3

93 0.2 0.2 0.8

149 0.7 2.8 3.8

204 3.7 7.5 8.2

260 8.9 12.9 15.0

316 11.9 14.0 15.3

371 14.8 18.3 16.4

427 16.3 15.7 15.0

482 17.7 12.4 14.2

538 13.1 5.4 8.3

Residuum 12.7 10.7 2.7

.Values obtained from Standard Oil of Ohio.

Simulated distillation is by gas chromatography.

cessing significantly decreased the amount of polar

material (lower weight percent of oxygen, sulfur

and nitrogen). The hydroprocessing reduced the

nitrogen content of the Paraho crude by 80 percent

to 0.43 and 0.42 weight percent nitrogen in the

Sohio and LETC oils, respectively. Because of

hydrocracking, the amounts of aromatic carbon and

the average molecular weights are significantly less

in the hydroprocessed oils than in the Paraho

crude. Less material boils above 427C in the

hydroprocessed oils because of hydrocracking.

Interestingly, the pour points of the crude and of

the Sohio oil are similar (29.4C). This similarity

may be due to the recycled residuum contribution to

the Sohio hydroprocessed oil. The API gravities of

the hydroprocessed oils are higher than for the

Paraho crude. Evin and Robinson (1979) reported

that the API gravity increased in the higher boiling
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distillation cuts (427C+ material) of the Sohio oil,

and they attributed this to the recycled residuum.

They also observed that elemental nitrogen was

highest in the middle distillate (260 to 370C) cuts

of the Sohio hydroprocessed oil.

Weight Distribution and Elemental Nitrogen Content

of the Compound-Type Fractions

Each hydroprocessed shale oil was fractionated

into six compound-type fractions by alumina and

silica gel chromatography. These fractions were

characterized using infrared spectroscopy as hydro

carbon, pyridine I, pyrrole, pyrrole/arylamine,

pyridine II, and amide/pyridine III. The weight

distribution of the compound-type fractions is

presented in Table 3 (average of duplicate sepa

rations determined within 2 relative percent).

significantly less than that amount from the LETC

oil--9.2 and 15.2 weight percent, respectively.

The elemental nitrogen content was determined

to within 3 relative percent in each
compound-

type fraction, and these results are also listed in

Table 3. The cumulative nitrogen results of the

Sohio and LETC oils calculated by multiplying each

fraction's weight percent by its nitrogen percent

and summing over all fractions indicate very good

nitrogen accountability--0.44 and 0.41 weight per

cent nitrogen, respectively. The nitrogen recovery

is 102 percent for the Sohio oil (0.44/0.43 x 100)

and 98 percent for the LETC oil (0.41/0.42 x 100).

Less than 1 percent of the total nitrogen content is

present in either hydrocarbon fraction. Signifi

cantly more nitrogen is present in the pyridine I,

TABLE 3. - Results of compound-type fractionation and nitrogen content of hydroprocessed shale oils

Compound type, wt. percent of shale oil

Hydroprocessed

shale oil Hydrocarbon Pyr idine I Pyrrole

Pyrrole/

aryl ami ne Pyr idine II

Amide/

pyridine III

Sohio

LETC

81.6

77.6

2.84

7.71

0.48

2.43

2.54

1.03

2.88

2.91

0.45

1.09

Sohio

LETC

0.0006

0.0035

4.51

1.68

0.34

3.62

4.65

4.21

5.79

3.89

5.99

3.29

Data on the compound type fractionation of the

Paraho crude are found elsewhere (Holmes and

Thompson, 1982). Total sample recovery was 91

percent of the Sohio oil and 93 percent of the LETC

oil. The low material recovery was caused by

solvent stripping and drying of the volatile hydro

carbon fractions. With the exception of the per

centages of the pyridine II fractions, the percent

ages of the nitrogen-type fractions from the Sohio

oil are different from the percentages of corres

ponding fractions from the LETC oil. The amounts

of the pyridine I and amide/pyridine III fractions

from the Sohio oil are about two and one-half times

less than the amounts of corresponding fractions

from the LETC oil. The percentage of the pyrrole

fraction from the Sohio oil is about five times less

than the percentage of the pyrrole fraction from the

LETC oil--0.48 and 2.43 weight percent, respec

tively. However, the amount of the pyrrole/aryl

amine fraction from the Sohio is almost two and

one-half times more than the corresponding fraction

from the LETC oil--2.54 and 1.03 weight percent,

respectively. Interestingly, the summed amount of

the nitrogen-type fractions from the Sohio oil is

pyrrole/arylamine, pyridine II, and amide/pyri

dine III fractions from the Sohio oil. The nitrogen

content of the pyrrole fraction from the Sohio oil is

less than in the corresponding fraction from the

LETC oil--0.34 and 3.62 weight percent, respec

tively. The lower nitrogen content in four of five

nitrogen-type fractions from the LETC oil is due to

the presence of hydrocarbons, particularly
polyaro-

matics. It could also be due, in part, to the

increased molecular weight of the nitrogen com

pounds in the LETC oil.

Differential Potentiometric Titration Analysis of

Nitrogen-Type Fractions

Differential potentiometric titration measures

relative basicities (Buell, 1967). The differential

potentiometric results of each nitrogen-type fraction

from the hydroprocessed shale oils were determined

to within 3 relative percent and are presented in

Table 4. Similar fractions from each oil generally

contained similar base types; however, the relative

amounts of these base types were often significantly

different. Strong bases comprise a small portion of

the amide/pyridine III fractions. These compounds

are probably alkylamines and/or alkylpiperidines.

Weak base I compounds are found in the pyridine I,
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TABLE 4. -

Differential potentiometric titration results for
nitrogen- type fractions

from hydroprocessed shale oils

Nitrogen, wt. percent of fraction

Nitrogen-
type

fractions

Strong Weak Weak Weak . Very weak Nonbasic

base base I base
IIa

base II base nitrogen

pKa 9 to 11 pKa 7 to 9 pKa 2 to 7 pKa 2 to 7 pKa -2 to 2 compounds Total

Sohio hydroprocessed

Pyridine I

Pyrrole

Pyrrole/arylamine

Pyridine II

Amide/pyridine III 0.20

LETC hydroprocessed

Pyridine I

Pyrrole

Pyrrole/arylamine

Pyridine II

Amide/pyridine III 0.70

3.46

5.01

2.64

1.43

3.67

1.97

0.17

1.01

0.27

0.90

0.09

1.11

0.37

0.13

1.13

0.55

1.48

0.22

1.37

1.00

0.18

0.01

1.05

0.21

3.26

0.23

0.67

0.03

1.98

1.20

0.04

0.24

4.51

0.34

4.65

5.79

5.99

1.68

3.62

4.21

3.89

3.29

.Titration in acetic anhydride. These nitrogen types will not acetylate.

Titration in acetonitrile. These nitrogen types will acetylate in acetic anhydride.

pyridine II, and amide/pyridine III fractions.

Infrared data indicate that these bases are pyridine

derivatives, corroborating the basicity values typi

cal of pyridine-type compounds. Weak base II

compounds occur in substantial amounts in the

LETC oil. Infrared data and chromatographic

behavior indicate that these compounds are
aryla-

mine derivatives including hydrogenated indoles.

Very weak bases and nonbasic nitrogen compounds

are present in almost every fraction. Again, infra

red data and chromatographic behavior indicate that

these compounds are pyrrole derivatives, including

indoles and carbazoles, which are either very

weakly basic or nonbasic. Amides are found in the

amide/pyridine III fractions as indicated by weak

N-H and intense C=0 infrared absorbances.

An effect of hydrotreating a crude shale oil is

to increase the overall basicity of the surviving

nitrogen compounds found in the hydroprocessed

oil. The results of the differential potentiometric

titration of nitrogen fractions from the Paraho crude

oil were reported by Holmes and Thompson (1982).

No weak base II acetylatable compounds or strong

bases were found in the crude oil.

High-Resolution Mass Spectrometric Analysis of

Nitrogen-Type Fractions

Additional characterization data of compound

types in the nitrogen-rich fractions from the hydro-

processed oils were obtained using high-resolution

mass spectrometry. The series empirical formulas

were obtained together with percent intensity,

carbon number range, and average carbon number.

Suggested compound type(s) determined for each

series empirical formula may not include all possible

compounds. The percent intensity of each series

provides a semiquantitative indication of the contri

bution of that series to the fraction. The percent

intensity is calculated as the sum of intensities of

the parent, M
,
and the parent minus one, (M-1) ,

series. Work reported by Peters and Bendoraitis

(1976) indicated that intensity calculations for

petroleum fractions yield quantitative results com

parable to results obtained from low-resolution

methods. However, the applicability of this method

to nitrogen-rich fractions from shale oils has not

been verified. Problems with sample volatility and

insufficient mass spectral resolution also limit the

accuracy available using this method.

Although the mass spectrometric results are

only semiquantitative, a comparison of the relative

amounts of each series in corresponding fractions

from the two oils helps interpret differences in

hydroprocessing. These comparisons are discussed

in the following tables. The tables include carbon

number range and average carbon number for each

series. The fragment ion contributions will bias the

average carbon number of a series lower than

actually present; likewise, the low end of the

carbon number range may also be lower than ac

tually present for the series. Omitted from these

tables are purely hydrocarbon and sulfur-containing

series identified from weak intensity data.

The results of the high-resolution mass spec

trometric analysis of the pyridine I and pyridine II

fractions from the Sohio and LETC hydroprocessed

oils are shown in Table 5. Alkylpyridine-type
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TABLE 5. -

High-resolution mass spectrometric analysis of pyridine I and pyridine II fractions

from hydroprocessed shale oils

Suggested

compound types

Pyridine I Pyridine II

Series

empirical

Intensity,
percent

Sohio LETC

Apparent

carbon no.

range

Av.

car

bon

no.

LETC

Intensity,
percent

Apparent

carbon no.

range

Av.

car

bon

no.

formula Sohio LETC Sohio LETC Sohio LETC LETC

CnH2n-lN
Alkyltetrahydro-

pyridines/alky
1-

naphtheno-

piperi dines 0. 3 -- 7 to 15 11

CnH2n-3N
Alkyldihydro-

pyri dines -- -- -- 1 7 to 28 9

CnH2n-5N Alkyl pyri

dines 47 16 7 to 35 7 to 43 19 29 26 7 to 31 7 to 36 9

CH2,,-7N Al kyl naph-

thenopyri dines 22 11 7 to 33 9 to 38 18 24 29 7 to 31 7 to 37 12

CnH2n-9N
Alkyldinaph-

thenopyri dines 8 7 8 to 32 10 to 33 19 17 17 7 to 31 7 to 35 14

CnH2n-llN Alkyl qui nolines 8 7 10 to 29 7 to 36 17 7 9 9 to 28 7 to 35 12

CnH2n-13N Alkylnaphtheno-

qui nolines 4 11 10 to 30 8 to 34 17 8 6 10 to 28 11 to 37 16

CnH2-15N
Alkyldinaph-

thenoqui nolines 2 14 12 to 35 9 to 37 18 4 5 11 to 28 12 to 37 17

CnH2n-17N/

CnH2n-16

Al kyl acridines/
alkylacenaphtha-

lenes __ 12 12 to 38 18 2 3 14 to 27 9 to 34 17

CnH2-19N/

CnH2n-18

Alkylnaphtheno-

acridines/alkyl

anthracenes 2 10 12 to 28 8 to 28 19 1 2 14 to 26 11 to 30 18

CnH2n-21N/

CnH2n-20

Alkyldinaph-

thenoacridines/
alkylnaphtheno-

anthracenes 3 8 15 to 28 9 to 27 19 1 9 to 31 17

CH2n-23N/

CnH2n-22

Alkylnaphtheno-

benzocarbazoles/

alkylpyrenes 2 5 16 to 26 15 to 32 20
__ 1 10 to 30 21

CnH2n-24
Alkylnaphtheno-

pyrenes 2 16 to 28
--

CnH2n-7N0 Alkylbenzamides 2 8 to 20

CnH2n-9N0 Al kyl hydroxy-

indoles -- __ __ -- 3 9 to 17

CnH2n-llN0 Alkylhydrox-

qui nolines 1 11 to 16

Non-nitrogen-containing compounds are found only in pyridine I

compounds and their naphtheno derivatives repre

sented by the series C H0 N (x =
odd, 5 to 23)7

n 2n-x
'

are present in the pyridine I fractions. For some

series, mass measurements indicated the presence of

both hydrocarbon and single nitrogen-atom-con

taining compounds. Insufficient resolution was

available to separate these species, and both em

pirical formulas are listed. The amount of alkyl-

pyridines and their naphtheno derivatives repre

sented by the series cnH2n.xN (x = 5> 1 > 9) is 77
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percent of the pyridine I fraction from the Sohio oil

and only 34 percent of the pyridine I fraction from

the LETC oil. However, much less material in the

Sohio fraction is two or more aromatic ring systems

represented by the series C H,, N (x =
odd, 11

- n 2n-x
'

to 23) compared with the same material in the LETC

fraction--21 and 67 percent, respectively. In the

Sohio fraction, the carbon number range is nar

rower and lacks the higher carbon numbers for

each series compared with that for each series in

the LETC fraction. The average carbon number is

similar for corresponding series in each oil's frac

tions, and only the average carbon numbers for the

LETC fractions are shown.

In the pyridine II fractions, many of the same

series found in the pyridine I fractions were identi

fied; however, only nitrogen-containing series were

found; hydrocarbon species were not present. The

percent intensity contribution for each series was

similar in each fraction from the two oils. How

ever, small amounts of material in the series

C H N and C H~ were detected only in the

LETC fraction, while material in the series

C H_ NO (x = 7, 9, 11) was found only in the
n 2n-x

' ' y

Sohio fraction. This may result from similar ma

terial in the amide/pyridine III fractions overlapping

in the pyridine II fractions during sample fractiona

tion. Again, the carbon number range for each

series was narrower in the pyridine II fraction from

the Sohio oil.

The results of the high-resolution mass spec

trometric analysis of the amide/pyridine III fractions

are shown in Table 6. Small but significant differ

ences in the distribution of the mass series in each

of these fractions are noted. However, similar

amounts of materia! in single nitrogen-containing

compounds represented by cnHpn-xN ^x =
oc'c'' "^

to 9) are present in both the LETC and Sohio

fractions--84 and 77 percent, respectively. Only

the LETC fraction contains alkylquinolines and their

naphtheno derivatives represented by the series

C H N (x = 11, 13, 15) that amounts to 11
n 2n-x

percent of the amide/pyridine III fraction. The

LETC fraction contains less amides represented by

the series C H0 NO (x =
odd, 1 to 11) than the

n Zn-x

Sohio fraction--2 and 9 percent, respectively.

The series CnH2n_xN (x =
odd, 5 to 15) are

present in the pyridine I, pyridine II, and amide/

pyridine III fractions from both hydroprocessed

shale oils. Because of chromatographic differences,

the compounds represented by these series are

different. Holmes and Thompson (1982) suggested

that hindered alkylpyridinic compounds and their

naphtheno derivatives elute earlier from the chro

matographic adsorbents. Snyder and Buell (1967)

demonstrated this elution order by studying the

adsorptivity of different sterically hindered nitrogen

compounds on alumina. Of course the possibility of

hydrogen bonding and/or intermolecular associations

of different compound types in the different frac

tions should not be overlooked. Alkylpiperidines

and other partially hydrogenated pyridinic com

pounds generally found only in the amide/pyri

dine III fractions are strong bases. On basic

alumina one might expect these compound types to

elute early; however, they elute late because of

possible association with phenol, amide, and/or

pyridine-type compounds present in the oil. In any

case, the specific compound types present in the

hydroprocessed oils interact with the chromato

graphic adsorbents and are present in distinguisha

ble compound-type fractions.

The results of the high-resolution mass spec

trometric analysis of the pyrrole and pyrrole/aryl

amine fractions from both hydroprocessed oils are

presented in Table 7. Pyrrole fractions from the

Sohio and LETC oils contain indole-type compounds

and their naphtheno derivatives, represented by

the series C H N (x =
odd, 9 to 17), at the 63

n Zn-x

and 64 percent ionization levels, respectively.

Amides represented by the series C H~ NO^ 7
n 2n-x

(x = 7, 9, 11), are present at the 3 and 9 percent

levels. These amides were probably formed by

oxidation of pyrrolic compounds in the oil during

sample fractionation as suggested by Ford, et al.

(1981). Again, certain series mass measurements of

hydrocarbon and single nitrogen-containing com

pound types were unresolved, and both empirical

formulas are listed. These are represented by the

series

cnH2n-xN/cnH2n-z (x =
odd' z = even) in

the LETC fraction. The amounts of similar series

were not determined in the Sohio oil. The distri

butions of nitrogen compounds in the pyrrole frac

tions from the two oils are not significantly differ

ent. For similar series, the upper carbon number

limit is smaller in the Sohio oil than in the LETC

oil.

The distributions of the nitrogen compound

amounts in the pyrrole/arylamine fractions are

significantly different in the Sohio and LETC oils.
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TABLE 6. - High-
resolution mass spectrometric analysis of amide/pyridine III fractions

from hydroprocessed shale oils

Series

empirical Suggested

formula compound types

Intensity, percent

Sohio LETC

Apparent

carbon no. range

Sohio LETC

Average

carbon

no.

LETC

CnH2n+lN

CnH2n-lN

n Zn-i

CH,n ,N

n Zn-b

CnH2n-7N

CnH2n-9N

CnH2n-llN

CnH2n-13N

CnH2n-15N

CnH2n-lN0

CnH2n-3N0

CnH2n-5N0

CnH2n-7N0

C H0 QN0

n 2n-9

Alkyl pi peri dines/alky!

pyrrolidines

Al kyl pyridi nes/al kyl -

anilines

Al kyl naphthenopyri di nes/

al kyl naphthenoani 1 i nes

Al kyl di naphthenopyri di nes

Alkyl qui nol tnes

Al kyl naphthenoqui nol i nes

Al kyl di naphthenoqui nol i nes

Al kylpiperi dones/al kyl
-

pyrrol idones

Al kyl hydroxypyrrol es

Al kyl hydroxypyri di nes

Al kyl benzami des/al kyl
-

acetylpyridi nes

Al kyl hydroxy i ndol es

C H , -.NO Al kyl hydroxyqui nol i nes

CH0 noNo/ Alkyldiazaaromatics/
n Zn-12 Z 11 n u i u t

r m
n

alkylphenylphenols
V2n-14u

C H -..N- Alkyldiazaaromatics

Alkylphenols

Al kyl naphthenophenol s

CnH2n-6

CnH2n-8

25

Al kyl tetrahydropyri di nes/

al kyl naphthenopiperi dines 15

Al kyl dihydropyri dines 7

11

10

9

1

10

4

25

13

8

14

14

10

5

3

3

1

1

7 to 25

7 to 25

7 to 21

7 to 19

7 to 19

8 to 20

7 to 13

6 to 16

7 to 15

7 to 24

.1 to 20

6 to 20

16 to 22

7 to 28

9 to 28

7 to 43

7 to 39

7 to 38

7 to 38

7 to 40

7 to 38

8 to 27

9 to 23

10 to 32

7 to 17

7 to 17

14 to 37

18

17

16

14

13

14

13

13

16

11

11

26

Presence inferred from fragment series.
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fract ions from hydroproces sed shale oils

Pyrrole Pyrrol e/ary 1 ami ne

Series

empirical

Intensity,
Suggested percent

compound types Sohio LETC

Alkyl anilines

Apparent

carbon no.

ranqe

Av.

car

bon

no.

LETC

Intensity,
percent

Apparent

carbon no.

range

Av.

car

bon

no.

formula Sohio LETC Sohio LETC Sohio LETC LLIC

CnH2n-5N 10 7 to 34 17

CnH2n-7N Alkylnaphtheno-

anilines/alkyl-

dihydroindoles __ __ __ -_ 11
-- 7 to 32 16

CnH2n-9N Alkyl indoles 17 10 8 to 23 8 to 38 19 10 12 9 to 21 7 to 34 17

CnH2n-llN Alkylnaphtheno-

indoles/alkyl-

tetrahydrocar-

bazoles 4 9 9 to 19 10 to 37 19 3 8 9 to 18 7 to 30 15

CnH2n-13N
Alkyldihydro-

carbazoles
-- 6 12 to 35 22 2 6 10 to 26 8 to 32 15

CnH2n-15N Alkylcarbazoles 30 22 12 to 33 12 to 38 21 33 17 11 to 32 7 to 33 16

CnH2n-17N
Alkylnaphtheno-

carbazoles 11 17 13 to 30 13 to 38 22 15 13 13 to 30 8 to 32 19

CnH2n-19N/

CnH2n-18

Al kyl di
naphtheno-

carbazoles/alkyl-

anthracenes
NDb 10 ND 11 to 38 23 8 9 11 to 28 11 to 34 21

CnH2n-21N/

CnH2n-20

Alkylbenzocar-

bazoles/alkyl-

naphthenoanthra-

cenes ND 7 ND 16 to 37 24 8 7 15 to 27 9 to 31 20

CnH2n-23N/

CnH2n-22

Alkylnaphtheno-

benzocarbazoles/

alkylpyrenes ND 6 ND 13 to 33 23 6 4 15 to 28 16 to 30 23

CnH2n-25N

CnH2n-24

Alkyldinaphtheno-

benzocarbazoles/
alkylnaphtheno-

pyrenes ND 4 ND 15 to 31 24 3 3 15 to 26 17 to 29 23

CnH2n-27N/

CnH2n-26

Alkyldibenzo-

carbazoles/alkyl-

dinaphtheno-

pyrenes ND ND
_

1 .. 18 to 31 23

CnH2n-7N0
Alkylhydroxy-

pyrroles/alkyl-

benzamides
-_ 5 8 to 23 14 __ --

CnH2n-9N0 Alkyl
hydroxy-

indoles 2 3 10 to 15 9 to 21 14 1 8 to 13

CnH2n-llN0
Alkylhydroxy-

qui noli nes/al kyl
-

acetyl indoles 1 1 10 to 14 10 to 20 16
--

CnH2n-28
Alkylbenzo-

pyrenes ND ND -- 5 20 to 27
--
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TABLE 7. - High-resolution mass spectrometric analysis of pyrrole and pyrrole/arylamine

fract ions from hydroprocessed shale oils (cont'd]1

Suggested

compound types

Pyrrole Pyrrcile/aryl amine

Series

empirical

Intensity,
percent

Sohio LETC

Apparent

carbon no.

range

Av.

car

bon

no.

LETC

Intensity,
percent

Apparent

carbon no.

range

Av.

car

bon

no.

formula Sohio LETC Sohio LETC Sohio LETC LETC

CnH2n-30

CnH2n-32

Alkylnaphtheno-

benzopyrenes

Alkyldibenzo-

pyrenes

ND

ND --

ND

ND

4

3

19 to 28

19 to 29

--

'Not listed are naphthenobenzologs of aniline represented by the series C H N (x =

odd, 7 to 25)

in the pyrrole/arylamine fractions. Non-
nitrogen compounds in the mass series represented by

C H.
.

N/C H? (x =
odd, z =

even) were found only in the pyrrole fractions.

'Polyaromatic hydrocarbons were not determined in the pyrrole fraction from the Sohio oil.

Pyrrole and arylamine-type compounds and their

naphtheno derivatives are represented by the series

C H
_

N (x =
odd, 5 to 27). About 88 percent of

the Sohio fraction and 100 percent of the LETC

fraction are represented by these series. Single

nitrogen-containing species predominate. Several

hydrocarbon series represented by C H_

(z = 28, 30, 32) were detected, only in the fraction

from the Sohio oil, and amount to 12 percent of this

fraction. Alkylanilines plus naphthenoanilines

amount to more than 20 percent of the fraction from

the LETC oil, whereas very little of this material is

found in the Sohio oil. The amounts of
alkylcarba-

zoles and alkylnaphthenocarbazoles in the Sohio oil

were more than in the corresponding fraction from

the LETC oil--48 and 30 percent, respectively.

The amount of alkylindoles,
alkyltetrahydrocarba-

zoles, and alkyldihydrocarbazoles in the pyrrole/

arylamine fraction from the Sohio oil is less than in

the corresponding fraction from the LETC oil 15

and 26 percent, respectively.

Nitrogen-Type Distribution in Shale Oils

Overall distributions of the nitrogen compounds

were determined in the Paraho crude and two hy

droprocessed shale oils. Fourteen compound types

were identified using infrared spectroscopic analy

sis, high-resolution mass spectrometric analysis,

and differential potentiometric titration. These are

listed in Table 8. Although not consistently shown

in the table, naphtheno derivatives are assumed to

be included with the appropriate parent nitrogen

compound type. The amount of each compound type

was determined by multiplying the fraction weight

in Table 3 and the titration data for each fraction

in Table 4 to within 6 relative percent. Details

regarding the method of calculation were discussed

by Holmes and Thompson (1982), who have also

discussed the nitrogen distribution results for the

Paraho crude shale oil. The nitrogen distribution

in the LETC hydroprocessed oil is distinctively dif

ferent from that in the Sohio oil.

The amount of alkylamines/alkylpiperidines

which comprise the strong bases is less in the Sohio

oil than in the LETC oil--0.001 and 0.008 weight

percent nitrogen, respectively. Mass spectral

analysis of the amide/pyridine III fractions suggests

equal amounts of the
alkylpiperidines/alkylpyrroli-

dine in each oil, but because the amount of the

Sohio fraction is less than one-half the amount of

the LETC fraction, the total amount of these com

pound types is considerably less in the Sohio oil.

The majority of nitrogen compounds in each

hydroprocessed oil is weak base I, 0.255 and 0.241

weight percent nitrogen in the Sohio and LETC oils,

respectively. The distributions of the nitrogen

compound types in the weak base I are different.

The amount of hindered alkylpyridines/alkylquino-

lines is about the same in each oil (Table 8), but

mass spectral analysis of the pyridine I fractions

indicates about two and one-half times more hin

dered alkylpyridines and alkylnaphthenopyridines in

the Sohio oil than in the LETC oil. The amount of

less hindered alkylpyridines/alkylquinolines/alkyl-

acridines is more in the Sohio oil than in the LETC
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TABLE 8. -

Nitrogen compound type distribution
in crude and hydroprocessed shale oils

Nitrogen compound

types3

Strong base

Alkyl ami nes/al kyl -

piperidines

Weak base I

Hindered alkyl-

pyridi nes/al kyl -

qui noli nes

Less hindered alkyl-

pyridines/alky 1 -

qui noli nes/al kyl -

acri dines

Less hindered alkyl-

pyri di nes/al kyl -

qui noli nes/al
kvl-

hydropyridines

Nitrogen, wt. percent of sample

( 6 relative percent)

Sohio LETC

Paraho hydro- hydro-

crude processed processed

0.152

0.532

0.241

Weak base
IIC

Alkylnaphthenopiperi-

dines

Unknown 0.016

Weak base
IId

Hindered alkylani-

1 i nes/al kyl naph-

thenoani lines

Less hindered alkyl-

ani li nes/al kyl -

naphthenoani 1 i nes

Very weak base

Alkyl hydroxy-

pyridines

Al kylpyrrol es/al kyl -

indoles

Unknown

Nonbasic

N-Alkylcarbazoles 0.022

Al kylpyrrol es/al kyl -

i ndol es/al kyl carba-

zol es/al kyl benzo-

carbazoles 0.167

Alkylcarboxamides/

alkyldiazaaro

matics 0.546

0.001

0.098

0.144

0.013

0.004

0.004

0.008

0.113

0.107

0.021

0.009

0.007

0.002 0.012

0.004

0.423 0.022 0.005

0.061 0.029 0.044

0.032 --

0.017

Total 2.192

0.030

0.084

0.010

0.441

0.002

0.060

0.004

0.413

All naphtheno derivatives are not listed, but

they are assumed to be present with the appropriate

.parent nitrogen compound type.

Alkyl hydropyri dines were not found in the crude.

These nitrogenTitration in acetic anhydride

.types do not acetylate.

Titration in acetonitrile. These nitrogen types

acetylate in acetic anhydride.

oil--0.144 and 0.107 weight percent nitrogen, re

spectively. The amount of less hindered alkyl-

pyridines/alkylquinolines/alkylhydropyridines is less

in the Sohio oil than in the LETC oil, and this

difference is probably due to the absence of less

hindered alkylquinolines and
alkylnaphthenoquinol-

ines in the amide/pyridine III fraction from the

Sohio oil (Table 6).

Significant differences in the amounts of weak

base II compounds is indicated in Table 8. About

0.010 and 0.032 weight percent nitrogen in the

Sohio and LETC oils, respectively, is found in

alkylnaphthenopiperidines and in alkylanilines/alkyl-

naphthenoanilines. The less hindered weak base II

compound types were absent in the Sohio oil. Mass

spectral analysis of the pyrrole/arylamine fractions

shows that considerable amounts of alkylanilines and

their naphtheno derivatives are present in the

LETC oil, about 20 percent of that fraction. It is

interesting that these compound types and alkyl

naphthenopiperidines are not present in the Paraho

crude shale oil; this suggests that nitrogen com

pound types form reaction intermediates during

hydrodenitrogenation. Likewise, no strong base is

found in the Paraho crude oil.

Nearly equivalent amounts of very weak base

compounds are present in both hydroprocessed oils,

0.051 and 0.066 weight percent of the Sohio and

LETC oils, respectively; however, the distributions

of compound types comprising the very weak bases

are different in the two oils. More
alkylhydroxy-

pyridines are found in the Sohio oil, but less
alkyl-

pyrrole/alkylindoles and their naphtheno deriva

tives. Mass spectral analysis of the pyrrole and

pyrrole/arylamine fractions also corroborates these

relative distributions. A small amount of unknown

very weak base compounds (0.017 weight percent

nitrogen) is found in the pyridine I fraction from

the LETC hydroprocessed oil. The Paraho crude oil

contains about twice as much unknown very weak

base compounds (0.032 weight percent nitrogen) as

does the LETC oil.

The second most abundant nitrogen compound

types are nonbasic, 0.124 and 0.066 weight percent

nitrogen in the Sohio and LETC oils, respectively.

The amount of N-alkylcarbazoles/alkylpyrroles/

alkylindoles/alkylcarbazoles/alkylbenzocarbazoles is

significantly more in the Sohio oil, 0.114 weight

percent nitrogen, than in the LETC oil, 0.062

weight percent nitrogen. Most of that difference is

due to relatively large amounts of alkylcarbazoles

and their naphtheno derivatives in the Sohio oil

suggested by the mass spectral analysis of the

pyrrole/arylamine fractions in Table 7. The amount
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of alkylcarboxamides/alkyldiazaaromatics also is

slightly more in the Sohio oil than in the LETC

oil--0.010 and 0.004 weight percent nitrogen, re

spectively.

Nitrogen Distribution Data Used in the Interpreta

tion of Hydrodenitrogenation

Different nitrogen compound types have differ

ent susceptibility to hydrodenitrogenation (HDN).

This is evidenced from a comparison of the nitrogen

distributions in the shale oil feedstock and
hydro-

processed shale oils. Because the LETC single-

pass, bench-scale and the Sohio commercial-scale

hydroprocesses each reduced the nitrogen content

in Paraho crude shale oil by 80 percent (2.2 to 0.4

weight percent) and because nearly all that nitro

gen was characterized, the nitrogen distributions in

both oils can be compared directly and correlated

with hydroprocessing conditions. The nitrogen

types whose concentrations were decreased more

than 80 percent were more susceptible to HDN.

The susceptibility of nitrogen base types to

HDN by the two different hydroprocesses is por

trayed in Figure 1. It is more difficult to remove

100

80

TB 60
>

o

E

40

20

D Sohio

LETC IUncertainty

Weak

Base

I

FIGURE 1

Weak

Base

II

Very
Weak

Base

Nonbasic

Nitrogen Base Types

Removal of Nitrogen Base Types

by Hydroprocessing

weak base I and weak base II types than to remove

very weak base or nonbasic types. Apparently a

greater amount of unknown weak base II compounds

(Table 8) are removed by the Sohio hydroprocess

than by the LETC hydroprocess. However, the

small amount of this base type in the Paraho crude,

less than 1.0 percent of total nitrogen, subject any

differences in the measured amounts to accumulated

error. Overall, Figure 1 suggests that while differ

ent base types have slightly different susceptibili

ties to HDN, the nitrogen base distributions in the

two oils are comparable and nearly independent of

the hydroprocess.

Significant differences occur in the distribution

of nitrogen compound types, and these differences

depend upon the hydroprocessing conditions.

Recycling the residuum with fresh feedstock and

concentrating the unreactive nitrogen compounds

are factors of the hydroprocessing that affect the

nitrogen distribution in oils. The susceptibility of

nitrogen compound types to HDN by the two differ

ent hydroprocesses is shown in Figure 2. With the

exception of unknown very weak base compounds

(G) and N-alkylcarbazoles (H), the susceptibility

of nitrogen compound types to HDN is similar for

both hydroprocesses. It is most difficult to remove

alkyl-substituted hindered pyridines/quinolines (A)

and pyrroles/indoles/carbazoles (F and I).
Alkyl-

substituted compounds such as less hindered
pyri-

dines/quinolines/acridines (B), and unknown weak

base II compounds (D) are removed in amounts

proportional to the total nitrogen removal. It is

easiest to remove alkyl-substituted less hindered

pyridines/quinolines/hydropyridines (C),
hydroxy-

pyridines (E), and carboxamides/diazaaromatics (J).

The unknown very weak base compounds (G) are

relatively easier to remove by Sohio hydroprocess

ing than by LETC hydroprocessing.
N-Alkylcarba-

zoles (H) are relatively easier to remove by LETC

hydroprocessing than by Sohio hydroprocessing

which may allow buildup and production of these

compound types from reaction intermediates so that

it has a negative value in Figure 2.

The apparent differences in nitrogen compound

type distributions are less affected by susceptibility

to HDN than by the hydroprocessing conditions.

Residuum recycle during the Sohio hydroprocessing

has a pronounced effect upon the nitrogen distribu

tion in the whole oil. Holmes and Thompson (1982)

reported the nitrogen distributions in the shale oil
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FIGURE 2. - Removal of Nitrogen Compound Types by Hydroprocessing
The following types are alkyl-substituted: (A) hindered pyridines/quinolines, (B) less hindered pyridines/

quinolines/acridines, (C) less hindered pyridines/quinolines/hydropyridines, (D) unknown weak base II,
(E) hydroxypyridines, (F) pyrroles/indoles, (G) unknown very weak bases, (H) N-alkylcarbazoles,
(I) pyrroles/indoles/carbazoles, (J) carboxamides/diazaaromatics.

products fractionated by distillation of the Sohio

hydroprocessed oil. The nitrogen compound types

found to concentrate in the residuum included

alkyl-substituted less hindered pyridines/quino-

lines/acridines, hydroxypyridines, nonbasic
pyr-

role/indoles/carbazoles, N-alkylcarbazoles, and

carboxamides/diazaaromatics. As a portion of the

residuum is recycled with fresh feedstock to the

modified Isocracker I unit, the Sohio hydroprocess

concentrates the unreactive nitrogen compound

types and hydrogenates and/or hydrocracks other

nitrogen compound types that are distilled and

removed from the hydrotreated shale oil. At

steady-state conditions the nitrogen distribution in

the Sohio hydroprocessed (whole) oil resembles that

in the recycled residuum material. In Figure 2 the

compound types identified above as concentrating in

the recycled residuum appear in the Sohio hydro-

processed oil to be less susceptible to HDN during

Sohio hydroprocessing than during LETC hydropro

cessing. The converse is true for the other com

pound types not concentrated in the recycled re

siduum such as alkyl-substituted hindered pyri

dines/quinolines, less hindered pyradines/quino-

lines/hydropyridines, and unknown weak base II

and very weak base compounds. The fresh feed

stock is actually diluted with the recycled

residuum, and as a result there is less of these

nitrogen types compared with the amount in fresh

feedstock.

The exception to the above argument is the

lack of buildup of the alkylpyrroles/alkylindoles (F)

in the Sohio oil even though these nitrogen types

may concentrate in the recycled residuum. This

anomaly may be due to formation of reaction inter

mediates during hydrogenation of nitrogen com

pounds. Flinn et al. (1963) proposed the HDN

reaction network of carbazole:
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+H,

Carbazole -? Hydrocarbazoles

Alkylindoles

1+H2
Alkylindolines

i+H2
Alkylanilines Hydrocarbons + NH-.

Alkylindoles as well as alkylanilines are suggested

as reaction intermediates during the HDN of
carba-

zoles. Katzer and Silvasubramanian (1979) studied

the kinetics of the HDN of quinoline and acridine

and found that the hydrogenation reactions proceed

more slowly than the hydrogenolysis reaction. With

residuum recycle, reaction intermediates in the

residuum continually pass through the Isocracker I

unit. Those reaction intermediates not distillable

are subjected repeatedly to HDN conditions until

hydrogenolysis occurs. Because hydrogenolysis is

suggested to be faster than hydrogenation reac

tions, smaller amounts of reaction intermediates are

expected to survive in the oil during Sohio hydro-

processing. This may explain the presence of

smaller amounts of alkyl-substituted
amines/piperi-

dines, naphthenopiperidines,
anilines/naphthenoani-

lines (Table 8) in the Sohio hydroprocessed oil.

The most difficult nitrogen compound types to

remove by HDN are found in the residuum of the

shale oil. These unreactive compounds are
ster-

ically hindered and have moderate molecular weights

(300 to 450 amu) although probably not as high an

average molecular weight as found in the feedstock

oil. Residuum recycle to the Isocracker I unit may

generate nitrogen compounds of lower molecular

weight in the Sohio oil than in the LETC oil because

additional HDN and hydrocracking of compound

types occur during Sohio hydroprocessing. How

ever, greater amounts of polyaromatics in the Sohio

oil than in the LETC oil, as indicated by mass

spectral analysis of the pyridine I, pyrrole/aryl

amine, and possibly pyrrole fractions, suggest

buildup of refractory polyaromatic hydrocarbons.

The most unreactive nitrogen compound types are

probably N-alkylcarbazoles, hindered alkylpyri-

dines/alkylquinolines, and possibly
alkylnaphtheno-

carbazoles. The inaccessibility of the nitrogen atom

to the catalyst surface, or the more hydrocarbon

like the nitrogen compound, prevents the hydro

denitrogenation of these compound types.

CONCLUSIONS

Single-pass, bench-scale (LETC) and commer

cial-scale (Sohio) hydroprocesses produced from

Paraho crude shale oil two hydrotreated oils each

containing about 0.4 weight percent nitrogen.

Generally, physicochemical properties were similar

for the two hydroprocessed oils with the exception

of a higher average molecular weight, a lower aro

matic hydrogen content, and a lower pour point for

the LETC oil. The nitrogen distributions in the

two oils were distinctively different because of

residuum recycle during the Sohio hydroprocess. A

comparison of the nitrogen distributions in the

Paraho crude and in the hydroprocessed oils showed

nitrogen base type removal was not significantly

dependent upon hydroprocessing. However, nitro

gen compound type removal was dependent upon the

hydroprocessing conditions. Residuum recycle

lowers the amount of the reaction intermediates.

Hydroprocess modeling is being developed to ex

plore further the relative effects of hydroprocessing

conditons upon nitrogen compounds. The determina

tion of the nitrogen distributions in oils produced

by different hydroprocesses could be useful infor

mation to optimize refining conditions.
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ABSTRACT

This study examines cleanup of modi

fied in situ oil shale retort condensates

for circulation through steam generators .

Cleanup options considered include treat

ment to produce low-pressure steam with

superheat for use in the retorts, and

medium- to high-pressure steam to generate

power. Data on retort water compositions

were obtained from Occidental's Retort 6

Burn. The recommended configuration for

treatment of these wastewaters is a mini

mum scheme required to produce the steam

quality using commercially available equip

ment. Equipment and operating costs have

been calculated and selling price of oil

derived.

INTRODUCTION

Water requirements for the vertical

modified in situ (VMIS) process are largely

related to the high steam requirements

(30-percent steam/ 70-percent air mixture

injected into the retorts) for combustion

control at a burn advance rate of 1 ft/ day

(30.5 cm/day) . To maintain low make-up

water requirements for the process, it is

important that the retort condensates be

treated and recycled for steam production

and reinjection into the retort.

This study was therefore undertaken to

determine the efficacy of using dirty re

tort condensates to generate steam, evalu

ate technologies available for wastewater

cleanup, and estimate costs associated with

this cleanup. The retort waters would be

treated to produce 1) 100-psig steam with

100 to 150 F superheat for use in the

retorts, and 2) medium- to high-pressure

steam to generate power using steam

turbines. The superheat is necessary to

compensate for temperature losses in the

lines as steam is transported from the

boilers to the retort clusters. Only

saturated steam is injected into the

retorts. The basic scheme for the treat

ment of these wastewaters was to consider

a minimum treatment to produce the steam

quality required, and to use commercially

available equipment.

DESIGN CONSIDERATIONS

The composition of retort waters

was obtained from data gathered by Occi

dental from their Retort 6 burn, which

is their most recent burn conducted at

the Logan Wash, Colorado site. The

water analyses considered in this anal

ysis were gathered over a six-week pe

riod, from November to December 1978,
'

when the retort was operating close to

steady- state. From this data, an aver

age water composition was derived and is

presented in Table 1.

Analyzing the average retort waste

water reveals three special characteristics

The retort water is extremely

high in mineral salts
, containing

large amounts of sodium, alkalin

ity, and TDS. The suspended

solids level is quite high.

The retort water contains a sub

stantial amount of organics .
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Table 1. Average Composition of Retort Condensates

CONSTITUENT AS mg/1

Calcium

Magnesium

Sodium

Potassium

Strontium

Barium

Bicarbonate

Carbonate

Hydroxy1

Sulfate

Chloride

Nitrate

Floride

M Alk.

P Alk.

pH

Silica

Iron

Copper

TDS

Suspended Solids

Ammonia

BOD

COD

TOC

Phenol

Oil and Grease

CaCO.

CaCOc

CaCOc

CaCO^

Sr

Ba

CaCO,

CaCO,

CaCO.

CaCO.

CaCO.

CaCO.

CaCO.

CaCO.

CaCO.

Si02
Fe

Cu

mg/1

mg/1

N

mg/1

mg/1

mg/1

mg/1

mg/1

10

50

9600

200

2

2

9500

2000

1750

125

370

80

11500

1000

8.5

58

<0.05

<0.02

12500

300

1700

400

4200

1000

30

250
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These organics are of a nonbiolog-

ical nature, as demonstrated by the

high chemical oxygen demand (COD)

versus bilogical oxygen demand

(BOD) ratio. The organic contam

inants in the retort wastewater

are similar to those found in re

finery wastewater streams. The

treatment process for removal of

the organic compounds will entail

removal of oil, grease, and phenols

The ammonia level in the retort

wastewater is high. While not

specifically stated, it is assumed

that the ammonia is in equilibrium

with the ammonium ion and dis

solved gaseous ammonia.

Each of the three characteristics

listed above requires special treatment

methods. In order to produce the steam

required, i.e. ,
100 psig plus superheat or

high-pressure steam, the boiler feedwater

must be hardness-free as well as free of

any organics . The requirement for super

heated steam dictates a quality of satu

rated steam low in carryover solids . To

achieve this goal, the boiler feedwater

must also be relatively low in total dis

solved solids (TDS) . The boiler feedwater

must also be free of organics, or fouling

in the boiler may occur. The ammonia

present in the retort water, while high,

is not of as great concern. Ammonia which

is present in the boiler feedwater typi

cally flashes with the steam and is

beneficial in preventing corrosion of

steam and condensate lines .

The high TDS water characteristic of

the retort water is similar to oil field

production water. In Kern County, CA, the

oil field production water is softened and

used as boiler feedwater for steam genera

tors which provide steam for thermoflood

. . . (o)
injection into heavy crude oil wells:

'

These thermoflood boilers, however, produce

wet steam--80-percent steam and 20-percent

water. Flowing water along with steam into

the retorts would lower the combustion

temperature, thereby impacting retort

operations. Steam separators and super

heaters are available and are evaluated

as add-on equipment with these boilers.

PROCESS DESCRIPTION

The treatment of the oil shale retort

wastewater can be divided into two stages.

The first stage deals with removal of

organic contaminants and suspended solids
,

and the second stage consists of treatment

processes which remove harmful mineral con

stituents from the retort water, making it

suitable as boiler feedwater. Figure 1 is

a schematic flow diagram for generating

100-psig steam with 100F to 150F super

heat. Additional equipment required for

wastewater cleanup appropriate to gener

ating high pressure steam for power

generation is shown in Figure 2.

In both Figures 1 and 2
, equipment has

been chosen based on best available infor

mation. Because field and/or laboratory

data on cleanup of these wastewaters is

not available in published literature,

equipment efficiencies had to be assumed.

Oil/Water Separation

A corrugated plate interceptor (CPI)

oil/water separator is used to separate

free oil from the wastewater stream. The

efficiency of this separator is determined

by the type of oil emulsified in the retort

water, however, no data are currently

available to describe this type of emul

sion. Therefore, the CPI is assumed to be

90-percent efficient. The CPI separator

also contributes to the partial removal of

some suspended solids. The recovered oil

from the CPI separator is blended with the

underflow streams from the Dissolved Air

Flotoation Unit and clarifier, and thickened

and dewatered.
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WASTEWATER
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DISSOLVED

AIR FLOTATION

UNIT

^^R1

100 PSIG

STEAM

WITH
100-150

F

SUPERHEAT

Figure 1, Schematic Flow Diagram to Produce

100-psig Steam with
100 - 150F Superheat

Figure 2. Schematic Flow Diagram to Produce

Medium- to High-Pressure Steam
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Other types of oil/water separator

devices examined may not be as desirable

as the CPI. The API separator was rejected

as a means of oil/water separation due to

its low efficiency and high space require

ments. The API separator removes free oil

down to about 100-micron size, while the

CPI typically removes oil to the 50-micron

size. Yet space requirements for the CPI

are about one-fourth to one-half those of

(3)
the API separator:

'
The coalescing cart

ridge separator was also rejected because

suspended solids in the wastewater stream

could cause fouling and plugging problems

resulting in high maintenance expenses and

redundancy of equipment to ensure on-

stream operability.

Residual Oil and Suspended Solids

Removal

A dissolved air flotation (DAF) unit

is used to further remove oil remaining in

the retort wastewater. The addition of

chemical flocculants aid in separation of

oil from water, and suspended solids are

removed with the oil. The anticipated

efficiency of the DAF unit is 90 percent.

The resultant water effluent from the DAF

unit will be low in oil, grease, and sus

pended solids, and some partial removal of

phenols is anticipated. The float from

the DAF unit will contain about 6 -percent

solids consisting of the suspended material

plus oil. Depending on the environmental

acceptability of the DAF float, this waste

material can either be disposed onto the

spent shale pile or may require further

concentration. The thickener supernatant

is of quality sufficient to be combined

with the DAF effluent water. The bottom

from the sludge thickener contains 10 to

15 percent solids. This waste material is

further treated in a dewatering device
,

which concentrates the sludge material by

use of a felt-pressed filter. The filtrate

from the felt-pressed filter is suitable

for combination with the DAF water effluent.

The filter cake from the felt-pressed filter

contains approximately 60 to 70 percent

solids, and consists primarily of inert

materials with some entrained oil. The

filter cake is disposed onto the spent

shale pile.

Becuase the DAF water effluent will

contain small amounts of floatable material

not removed by the DAF rake, a clarifier is

provided downstream of the DAF unit. The

clarifier allows this flocculated material

to settle, providing a low turbidity, clean

clarifier effluent water. An additional

flocculant may be added to enhance the

settling rate of the material carried over

from the DAF unit. Hydrate dolomitic lime

can also be added to the clarifier. The

dolomitic lime acts as both a flocculant

and provides magnesium hydroxide for the

precipitation of silica. The sludge from

the clarifier bottom is combined with the

DAF float and sent to the sludge thickener.

Filtration

A sand filter is provided to remove

fine particulate matter carried over from

the DAF unit and the clarifier. This sand

filter completes the removal of any sus

pended solids from the water treatment. A

gravity filter is preferred over a pressure

filter if land for construction is not of

concern. The effluent from the sand filter

still contains a sizable amount of phenols.

Phenol Removal

An activated carbon filter is used to

remove phenols and any trace oils which

(4")
may remain in the water stream:

'
Granular

activated carbon is used as the filter

media. The carbon is regenerated on site,

with the 67o regeneration losses made up by

purchase of virgin activated carbon.

Hardness and TDS Removal

The boiler feedwater quality required

to produce 100-psig steam at
100

to 150F

superheat must be of low hardness and

moderate TDS. The boiler can tolerate TDS

levels in the boiler water up to about

5,000 ppm. In order to achieve economical

steam production, boiler feedwater TDS

443



should be 500 ppm or less.

A carboxylic acid ion exchange unit is

used to remove hardness. A weak acid

ion exchange resin containing carboxylic

acid groups within an acrylic acid divinyl-

benzene matrix has proven very successful

in the removal of divalent ions from high-

TDS waters . The regenerant for the car

boxylic acid ion exchanger is hydrochloric

acid; this is necessary to prevent precip

itation of calcium and barium sulfate

during regeneration.

Normal regeneration procedures for a

carboxylic acid ion exchange unit would be

regeneration with acid followed by neutral

ization with sodium hydroxide. The second-

step neutralization is not necessary for

the retort water because the high alkalin

ity associated with the retort waters will

provide adequate buffering and eliminate

the need for sodium hydroxide neutraliza

tion. A small reduction in TDS of the

softened retort water can be expected.

The high TDS in the ion exchange unit

effluent prohibits use of further exchange

equipment to lower TDS . Furthermore , the

quantity of water being treated prohibits

use of an evaporator as an economical means

of reducing TDS, therefore, a reverse

osmosis unit with a seawater-type membrane

is the economical method for TDS removal.

Seawater membranes are capable of rejecting

95 percent of the most common mineral salts.

Water rejection rates are nominally 25 per

cent of the influent flow.

The reject water from the seawater re

verse osmosis unit is combined with the

regenerant wastewater associated with the

carboxylic acid ion exchange unit. This

wastewater brine can be disposed of by two

methods : the brine can either be placed in

a wastewater disposal pond, or it can be

further concentrated in a vertical tube,

falling film evaporator. The evaporator is

considered the better of the two alternatives,

because it allows for minimum brine disposal

flow. The evaporator recovers 95 percent

of the water influent. The evaporator con

densate is of excellent quality, having near

zero hardness and dissolved solids of 10 ppm

or less. This condensate, combined with the

RO permeate, creates excellent low-pressure

boiler makeup water.

Gas Stripping

In the previous water preparation

stages
,
removal of mineral salts from the

water stream creates a water saturated with

various gases. These gases are primarily

carbon dioxide, oxygen, and ammonia, and

can create a potential for corrosion both

in the boiler and in steam and condensate

lines . To remove these gases from the

boiler feedwater stream, a deaerator is

used. A standard industrial power plant

deaerator operating at 5 to 10 psig
effi-

cently strips the gases from the boiler

feedwater stream. The expected results

from this stripping operation are: carbon

dioxide to below detectable limits; oxygen

to 0.007 ppm; and the ammonia stripping

efficiency dependent on the amount of pre-

treatment equipment used.

As stated before, ammonia which remains

in the boiler feedwater after passing

through the deaerator will have no adverse

effect on either the boiler or the steam

produced. Further studies will be necessary

to determine the exact level of ammonia in

the steam. As the steam is used for injec

tion into the retort, the level of ammonia

returning to the retorts should be closely

observed for effects on the retorting

operation.

High-Pressure Steam Generator

The boiler feedwater quality required

for high-pressure boiler operation--600 to

1,000 psig--is more stringent than the
feed-

water requirements associated with low-

pressure steam generation. Two additional

pieces of water treatment equipment are

necessary to refine the low-pressure boiler

makeup water to a quality acceptable for

high-pressure steam generation, Figure 2.

The permeate from the seawater reverse
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osmosis unit, while of good quality for low-

pressure steam generation, contains dis

solved solids at a level high enough to

make standard demineralization cost-inef

fective. An additional reverse osmosis

unit placed in series with the seawater RO

unit will lower the permeate TDS level to

approximately 100 ppm. This creates a two-

pass reverse osmosis unit. The reject

water from the second pass is recycled for

feed into the first pass RO unit.

The second pass RO unit permeate is

now acceptable for demineralization. A

mixed bed strong acid, strong base demin-

eralizer is added to polish the treated

water to an effluent TDS of approximately

2 ppm. The regenerant wastewater from the

mixed bed polisher is combined with the

regenerant wastewater of the carboxylic

acid ion exchanger and the reject water

from the first pass RO unit. The combined

quantity of this wastewater stream adapts

itself to the use of the vertical tube,

falling film evaporator.

The combination of the demineralized

water plus the evaporator condensate

creates the quality of boiler makeup water

required for high-pressure steam genera

tion. This water content will be low in

TDS, hardness, and silica.

COST ESTIMATES

For the two schemes producing 100 psig

steam with
100

to 150F superheat (Figure

1) and high pressure steam (Figure 2) ,

capital investments and operating costs

have been derived and are presented in

Tables 2 through 5. The capital invest

ments are for plants processing 3,500

gallons per minute (13,248 liters/min) of

wastewaters. Costs are based on mid- 1980

dollars with no forward escalation.

Engineered equipment costs include

purchased equipment costs, installation of

equipment, engineering associated with the

plant and contractors fees , home office

costs, etc. Due to a lack of operating

data for treatment of these waters
,
a

contingency value of 25% has been assigned

to allow for operational uncertainty. The

total plant investments (including startup

expenses and working capital) for producing

100 psig steam with
100

to 150F superheat

and high pressure steam are $86 MM and

$127.8 MM, respectively. The difference

between the two schemes is essentially the

higher costs associated with water treatment

equipment needed for high pressure steam

generation-
-additional reverse osmosis unit,

demineralizer
,
and an improved evaporation

system.

Operating costs presented in Tables 4

and 5 address only process materials,

utility requirements
,
and taxes and insur

ance on depreciable equipment. Because

this wastewater treatment scheme would be

an add-on to the basic VMIS process concept,

operating and maintenance labor and supplies

would be made available from the main plant

where these costs would be accrued. Further

more, fuel costs for steam generation are

not accounted for in this analysis and are

considered to be part of the main process

plant costs; these costs would be incurred

irrespective of the boiler feedwater quality

considered. The cost of replacing boilers

using clean BFW with the Thermo-Flood system

used to generate steam from recycle waste

waters has been considered and is reflected

in the incremental selling price. The costs

associated with the proposed wastewater

treatment scheme is therefore an incremental

cost to the total plant cost without this

treatment. The contribution to selling

price is also in addition to the price of

oil without treatment.

SUMMARY OF FINDINGS

The major findings of this analysis

are:

1. Laboratory and/or field data to

evaluate equipment performance
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Table 2. Capital Investment

100 psig steam -

100 - 150F Superheat

Constant 1980 dollars

Table 3. Capital Investment

High Pressure Steam

(600-1000 psig)

Constant 1980 dollars

ITEM ENGINEERED

EQUIPMENT

$(000)

Tankage 1,810

Oil/Water Separator 380

Air Flotation Unit 2,080

Sand Filter 670

Activated Carbon Filter 1,170

Regeneration Furnace 1,300

Ion Exchange Unit 2,600

Deaerator 380

Pumps 720

Steam Generator 20,760

Clarifier 720

Sludge Thickener 60

Sludge Dewatering 230

Reverse Osmosis Unit 11,660

Evaporator 16,330

Misc. Equipment 570

Subtotal 61,450

Contingency (257o) 15,360

Total Plant Costs 76,800

Startup Expenses and

Working Capital

Total Investment

9,200

86,000

ITEM ENGINEERED

EQUIPMENT

$(000)

Tankage 1,810

Oil/Water Separator 380

Air Flotation Unit 2,080

Sand Filter 670

Activated Carbon Filter 1,170

Regeneration Furnace 1,300

Ion Exchange Unit 2,600

Deaerator 380

Pumps 720

Steam Generator 20,760

Clarifier 720

Sludge Thickener 60

Sludge Dewatering 230

Improved R.O. System 24,150

Improved Evaporator 29,810

Mixed Bed Demineralizer 3,360

Misc. Equipment 1,110

Subtotal 91,320

Contingency (257o) 22,830

Total Plant Cost 114,150

Startup Expenses and

Working Capital 13,700

Total Investment 127,850
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and selection for retort waste

water treatment is not available

in published literature. Process

operability, or the choice of

process schemes presented, is not

a forgone conclusion; pilot plant

tests are necessary to obtain

scaleup, design, and performance

data.

2. Thermo-flood type boilers, used

in Enhanced Oil Recovery appli

cations, are considered adequate

for this application with addi

tional options of steam separators

and superheaters added to the

basic unit.

3. Incremental capital costs for

producing 100 psig steam with

100

- 150F superheat and high

pressure steam (600-1000 psig)

are $86 MM and $127.8 MM,

respectively.

4. The incremental selling price of

oil at 157o ROI due to treatment

of these wastewaters is $1.45/

barrel for 100 psig steam with

100

- 150F superheat, and

$2.28/barrel for high pressure

steam.

A summary of the net operating costs
,

capital recovery, and total incremental

selling price is given in Table 6. Switch

ing from conventional boilers to thermo

flood type boilers has been accounted for

in the capital cost recovery factor.
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ABSTRACT

Oil shale retort waters contain a large variety

of substances which singly or in combination serve

to make them very difficult to treat. The subject

research evaluates the treatability of four (4) oil

shale retort waters using various physical-chemical

unit processes. The main emphasis in this effort is

placed upon evaluating the efficacy of
coagula-

tion-flocculation. Low dosage levels for removal of

true suspended solids are determined for each of the

retort waters. Treatment efficiencies and optimum

process variables are developed and compared.

INTRODUCTION

The recovery of shale oil at bench, pilot and

semi-works scales has produced volumes of wastewater

ranging from one-tenth to twenty two times the

volume of oil (Fox et. al. 1979). These waters are

highly variable in chemical composition, but can be

generally characterized as very highly polluted.

High concentrations of organic and inorganic dis

solved solids are routinely observed. Further,

large amounts of trace substances as well as emul

sified oils and shale particles are often found in

retort waters.

Currently, the ultimate disposition of these

wastewaters is not known. Additional regulatory

direction is required before the extent and type of

treatment afforded these waters can be defined. It

does seem certain, however, that a mature oil shale

industry will require that at least a portion of

their in-plant water requirements be satisfied by

retort waters. It has been estimated that a large

oil shale industry could consume from 1.5 to 6.5

cubic meters of water per cubic meter of oil pro

duced (Fox, 1980). In the water short Colorado

River basin, no immediately accessible water source

will be overlooked. Treatment options need to be

defined before adequate planning can occur.

One treatment alternative requiring attention

is the physical-chemical approach known as
coagula-

tion-flocculation-sedimentation. This unit process

has achieved great utility in the treatment of water

and wastewater and can be used either singly or in

combination with other processes to remove different

types of pollutants.

As a separate process, coagulation-f
loccula-

tion-sedimentation is the mechanism used to desta

bilize and remove from the water column specific

pollutant groups through the addition of metallic

salts and/or organic polymers. These materials,

referred to as coagulants and coagulant aids act in

four possible ways. These are:

1. Double layer compression

2. Adsorption and charge neutralization

3. Enmeshment in a precipitate

4. Adsorption and interparticle bridging

(Benefield, Judkins and Weand, 1982)

These same mechanisms also apply when coagulation-

flocculation-sedimentation is utilized in alignments

with other unit processes, but can be disguised

somewhat by the complexities of these systems.

Similarly, the highly heterogeneous nature of retort

waters makes exact identification of a specific
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mechanism difficult; but from a general perspective,

however, mechanisms 1 and 2 are more often thought

to be applicable for the removal of true colloids

occurring in optimum concentrations while mechanisms

3 and 4 are considered more important in the removal

of color causing organic materials. Further, me

chanisms 1, 2 and 3, as used in standard engineering

practice, most generally refer to inorganic coagu

lants such as salts of iron, aluminum and calcium,

while mechanisms 4 is observed when synthetic poly

mers are employed. The described research attempted

to evaluate the role and effectiveness of various

types of coagulants, coagulant aids and systems in

the primary treatment of four oil shale retort

waters. The waters selected for treatment were:

o Occidental 6

o Paraho

o Geokinetics

o LETC 150-Ton Retort, Run 17

These waters were selected because they represented

the entire spectrum of available retorting options.

True in situ (Geokinetics), modified and simulated

modified in situ (Oxy 6 and Run 17) and surface

processing (Paraho) wastewaters provided sufficient

diversity of chemical make-up to properly evaluate

the treatment protocols selected. Table 1 contains

the chemical descriptions of each of these waters.

Research samples were from LETC's Refrigerated

Research Sample Repository which has been previously

described (Fox et. al., 1977). Due to uncertainties

associated with degradation of water stored for

extended periods of time, this research was struc

tured to evaluate physical and chemical systems

rather than being formulated to produce design

relationships. This research was divided into two

related tasks. These were evaluations of the effec

tiveness of relatively low coagulant dosages for the

removal of suspended solids and the application of

higher coagulant concentrations for the removal of

colored organic compounds. The rationale employed

in this approach was that suspended matter can prove

deleterious to downstream treatment works and must

be removed while organic carbon must be removed

before these waters could either be discharged,

utilized within the plant or treated to a greater

degree. In this way we hoped to evaluate
coagula-

tion-flocculation-sedimentation as both a
pretreat-

ment as well as a single treatment option.

EXPERIMENTAL

The coagulants selected for testing were salts

of iron, aluminum and calcium. In addition, various

polymers as well as clays and spent shales were

employed as coagulants and coagulant aids. More

detailed descriptions of the low and high dosage

work follow.

Low Dosage Coagulation

A total of nineteen separate coagulation ex

periments were completed in this phase of the re

search. Table 2 describes each of these experi

ments, which consisted of adding the various coag

ulants in increasing dosages until optimum suspended

solids removal was achieved. At least five dosages,

done in duplicate, were completed for each of the

nineteen experiments. Suspended solids removal

determined by subtracting post-coagulation concen

trations from those determined in the untreated

waters. Suspended solids in each sample were mea

sured in accordance with standard methods (APHA,

1981). Because of possible interferences from high

concentrations of dissolved solids and emulsified

oils, a double filtration technique was employed to

determine
"true"

suspended solids. A primary fil

tration step using a fiberglass filter was followed

by another filtration through a membrane of suffi

cient pore size to permit passage of only dissolved

solids. The material retained on the second filter

was considered to be
"background"

solids and was

subtracted from the value determined upon initial

filtration for subsequent analyses.

Figures 1, 2 and 3 present some of the results

from the Paraho, Geokinetics and Run-17 retort water

coagulation experiments . These graphs show that

true suspended solids can be effectively removed by

relatively small coagulant doses. These graphs also

show that true suspended solids comprise a small

portion of the values measured in a single filtra

tion step. Values of less than 100 mg/ of of true

suspended solids were measured in the stored retort

waters. Increased coagulation potential was obser

ved for alum versus iron while increasing the ini

tial suspended solids concentration through the

addition of spent shale or ceramic clay also im

proved removal efficiencies. This later observation

is often noted in the literature (Weber, 1982) and

is strongly indicative of insufficient particle
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Constituent

Table 1 . RetortWater Analyses

Paraho LETC 150-Ton Oxy-6 Geokinetics

Alkalinity (asCaC03) 26,600 6,690 7,190 12,900

Arsenic - - 9.2 -

Barium <0.5 <0.5 <0.5 -

Cadmium 0.2 <0.1 <0.1 -

Calcium 708 7.6 11 4.1

Carbon, inorganic 223 1,186 1,040 2,580

Carbon, organic 40,800 3,910 2,890 2,280

Chloride 32,800 2,190 392 3,180

Chromium 0.6 <0.1 <0.1 -

COD 136,000 13,700 14,000 -

Conductivity (^mhos/cm) 63,000 17,600 13,000 19,000

Copper 1.0 <0.1 <0.1 -

Cyanide 380 28 2.3 -

Fluoride 24 7.4 31 -

Iron 2.4 0.9 0.45 -

Lead 0.9 <0.5 <0.5 -

Magnesium 494 9.8 3.6 7.4

Manganese 0.4 <0.1 <0.1 -

Mercury <0.001 - 0.0016 -

Nitrogen, Ammonia 2,180 1,340 1,320 1,350

Nitrogen, Nitrate 22,100 8,900 3,160 -

Oil and grease 2,210 1,020 391 -

pH 8.35 8.65 8.84 8.69

Phenols 6.1 - 47 37.3

Potassium 57 16 104 138

Selenium <0.15 0.16 -

Silver <0.1 - <0.1 -

Sodium 308 270 2,600 4,830

Sulfate 8,720 1,860 1,430 1,100

Notes

a) Concentrations in mg/l except as noted.

b) Retort water LETC Designations are 79-Paraho-77/78-OOW-00-C;

150T-SISR-R-17-OOW-OO-U01; 79-OXY-6-02W-OO-C; and 79-Geokinetics-17-OOW-00-U.
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Table 2. Summary of Low Dosage Coagulation Experiments

Experiment

Number

RetortWater

Type Experimental Conditions Results

1. Paraho Aluminum salts; 0 to 80 mg/l. Optimum removal at 20 mg/l.

Charge reversal noted.

2. Iron salts; 0 to 500 mg/l. Optimum removal at 200 mg/l.

3. Spent shale fines, 0 to 800 mg/l. Optimum removal at 400 mg/l.

Charge reversal noted.

4. Spent shale fines (100 mg/l). Optimum removal at 50 mg/l.

Charge reversal noted.

5. Ceramic clay (250 mg/l) and

aluminum salts 0 to 150 mg/l.

Optimum removal at 120 mg/l.

Charge reversal noted.

6. Ceramic clay (250 mg/l) and

iron salts 0 to 500 mg/l.

Optimum removal at 300 mg/l.

Charge reversal noted.

7. Run 17 Aluminum salts; 0 to 200 mg/l. Optimum removal at 120 mg/l.

Charge reversal noted.

8. Spent shale fines; 0 to 250 mg/l. No coagulation observed.

9. Spent shale fines (100 mg/l)

with aluminum salts; 0 to 150

mg/l.

Optimum removal at 80 mg/l.

No removal at increased dose.

10. Spent shale fines (125 mg/l)

aluminum salts; 0 to 125 mg/l.

Optimum removal at 80 mg/l.

Charge reversal noted.

11. Geokinetics Iron salts; 0 to 500 mg/l. No coagulation observed.

12. Aluminum salts; 0 to 200 mg/l. Optimum removal at 40 mg/l.

Charge reversal noted.

13. Spend shale fines (125 mg/l)

with iron salts; 0 to 125 mg/l.

Optimum removal at 75 mg/l.

No additional treatment after

optimum dose.

14. Spent shale fines (125 mg/l)

with aluminum salts; 0 to 125

mg/l.

Optimum removal at 100 mg/l.

15. Ceramic clay (400 mg/l) and

iron salts; 0 to 500 mg/l.

Increasing coagulation with

dose.

16. Oxy-6 Iron salts; 0 to 500 mg/l. No coagulation observed.

17. Aluminum salts, 0 to 200 mg/l. No coagulation observed.

18. Aluminum salts; 0 to 125 mg/l

with spent shale fines (125 mg/l).

Optimum coagulation at 80

mg/l. Charge reversal noted.

19. Iron salts; 0 to 500 mg/l with

ceramic clay.

Increasing coagulation with

dose.
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Figure 1. Coagulant Dose Response Curves Paraho RetortWaters Suspended Solids Removal
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Figure 3. Coagulant Dose Response Curves Geokinetics RetortWaters Suspended Solids Removal
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surface for solid-coagulant interaction. Another

observation to be made from these graphs is that

increasing coagulant dose does not produce a similar

response in suspended solids residuals. Rather,

increases in coagulant concentration beyond an

optimal level produced increases in effluent solids.

This observation is attributable to charge reversal

on the solid surfaces due to overdoses of the coag

ulant following adsorption onto the particle sur

face.

Figure 4 presents some of the data generated

from coagulation attempts of Oxy-6 retort waters .

With the exception of some of the samples spiked

with either spent shale fines or ceramic clays, less

successful results were achieved with this waste

water. To determine if this was attributable to

either the retort water or to the suspended solids

themselves, an additional experiment was conducted.

The suspended matter occurring in these waters was

removed by filtration. This was followed by re

placement of these solids by ceramic clays which

were readily removed by subsequent coagulation.

This indicates that the difficulties encountered

during the coagulation of these waters results from

characteristics of the particles rather than from

properties of the fluid.

Table 2 summarizes the results obtained during

this portion of the research.

High Dosage Coagulation

A total of forty-eight separate coagulation

experiments were completed in this phase of the

research. Table 3 details each of these experiments

which were similar to low dosage experiments in

terms of approach and equipment used. Dosage levels

employed exceeded those used during the previous

effort. Further, calcium salts and synthetic poly

mers were evaluated as was pH effect. Total organic

carbon (TOC) replaced suspended solids as the para

meter used to indicate process efficiency.

Figures 5 and 6 present the pH response curves

for each of the four wastewaters for alum and iron

respectively. Each of the coagulants was dosed at

levels of 1000 mg/JK to determine optimum pH. Obser

ved coagulation efficiency varied with pH, waste

water and coagulant. In all cases, pH optimums fell

within the insolubility ranges for ideal systems
,

but did not equal exact insolubility maximums. The

extreme heterogeneity observed in these waters

appears to account for this observation. Table 3

summarizes these sets of experiments. Highest

treatment efficiencies were generated for Oxy-6

wastewater, at a pH of 4.0, for alum. Similar

results were obtained for Geokinetics waters coag

ulated at pH 5.0 with alum. With the exception of

Paraho wastewaters, coagulation efficiencies were

always higher for alum than for iron.

Coagulation response with dose was determined

at these selected pH's for each of the four waste

waters for iron and alum. In addition, calcium

salts (as CaCl) were also tested. These experi

ments were conducted at pH's in excess of 10.8 to

maximize calcium carbonate insolubility. Selection

of this pH was done because insoluble calcium spe

cies do not possess the multiple, amphoteric forms

common to the aluminum and iron systems. Figures 7,

8 and 9 present the data for the alum, iron and

calcium coagulation experiments respectively. In

general, a linear relationship between increasing

coagulant dose and pollutant removal exists.

Bivariant linear models were calculated for each of

the curves in these figures . These data are con

tained in Table 4 and show good correlation between

coagulant does and effluent TOC for iron and calci

um, with less satisfactory correlation for alum. No

data were collected beyond 2000 mg/ of coagulant to

test the ultimate range of these models.

One-way analysis of variance was performed to

evaluate each of the coagulants employed (Dixon and

Massey, 1969). This attempted to test the hypothe

sis that there were no differences in coagulants.

In order that these comparisons evaluated similar

things, the data contained in Figures 7, 8 and 9

were recast as pollutant removal efficiencies. In

this manner, differences associated with variations

in feed concentration were removed from the analy

sis. Further polishing of the data presented in

Figure 9 was needed to account for the analytical

difference observed in TOC concentration wastewater.

The calculated value was greater than that deter

mined in the feed concentration. This was attribu

ted to difficulties associated with measuring TOC in

waters this severely polluted. The anomolous data

point was eliminated from future analysis. Table 5

contains the results of these statistical evalua

tions. Based upon the data and the statistical
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Figure 4. Coagulant Dose Response Curves Oxy 6 Retort Waters Suspended Solids Removal
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Table 3. Summary of High Dosage Coagulation Experiments

Experiment

Number

RetortWater

Type Experimental Conditions Results

1. Paraho pH response at 1000 mg/l

iron salts.

Optimum pH = 2.

2. Paraho Dose response at pH = 2 for

iron salts.

Removal efficiency =19 percent.

3. Paraho pH response at 1000 mg/l

aluminum salts.

Optimum pH = 4.0.

4. Paraho Dose response at pH - 4 for

aluminum salts.

Removal efficiency =13 percent.

5. Paraho Dose response at pH = 10.8 for

calcium salt.

Removal efficiency
= 9 percent.

6-10. Run 17 Same as above but pH = 8 for

iron salts and = 2 for alum.

Removal efficiencies =15 percent

for alum, 20 percent for iron and

19 percent for calcium.

11-15. Geokinetics Same as above but pH - 4 for

iron salts and = 5 for alum.

Removal efficiencies =17 percent

for alum, 20 percent for iron and

15 percent for calcium.

16-20. Oxy-6 Same as above but pH = 5 for

iron salts and = 4 for alum.

Removal efficiencies = 25 percent

for alum, 26 percent for iron and

27 percent for calcium.

21-27. Paraho Dose responses for Betz 1175,

1185,1155,1180,1190,

Polyfloc3, 1125L.

Poor removal.

28-34. Geokinetics Same Same

35-41. Run 17 Same Same

42-48. Oxy-6 Same Same
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Figure 5. pH Response Curves 100 mg/l Alum Organic Carbon Removal
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Figure 6. pH Response Curves 1000 mg/l Iron Salts Organic Carbon Removal
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Figure 7. Alum Coagulant Dose Response Curves Organic Carbon Removal
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Figure 8. Iron Coagulant Dose Response Curves Organic Carbon Removal
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Figure 9. Calcium Coagulant Dose Response Organic Carbon Removal
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Table 4.

Regression Analyses

Dose Response Data

Total Organic Carbon Removal

Model

y
= effluent concentration Correlation

Water Type Coagulant Type x = coagulant dose Coefficient (R) Remarks

Geokinetics Calcium y
=
-0.13 x +1800 0.98

Alum y
=
-0.20 x +2033 0.96

Iron y
=
-0.14 x +1599 0.95

Oxy-6 Calcium y
=
-0.46 x +3122 0.99

Alum y
=
-0.31 x +2462 0.94

Iron y
=
-0.29 x +2642 0.98

Run 17 Calcium y
=
-0.24 x +2919 0.96

Alum y
=
-0.46 x +2715 0.85 Reduced data base

Iron y
=
-0.33 x +2945 0.96

Paraho Calcium y
=
-2.86 x +36,559 0.98

Alum y
=
-1.71 x +35,308 0.80

Iron y
=
-2.12 x +34,019 0.98

Table 5.

Statistical Comparisons

Organic Carbon Removal Efficiencies

Four Oil ShaleWastewaters

Water Type

Coagulants

Evaluated

Hypothesis

Tested

Calculated

Statistic

Test

Statistic

(0.05) Conclusions

Geokinetics Calcium

Alum

Iron

Coagulants equal in

removing organic

carbon.

0.93. 3.89 Can not reject

hypothesis.

Oxy-6 Calcium

Alum

Iron

Same 0.48 3.89 Same

Run 17 Calcium

Alum

Iron

Same 0.096 3.89 Same

Paraho Calcium

Alum

Iron

Same 1.02 3.98 Same
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method chosen for analysis, it was impossible to

reject the hypothesis that all of these coagulants

were equally efficient in removing TOC. Coagulant

choice, therefore, would be determined by other

considerations such as availability of lower cost

raw materials and various sludge characteristics

such as dewaterability, leachate potential and

coagulant recycling properties.

The last portion of this research to be repor

ted here is that describing coagulation by
polye-

lectrolyte addition. Five cationic polymers and one

each of the anionic and nonionic type were selected

for evaluation as primary coagulants. Table 6

presents the results of these experiments. In

general, the polymers, as expected, are poor primary

coagulants. Results to be reported elsewhere des

cribe their utility as coagulant aids, to be injec

ted during slow mix to increase settling. Addi

tional applications for these materials may also

occur during sludge conditioning efforts.

CONCLUSIONS

1. Coagulation can be used to remove true

suspended solids with relatively small dosages.

Some difficulty arises in measuring suspended solids

due to interferences from dissolved solids and

organic materials.

2. A dual filtration step was employed to

alleviate some of the problems associated with

suspended solids measurement.

3. Alum appeared to be more effective in

coagulating true suspended solids than was iron.

Lower coagulant doses resulted in equivalent removal

efficiencies. This was primarily true for the R-17

and Paraho wastewaters.

4. Additions of spent shale or ceramic clay

improved coagulation efficiency for R-17 and Paraho

treatment .

5. Classical charge reversal mechanisms were

observed in some of the experiments completed.

6. Poor solids removals were observed for

Oxy-6 and Geokinetics wastewaters. This was attri

buted to characteristics of the particles, not the

fluids in which they were suspended.

7. Total organic carbon and some associated

color can be removed with higher doses of the vari

ous coagulants. Treatment efficiencies ranged from

less than 10 to greater than 25 percent. This

suggests that coagulation-flocculation processes

will probably be useful only as a pretreatment

measure.

8. No statistical differences were noted

between coagulants in this study. All coagulants

exhibited a linear removal response with increasing

dosage.

9. Polymers appear to have minimal utility as

primary coagulants.
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Table 6

Polyelectrolyte Coagulation Results

Four Oil Shale RetortWaters

Dose Response Experiments

Retort

Water Experimental Conditions Results Comments

Run 17 Bete 1175, cation ic polymer 10, 15 and 13 percent TOC Small pin floe observed at

25, 50 and 90 mg/l dosed removals respectively. 90 mg/l. Poorer color removal

into rapid mix. than with inorganic coagulants.

Betz 1185, cationic polymer. 0, 7 and 7 percent TOC Poor settling, pin floe observed

Same conditions. removals respectively. at 90 mg/l.

Betz 1155, cationic polymer. No removals noted. Increased TOC in solution.

Same conditions.

Betz 1180, cationic polymer. 3, 5 and 5 percent TOC Poor settling, pin floe.

Same conditions. removals respectively.

Betz 1190, cationic polymer. 0, 7 and 6 percent TOC Improved settling with dose.

Same conditions. removals respectively.

Betz Poly-floc 3 nonionic 2, 0.3 and 4 percent TOC No visible floe.

polymer. Same conditions. removals respectively.

Betz 1125L anionic polymer. 4, 5 and 1 percent TOC No visible floe.

Same conditions removals respectively.

Paraho Same conditions:

Betz 1175 0, 0 and 0 percent TOC removal. No visible floe.

1185 29, 22 and 14 percent TOC removal. Pin floes.

1155 9, 10 and 10 percent TOC removal. Pin floes.

1180 9, 10 and 13 percent TOC removal. No visible floe.

1190 5, 20 and NR percent TOC removal. Pin floe.

PF3 0, 0 and 0.4 percent TOC removal. No visible floe.

1125L 5, 0 and 9 percent TOC removal. No visible floe.

Table 6 (continued)

Retort Experimental

Water Conditions Results Comments

Oxy-6 Same Conditions:

Betz 1175

1185 0, 1 and 6 percent TOC removal. Pin floe.

1155

1180 0, 0 and 5 percent TOC removal. No visible floe.

1190 7, 5 and 10 percent TOC removal. Medium floe. Increasing

settleability with dose.

PF3 5, 4 and 8 percent TOC removal. No visible floe.

1125L 7, 3 and 9 percent TOC removal. No visible floe.

Geokinetics Same Conditions

Betz 1175 0, 0 and 3 percent TOC removal. Pin floe at highest dose.

1185 1, 6 and 6 percent TOC removal Increased floe and settleability
with dose.

1155 4, 7 and 8 percent TOC removal. No visible coagulation.

1180 0, 2 and 6 percent TOC removal. Pin floe, poor settling.

1190 0, 0 and 2 percent TOC removal. Medium floe, increasing settling.

PF3 7, 9 and 5 percent TOC removal. No visible floe.

1125L 0, 3 and 0 percent TOC removal No visible floe.
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ABSTRACT

Hot gas stripping of ammonia and carbon

dioxide from three different types of oil shale

retort waters was investigated in a packed column.

The stripping operation was carried out by

countercurrent liquid-gas contact over a

temperature range of 82.2 to 104. 4C (180 to 220F)

in a glass column packed with Intalox Saddles. The

stripping rates were determined by measuring the

liquid concentration of ammonia and carbon dioxide

at three different column heights and three

different stripping temperatures for three inlet

gas flow rates (flooding velocities).

Both ammonia and carbon dioxide could be

effectively removed from solution at 82.2, 93.3,

and 104. 4C (180, 200, and 220F) at a variety of

flow conditions for Omega-9 and OXY-6 retort

waters. Although hot gas stripping significantly

reduced the ammonia and carbon dioxide in Run-17

retort water, the stripping process is less

effective for this type water than for the other

two studied in this work at comparable stripping

conditions.

INTRODUCTION

An in-situ oil shale development program

requires consideration of the water produced with

the oil during retorting. Studies conducted at the

Laramie Energy Technology Center (LETC) for

Colorado and Utah shale, showed that approximately

one barrel of water is produced for every barrel of

oil (Jackson et al. 1975, Harak et al. 1970).

Consequently, the development of methods to

utilize oil shale retort waters is an important

aspect of the development of a shale oil industry.

Retort waters contain large quantities of inor

ganic and organic compounds including significant

amounts of carbonates and ammonia. These high

solute levels allow few options for direct

utilization of retort waters. However, their

presence represents a potential source of

commercially valuable by-products that can be

recovered during the water treating process.

Because of the success of the petroleum

industry in using hot gases to strip hydrogen

sulfide and ammonia from refinery waste waters,

(Peoples et al . 1972, Annessen et al . 1971,Klett

1972, Elkin et al. 1951, Hull 1958, Brunet et al.

1972, Rodrigues 1974, and Beychok 1968), hot gas

stripping appears to be a feasible method for

treating retort waters. In this study the hot gas

stripping of ammonia and carbon dioxide from three

different oil shale retort waters was investigated

in a packed column. Stuber et al. (1978) noted

that sulfide was not detected in the retort waters

in which they studied. Thus sulfide stripping was

not addressed in this work. The stripping chara

cteristics were determined as a function column

height, stripping temperature, and gas and liquid

flow rates. Concentrations of ammonia, carbon

dioxide, and total organic carbon (TOC) were

measured before and after stripping.
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FIGURE 1. Experimental Equipment Flow Diagram

EXPERIMENTAL

Three types of retort water were used in this

work. One was obtained from the true in-situ oil

shale combustion experiment conducted by the

Laramie Energy Technology Center at Rock Springs,

Wyoming and is denoted as Omega-9. This water has

been characterized by Fox et al . (1978) and was

found to be relatively low in organic carbon

because of ground water incursion. The second type

of retort water was obtained from the 150 ton oil

shale retort located in Laramie, Wyoming from

retorting a Colorado shale and is denoted as

Run-17. The third type of water was obtained from

the Occidental Oil Shale Corporation's Retort 6 at

Logan Wash near DeBeque, Colorado. The latter two

waters were characterized by Ahern (1982).

Apparatus

A packed stripping tower was the principal

piece of equipment in this study. It was designed

to operate over a temperature range of 23.9 to

121. 1C (75 to 250F) with liquid flow rates

variable from 488.2-7323.6 kg/h-m2 (100-1500

lb/h-ft2) and with gas flow rates ranging from

0-1.12 SCM/L (0-150 SCF/gal) of liquid feed. The

column, which was 2.9 m (9.5 feet) in length, was

constructed from a 5.08 cm (2.0 inch) diameter,

schedule 40 glass pipe. It was randomly packed

with 0.635 cm (i inch) Intalox saddles to provide

liquid distribution and gas-liquid contact inside

the tower. The stripping height could be set at

79.2, 128.0, or 207.3 cm (2.6, 4.2, or 6.8 feet) by

changing the position of the water feed. Two

electrical furnaces were used, one for heating the

inlet gas stream and the other for heating the

inlet liquid stream to the column. Two heat

exchangers were used to cool the hot liquid and gas

streams leaving the column to room temperature. A

silicone coated electrical heating tape was wrapped

around the column to maintain isothermal stripping
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conditions. A calibrated pressure transducer

located midway in the column was used to monitor

the column pressure; the pressure of the hot gas

entering the column was also measured. Steady

state operating conditions were determined by using

an ultraviolet spectrophotometer to monitor the

concentration of the gas leaving the column. A

flow diagram of the experimental apparatus is shown

in Figure 1. Entrainment of liquid droplets in the

exiting gas phase was eliminated by placing four

inches of pyrex glass wool in the top of the

column. The glass wool, which was chemically

inert, provided a substantial surface area for

removing water droplets from the gas

phase.

Procedure

The stripping operation was carried out by

countercurrent gas-liquid contact. The liquid

stream was first preheated to the desired

temperature and then pumped to the top of the

column at a specified flow rate. The gas stream

was heated to the desired operating temperature and

presaturated with water before it entered the bottom

of the column. When steady state operating

conditions were attained, effluent liquid samples

were taken for each stripping height. The pH and

the concentrations of the three major species

ammonia, carbon dioxide, and total organic carbon

(TOC) were measured for each sample. The

concentration of ammonia was determined by using

the distillation-acidimetric method ASTM D1426A.

Total C02 was determined titrimetrically (ASTM

D513), and TOC was measured with an Oceanography

International total carbon infrared analyzer by

using the ampule technique.

RESULTS AND DISCUSSION

Because of the differences in amounts of

ammonia, carbon dioxide, and TOC found in the

various retort waters, three different types of

water were selected for study in this project.

Stripping experiments were performed at 82.2, 93.3,

and 104. 4C (180, 200, and 220F) under isothermal

conditions using inlet liquid flow rates that

ranged from 1801.6 to 3827.8 kg/h-m2 (369 to 784

lb/h-ft2) and gas rates that ranged from 1269.4 to

3583.7 kg/h-m2 (260 to 734 lb/h-ft2) of column

cross section. Column flooding velocities ranged

from 46 to 88%. Concentrations of the three

species: TOC, ammonia, and carbon dioxide were

measured before and after stripping, and were

plotted as a function of column height, temperature

and flow rate. In order to determine the effects

of process conditions on the stripping rate, 27

runs were made for each retort water.

The first part of this study was carried out

using the Omega-9 retort water which had initial

concentrations of 3983 mg/L ammonia, 8006 mg/L

carbon dioxide, and 840 mg/L TOC. The effluent

concentrations for the three species are presented

in Table 1 as a function of flooding velocity.

For the 104. 4C (220F) stripping temperature, and

the 2.07 m (6.8 ft) column height, essentially all

of the ammonia was removed from the retort water

at all three flooding velocities. At this same

temperature the amount of carbon dioxide was

reduced from 3006 mg/L to about 1700 mg/L for each

flooding velocity and the TOC concentration was

reduced from 840 mg/L to 430 mg/L.

The effluent concentrations are shown as a

function of column height in Figures 2, 3, and 4

for the three stripping temperatures at 46% of

flooding. The variation of effluent concentrations

with gas and liquid flow rates are shown in
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Table 1. Flooding Velocity vs. Concentration of Ammonia, Total Carbon Dioxide

and Total Organic Carbon for Omega-9 Retort Water for a 2.07 m

(6.8 ft) Column Height and a Liquid Rate of 2485 kg/h-m2 (509 lb/h-

ft2) of Column Cross Section.

Liquid Rate

(kq/h-mz)

Gas Rate

(kg/h-m2)
Flooding

Velocity {%)
NH3 (mg/L)

Before After

Total

C02 (mg/L)
Before After

TOC (mg/L)
Before After

Stripping
Temperature

(0

Column

Pressure kPa

2485 1899 46 3983 1549 8006 4309 840 --- 82.2 161

2485 2646 65 3983 1311 8006 4024 840 680 82.2 193

2485 3584 88 3983 1310 8006 3803 840 670 82.2 217

2485 1899 46 3983 57 8006 2394 840 _.- 93.3 161

2485 2646 65 3983 51 8006 1905 840 450 93.3 193

2485 3584 88 3983 0 8006 1808 840 440 93.3 217

2485 1899 46 3983 0 8006 1759 840 104.4 161

2485 2646 65 3983 0 8006 1771 840 430 104.4 193

2485 3584 88 3983 0 8006 1686 840 430 104.4 217

Figures 5 through 8 for ammonia and carbon dioxide.

For the flooding range investigated in this work,

the gas flow rate had little effect on the amount

stripped from the retort water, particularly at the

higher stripping temperatures. Since the stripping

process exhibits a much greater dependence on the

liquid flow rate, the liquid phase resistance can

be assumed to be rate controlling. As the ammonia

carbonates decompose at the higher temperature a

larger amount of free ammonia and carbon dioxide

will become available in the retort water for

stripping. Thus, as found in this study, the

effects of liquid flow rate will become smaller at

higher temperatures.

Stripping curves that relate effluent

concentrations to column height are given in

Figures 9, 10, and 11 for Run 17 retort water.

Although the carbon dioxide concentration could be

reduced to 291 mg/L at 104. 4C (220F), the ammonia

concentration in the effluent could not be reduced

below 916 mg/L. However, the stripped water was

heated to 110C (230F) and recycled through the

column where it was stripped a second time. The

ammonia and carbon dioxide concentrations were then

reduced to 636 mg/L and 285 mg/L respectively.

Effluent concentrations of ammonia and carbon

dioxide are related to stripping temperature in

Figures 12 and 13. If the amount of ammonia in the

retort water is to be reduced to levels of low

toxicity, the stripping temperature must be

increased to approximately 121. 1C (250F). This

is about 2.8C (5F) below the boiling point of the

water at the column pressure of 215 kPa (31.2 psia)

used in this study. The column height must also be

increased to about 457 cm (15 ft) as indicated by

the results obtained after recycling the already

stripped retort water. The effects of gas and

liquid flow rates on the stripping process are

shown in Figures 14 through 16. The rate of gas

flow had little influence on the amounts of ammonia

and carbon dioxide removed from the retort water.

Again mass transfer and chemical reaction in the

liquid phase controls the desorption process. A

summary of the stripping results is given in Table

2 for the various flooding velocities.

Occidental Oil Shale Corporation's retort

water, OXY-6, was the third water studied in this
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FIGURE 5. Omega-9 Retort Water Effluent Con

centrations of NH3 as a Function of Gas

Rate and Stripping Temperature for a 2485

kg/h-m2

(509 lb/h-ft2) Liquid Rate and

2.07 m (6.8 ft) Column Height.
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FIGURE 9. Run-17 Retort Water Effluent Con

centrations of NH-, as a Function of

Column Height and Stripping Temperature

for an 1802
kg/h-m2

(369 lb/h-ft2) Liquid

Rate and 2490
kg/h-m2

(510 lb/h-ft2) Gas

Rate.

473



2 4,000 |80F

200"F

220F

COLUMN HEIGHT
,
FT

200 220

TEMPERATURE,F

FIGURE 10. Run-17 Retort Water Effluent Con

centrations of Total C02 as a Function of

Column Height and Stripping Temperature

for an 1802
kg/h-m2

(369 lb/h-ft2) Liquid

Rate and 2490
kg/h-m2

(510 lb-h-ft2) Gas

Rate.

FIGURE 12. Run-17 Retort Water Effluent Con

centrations of NH, as a Function of

Column temperature for a Column Height of

2.07 n (6.8 ft) 1802
kg/h-m2

(369

? 2
lb/h-ft ) Liquid Rate, and 3584 kg/h-m

(734 lb/h-ft2) Gas Rate or 87% Flooding

Velocity.

3,000
O I80F

A 220F

=8=

4 6 8

COLUMN HEIGHT, FT

1,500

\

o
\

\

\

N

\

0---O-

TEMPERATURE, F

FIGURE 11. Run-17 Retort Water Effluent Con

centrations of TOC as a Function of

Column Height and Stripping Temperature

for an 1802
kg/h-m2

(369 lb/h-ft2) Liquid

Rate and 2490
kg/h-m2

(510 lb-h-ft2) Gas

Rate.
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centrations of Total C02 as a Function of
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project. The effluent concentrations of ammonia,

carbon dioxide, and TOC are related to column

height in Figures 17 through 19 for stripping

temperatures of 82.2 and 104. 4C (180F and 220F).

The ammonia concentration was reduced to less than

50 ppm for a stripping temperature of 104.4C

(220F) and a column height of 2.07 m (6.8 ft).

This result was achieved at a flooding velocity of

48.6% as shown in the summary presented in Table 3.

As noted in this table, the gas flow rate had

little influence on the stripping effectiveness.

The influence of liquid flow rate on the amount of

ammonia removal is shown in Figure 20. As found

for the other retort waters, the liquid flow rate

has a significant effect on the stripping process.
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Table 2. Flooding Velocity vs. Concentration of Ammonia, Total Carbon Dioxide, and

Total Organic Carbon for Run-17 Retort Water for a 2.07 m (6.8 ft;

Column Height and a Liquid Rate of 1802 kg/h-m2 (369 lb/h-ft2) of Column

Cross Section.

Liquid Rate

(kg/h-mZ)

Gas Rate

(kg/h-m2)

1514

Flooding
Velocity (%)

35.2

NH3 (mg/L)
Before After

3915 1515

Total

C02 (mg/L)
Before After

8464 1517

TOC (mg/L)

Before After

2880 2480

Stripping
Temperature

(C)

Column

Pressure kPa

1802 82.2 159

1802 2490 61.0 3915 1447 8464 1495 2880 2340 82.2 193

1802 3139 76.9 3915 1378 8646 1341 2880 2330 82.2 219

1802 1514 35.2 3915 1362 8464 616 2880 ___ 93.3 159

1802 2490 61.0 3915 1345 8464 615 2880 - 93.3 193

1802 3139 76.9 3915 1311 8464 550 2880 --- 93.3 219

1802 1514 35.2 3915 952 8464 311 2880 2340 104.4 159

1802 2490 61.0 3915 946 8464 309 2880 2320 104.4 193

1802 3139 76.9 3915 916 8464 291 2880 2320 104.4 219
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a Function of
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for an 1802
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(369 lb/h-ft2) Liquid

Rate and 1929
kg/h-m2

(395 lb-h-ft2) Gas

Rate.

FIGURE 18. OXY-6 Retort Water Effluent Con

centrations of Total C02 as a Function of

Column Height and Stripping Temperature

for an 1802
kg/h-m2

(369 lb/h-ft2) Liquid

Rate and 1929
kg/h-m2

(395 lb/h-ft2) Gas

Rate.
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Table 3. Flooding Velocity vs. Concentration of Ammonia, Total Carbon Dioxide, and

Total Organic Carbon for Run-17 Retort Water for a 2.07 m (6.8 ft)
Column Height and a Liquid Rate of 1802 kg/h-m? (369 lb/h-ft2) of Column

Cross Section.

Total

Liquid Rate Gas Rate Flooding NH3 (mg/L) CO2 (mg/L) TOC (mg/L)
(kg/h-m2) (kg/h-m2) Velocity (%) Before After Before After Before After

1802

1802

1269

1929

32.9

48.6

1481

1481

55

45

5457

5457

2894

2785

2500

2500

Stripping
Temperature

(C)

82.2

82.2

Column

Pressure kPa

159

193

1802

1802

1269

1929

32.9

48.6

1481

1481

41

10

5457

5457

1275

1187

2500 1670

2500 1550

104.4

104.4
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FIGURE 19. OXY-6 Retort Water Effluent Con

centration of TOC as a Function of

Column Height and Stripping Temperature

for an 1802
kg/h-m2

(369 lb/h-ft2) Liquid

Rate and 1929
kg/h-m2

(395 lb-h-ft2) Gas

Rate.

FIGURE 20. OXY-6 Retort Water Effluent Con

centration of NH~ as a Function of

Liquid Rate and Stripping Temperature for

a Column Height of 2.07 m (6.8 ft) and

a 1929 kg/h-m2 (395 lb/h-ft2) Gas Rate.
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CONCLUSIONS

This project demonstrates that both ammonia

and carbon dioxide can be removed from solution for

the Omega-9 and OXY-6 retort waters at the

stripping temperatures and flow conditions used in

this study. Although hot gas stripping reduced the

ammonia and carbon dioxide in Run-17 retort water,

the stripping process is less effective for this

type water at the stripping temperatures employed.

It was demonstrated, however, that the ammonia

could be reduced to lower levels by increasing the

stripping temperature and column height. High

stripping temperatures and low liquid flow rates

resulted in lower ammonia and carbon dioxide

concentrations as expected. The results showed

that the rate of stripping was controlled by the

liquid phase. The design of a stripping column to

treat retort waters should be significantly taller

than the 2.07 cm (6.8 ft) column used in this study

in order to accommodate the variations found in the

different waters. A stripping temperature only

slightly less than the boiling point of the retort

water is recommended.
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A PRELIMINARY EVALUATION OF OIL SHALE WASTEWATER TREATMENT

BY OZONE AND ACTIVATED CARBON
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ABSTRACT

Oil shale processing wastewaters are laden with a

wide spectrum of inorganics and organics and will

require treatment either before disposal to the en

vironment or reuse within the process. The treatment

of two modified in-situ retort oil shale wastewaters

by ozonation and activated carbon has been studied.

In addition, the effect of sequencing these unit pro

cesses has been investigated. The study indicated

that activated carbon-ozonation is the preferred

treatment sequence. Organic loadings on activated

carbon were reduced after ozonation of retort waste

waters. Solution pH was shown to effect the rate of

total organic oxidation.

INTRODUCTION

Western United States oil shales are envisioned as

future replacements for conventional fossil fuels.

Currently, technology exists which could be utilized

to recover approximately 600 billion barrels of oil

(EPA Oil Shale Research Group, 1980).

Oil from shale is produced by thermal degradation

of kerogen in retorts situated either above ground or

in situ. Surface retorting is a three-step procedure

involving shale mining, size reduction and heating in

above-ground retorts. In-situ retorting is a batch

operation which begins with permeability modification

of the shale bed then in-place heating. If after the

rock is fractured a portion is mined prior to heating,

then the process is termed as modified in-situ

retorting.

The most probable Western United States shale

deposits to be recovered initially are located in the

Green River Basin of Colorado, Utah and Wyoming.

This resource is positioned in a watershed containing

the Colorado River, which is oversubscribed in the

Lower Basin and therefore the question of water

availability to support this industry is posed.

Conversely, since between 15.1 and 3,482.5 liters ( )

of wastewater are generated in the production of one

barrel of oil from shale (Farrier, 1978), it should be

considered as a potential process water supply to

alleviate water shortages and, if not, then a

treatment must be applied prior to discharge into the

environment to amend the wastewater's pollution

character. There is, for example, concern that a

number of the pollutants may be carcenogenic, muta

genic and teratogenic.

Oil shale processing wastewaters are laden with a

wide spectrum of inorganics and organics, some in

high concentrations. Further, this chemically complex

wastewater has been difficult to characterize because

techniques either have not been developed or constit

uents exceed the published concentration limits for a

given analytical procedure resulting in possibly

inaccurate results (Fox, 1978).

One potential use of oil shale wastewaters is

spent shale wetting and compaction and yet even for

this proposed use the State of Colorado has decreed

that organic removal must precede use (Fox, et al.,

August, 1980).

The approaches employed for inorganic pollutant

removal include use of activated alumina absorption,

precipitation with phosphoric acid and lime (Mercer,

1978), ion exchange and stripping. Organics removal

by physical, chemical and biological processing

techniques such as activated carbon and polymeric

resin adsorption, air stripping (Harding, 1978 and

1977), reverse osmosis and electrodialysis (Water

Purification Assoc. Qtrly Status Report, May-August

1979), as well as aerobic and anaerobic treatment

(Yen, 1980) have been studied.

This research centered on the removal of organics

from wastewaters produced in two modified in-situ

retorting processes by a combination of ozone

oxidation and activated carbon adsorption. Also, the

effect of sequencing the unit processes of adsorption

and oxidation was investigated.

The first wastewater treated was generated in

Occidental Petroleum Company's Retort 6, a modified

in situ retort.

A history statement for the process water sam

ples (Division of Environmental Sciences, Laramie

Energy Technology Center) has been reported. During

this research, only Sample Point 2 - Tank 6 water,
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hereinafter referred to as OXY-6 wastewater, was

employed. Table 1, (Analysis Statement for OXY-6

Process Waters) is a partial chemical characterization

of this composited wastewater which was collected

from February through May 1979.

Chemical Characterization of OXY-6 and R-17 Oil Shale Wastewaters

Parameter OXV-6 a

Sodium

Potassium

Xagnes i urn

Caicium

Barium

Cadmium

Chromium

Lead

Chloride

Fluoride

Nitrite (N)

Sulfate

Carbonate

8icaroonata

Nitrogen (NH3)

Oil S Grease

Total Oissolved Solids (1S0C)

Haraness as (CaCO,)

Total Alkalinity fas CaCC-,!

M (Standard pH Units;

Conductivity (,tiKos at 25"C)

Chemical Oxygen Demand

"otat Carcon

Total 1-iorcamc Carson

~o~.ai Organic Caroon

Excact Where 'iotad.

Range

2300-2800

92rl30

2.2-5.5

7.6-12.0

370-490

39-32

2700-76C0

1380-1480

1200- 17C0

5500-6200

1000-1300

95-1900

3200-9700

7100-7400

8.32-3.35

13,000-13,000

13,000-13,300

3610-5220

340-1200

1500-4330

Range Mean

250-290 270

15-16 16

9.5-10.0 9.S

5.5-3.2 7.6

3160

1430

:S0C

1320

7190

3.34

13,300

14,000

M40

1040

2390

7700-10,000

1550-2330

1080-1250

5760-5100

1000-1300

330-23C3

4430-6240

50-60

5920-6340

3.55-3.65

17,500-17,500

11,000-13,300

U68-6363

1053-1250

324S-55c6

7.4

3900

1360

1150

5910

1340

1020

5150

5650

3.53

7,500

3,700

5035

From the data, it can be seen that this process

water is moderately high in pH containing high con

centrations of organics, as measured by total organic

carbon (TOC) and chemical oxygen demand (COD), and

inorganics such as sodium, ammonia, carbonates and

bicarbonates.

The second wastewater was derived from the

Laramie Energy Technology Center total shale oil/

process water products, produced during Run 17 of

their 150-ton capacity, simulated in situ retort (150T-

SISR). A total description (History Statement for the

150T-SISR-R17 Process Water Sample, April 8, 1980)

of the retorting parameters and sample collection has

been reported. Table 1 is a partial chemical

characterization of the unfiltered and composited

samples [79-(150T-SISR-R17)-OOW-UOl] employed in

this research and hereinafter designated as R-17. This

water is moderately high in pH, and contains high

concentrations of sodium, chloride, nitrate, sulfates,

carbonate, bicarbonate
and ammonium, as well as COD

and TOC.

The third wastewater was double-steam stripped

R-17 (hereinafter termed R-17-DSS) produced at the

Department of Chemical Engineering at the University

of Wyoming (personal communication, Prof. A. L.

Hines).

EXPERIMENTAL

Removal of organic matter from oil shale waste

water can be achieved by a variety of techniques

including oxidation and adsorption. To access the

ability of activated carbon and ozone to cause remov

al of organics from oil-shale wastewater, two sets of

experiments were conducted. In the first series,

OXY-6, R-17 and R-17-DSS (Rl-A, R2-A, and R3-A)

wastewaters were ozonated and then subjected to

activated carbon treatment. The reverse procedure,

(Rl-B, R2-B and R3-B) that is, activated carbon

treatment preceding ozonation, was then carried out

in an effort to optimize the sequence of these

treatment techniques. Table 2 is an outline of the

experimental plan.

TABLE 2

Experimental Plan Treatment Sequence

Run No. Substrate Type Treatment Sequence

Rl-A OXY-6 Ozone * Activated Carbon

Rl-B OXY-6 Activated Carbon - Ozone

R2-A R-17 Ozone * Activated Carbon

R2-B R-17 Activated Carbon * Ozone

R3-A R-17-DSS Ozone - Activated Carbon

R3-B R-17-0SS Activated Carbon * Ozone

Ozonation

All ozonations were carried out in a 6.0 inch ID

diameter by 18 inch high pyrex glass reactor in the

semi-batch mode (continuous gas admission, static

liquid volume). Ozone and its carrier gas was admit

ted to the reactor through a 316 type sintered stain

less steel sparger which was of donut design with an

O.D. of 5.0 inches while the I.D. hole was 1.5 inches.

The average gas bubble size produced was 5u.

Ozone was generated from pure oxygen delivered

from cylinders at 10 psig to the OREC ozonator model

03B1-0. Three gas flow rates, 1/8, 2.1, and 6.2 I

0_/min were employed and the ozonator produced

respectively 106, 120 and 222 mg 0,/min. The vari

able gas flow rates were necessary due to the mod

erate to severe foaming problem encountered with the

various wastewaters employed.

Samples were generally removed from the reactor

at the following times: 0, 30, 60, 90, 120, 180 and

240 minutes, and analyzed for TC and TOC. Addi

tionally, pH and total alkalinity by titration with HC1

to pH 4.3 were measured for the influent and 240

minutes ozonated samples.

Activated Carbon Adsorption

For Runs 1A, 2A and 3A, after 240 minutes of

ozonation, a 200 ml aliquot of treated wastewater
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was placed in a sealed flask and contacted with 2.5 g/l RESULTS AND DISCUSSION

of Carborundum 1240 powdered activated carbon The primary thrust of this research was to ex-

(PAC) which had been prepared by the manufacturer amine the effect of ozone oxidation and activated

from the granular form. The suspension was agitated carbon adsorption on the removal of organics and

on a shaker table for 2.0 hours. Previous experience inorganics from oil shale wastewater; OXY-6, R-17

had indicated that adsorption equilibrium would be and R-17-DSS. Also, the effect of sequencing these

achieved within 60 minutes. The PAC was separated

from the liquid by vacuum filtration through a

Millipore 0.45 y filter. Equilibrium TOC and TC

concentrations were obtained on the filtrate by

injecting samples in duplicate into the Dohrman DC80

Organic Carbon Analyzer. TC analysis on the samples

did not require sample pretreatment; however, TOC

analysis required acidification (three drops of

phosphoric acid in a 15 m sample) and stripping with

zero grade nitrogen gas for three minutes prior to

injection into the Dohrman DC80.

When adsorption preceded ozonation (i.e., Runs

IB, 2B and 3B), 2.5 g/l of Carborundum 1240 was

mixed with approximately 3.0 I of shale oil

wastewater. The 3 suspension was mixed by a

three-inch magnetic stirring bar in a 4 erlymeyer

flask for a 2.0 hour period. Following vacuum

filtration through an 0.45y Millipore filter, the filtrate

was ozonated for 4.0 hours.

Equilibrium isotherm testing of R-17 and OXY-6

waters before and after 4.0 hours of ozonation was

also accomplished. For these runs, 200 ml volumes of

sample were mixed for 2.0 hours with various masses

of Carborundum 1240 PAC ranging from 500 mg/ to

5,000 mg/l . TC and TOC were measured by a

Dohrman DC80 on 0.45y filtered samples as described

above.

unit processes was examined to determine the optimum

treatment.

OXY-6 Treatment

A summary of the experimental results is pre

sented in Table 3 which lists the TC and TOC data as

a function of reaction time. Also included is the total

ozone admitted to the reactor at the various reaction

times.

In Rl-A, 251 of OXY-6 wastewater was ozonated

for the first ten minutes of the run at a rate of 106

mg O./min. Immediately, the batch foamed volu

minously and for the first ten minutes of reaction, the

foam escaped the reactor with the ozone/oxygen gas

and was collected in an open beaker. The total

volume of foam, after collapse, was 160 rrJl. It should

be noted that the foam was continuously being con

tacted with ozone/oxygen gas leaving the reactor

through a tygon reactor vent line and therefore,

treatment continued. After ten minutes of reaction,

the ozone rate was increased to 120 mg O^/l
min and

remained at this level for 20 minutes.

Initially, the foam in the reactor contained two

layers with a dark-brown color phase positioned over

a lighter, tan color. The liquid portion of the batch

was dark brown in color, but turned lighter with

ozonation time until after 240 minutes of reaction the

turbid liquid was light-green in color.

Total Carbon and Total Organic Carbon Removal

By Ozone Oxidation and Activated Carbon Adsorption

Reaction

Time

(min)

Z Ozone

(mg)
Admitted

,c

to Reactor
TOC*

Rl-B R2-A R2-B R3-A
"

roc

R3-B

L.3
TC TOC

!i_3
TC TO'C i^3

TC TOC
ill

TC

iJ
TC TUC

0 0 3652 2836 0 3652 2836 0 3948 3121 0 3948 3121 0 1878 1823 0 1878 1S23

After PAC

(2.5 g/i) 0 NA NA 0 3060 2334 0 NA NA 0 3198 2485 0 NA NA 0 1387 1388

30 3,460 3563 2814 3,600 2903 2252 3,530 3470 2817 3,600 2903 2380 6,600 - -- 3,600 1291 13U3

60 10.120 3245 2669 10,260 2682 2073 7,130 3267 2883 7,200 2709 2308 13,320 1684 1654 9,750 1234 12711

90 16,780 3095 2538 16,920 2443 1904 13,790 3184 2824 10,800 2527 2243 19,980 1609 1619 16,410 118/ 1205

120 23,440 3004 2446 23,580 2185 1717 20,450 3141 2769 17,460 2386 2070 26,640 1547 1588 23,070 1136 1124

150 36,760 - ~ 36.900 1841 1487 33,770 3037 2607 30,780 1774 1733 39,9990 -- -- 36,390 - -

240 50,080 2823 2343 50,220 1399 1136 47090 2907 2525 44,100 1616 1582 53,280 1296 1304 49.710 632 656

After 03
Plus PAC

(2.5 g/n) 2532 2095 .. NA NA ._ 2247 2180 NA NA .. 1003 991 .. NA NA

All TC and TOC values reported 1n mg/
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After 30 minutes of ozonation the collapsed foam

(160 ml) was re-injected into the batch and the

ozonation rate increased to 222 mg O./min.

From Figure 1 it can be seen that the rate of

TOC removal v/as greater for the first half of the run

than the last half. For example, the TOC decreased

from 2,836 mg/l to 2,446 mg/ during the first 2.0

hours, but only from 2,446 mg/ to 2,343 mgA, during

the last 2.0 hours of reaction.

These data indicate the production of ozone

resistant partial oxidation products during the early

stages of ozonation. After 4.0 hours of ozonation, the

treated wastewater was shown to be amenable to

adsorption by activated carbon since the TOC was

further reduced to 2,095 mg/l from 2,343 mg/l after

contacting with 2.5g/ of Carborundum 1240.

The companion run to Rl-A was Rl-B. Treatment

commenced by contacting the "as
received"

OXY-6

wastewater with 2.5 g/l of Carborundum 1240 for 2.0

hours then filtering the batch to remove the activated

carbon. This process reduced the TOC from 2,836 mg/l

to 2,334 mg/l which is lower than the final effluent

from Rl-A.

Ozonating the PAC-treated wastewater caused a

further reduction in TOC from 2,334 mg/j, to 1,136

mg/l.

Comparing the total reduction in TOC in Rl-A

and R2-A, it can be seen from Table 3 that 493 mg/

and 1,198 mg/ were removed by ozone treatment

respectively.

As with Rl-A, the final color of R2-B was light

green; however, the foam produced in this run ranged

from light tan to white.

R-17 Treatment

In the second series of runs, R-17 wastewater

was the substrate. The first batch treated was 2.5 1 of

R2-A. This dark-brown colored liquid foamed even

more effusively than Rl-A. The rate of ozone added

was 106 mg O./min for the first five minutes,

followed by 55 minutes of ozonation at 120 mg O./min

and finally 222 mg O./min over the next three hours.

For the first 13 minutes of the run, foam exited

the reactor. When collapsed, the total foam amounted

to 1,200 ml of liquid. At 30 minutes into the run,

ozonation was temporarily suspended and the 1,200 ml

of foamate added to the reactor and ozonation re

started. Once again, foaming was intense, resulting in

a collapsed foam volume from the reactor of 780 m

over the next 30 minutes of ozonation. As described

above, the collapsed foam was readmitted to the

reactor after 60 minutes of ozonation. Foam

carryover for a third time then occurred; however,

this time only 280 mof collapsed foam was collected

after 30 additional minutes of ozonation. This liquid

was reinjected into the reactor and no further foam

escaped, although it was present in the reactor mass.

Foam coloration in this batch was similar to Rl-A

that is brown, then tan and white with the latter

color predominating.

OXY-6 TREATMENT SEQUENCE

O OZONE -ACTIVATED CARBON

ACTIVATED CARBON -OZONE

10,000 20,000 90,000 40,000

OZONE ADMITTED (mg) TO THE REACTOR

30,000

FIGURE I

TOC REMOVAL AS A FUNCTION OF OZONE ADMITTED TO THE REACTOR
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The TOC reduction data plotted in Figure 2

indicated two distinct responses occurring during the

first hour and last three hours of ozonation. Overall,

the influent TOC was decreased from 3,121 mg/ to

2,525 mg/i

Activated carbon treatment reduced the TOC by

345 mg/S, to 2,180 mg/ for the 4.0 hour ozonated

R-17 wastewater.

In R2-B, the wastewater received activated

carbon pretreatment prior to ozonation. The result

was adsorption of 636 mg/l of TOC. Subsequent ozon

ation led to foaming and a small amount (144 mil) of

foam being transported out of the reactor to the

collection beaker. No foam left the reactor after 18

minutes of ozonation.

The color of the foam ranged from dark brown at

the commencement of the run and progressed to a tan

and finally an off-white color. At times during the

run all three colors were present in the foam, but

gradually the dark-brown, then the tan color disap

peared, leaving on the off-while color foam.

The liquid portion of the batch changed from a

dark-brown to a light, greenish tint. The liquid was

turbid.

After 4.0 hours of ozonation the TOC decreased

from 2,488 mg/ to 1,582 mg/ . These data are

displayed in Figure 2 from where it can be seen that

after 30,780 mg O, had been admitted to the reactor,

the rate of TOC destruction decreased slightly.

Comparing TOC removal by ozonation (Table 3) it

is seen that in R2-A, ozonation caused the destruc

tion of 596 mg/l of TOC while in R2-B, 903 mg/ of

TOC was removed. In terms of TOC removal by PAC,

in R2-A, 345 mg/ was adsorbed by the adsorbent

while in R2-B, the decrease in TOC due to

Carborundum 1240 was 636 mg/g, The total removals

of TOC in R2-A was 941 mg/ and for R2-B it was

1,539 mg/.

R-17-DSS Treatment

The substrate for the R3-A and R3-B was R-17

which had received double steam stripping (R-17-DSS).

This process removed 42% of the TOC from R-17 and

in doing, so decreased the foaming potential of the

wastewater. In R3-A foam escaped from the reactor

in amounts less than previously experienced with

R2-A; however, the fact that foam left the reactor at

all can be attributed to the high gas flow rate (i.e.,

6.2jj/min) and ozone mass flow rate of 222 mg O-/ min

employed. In R3-B for the first 35 minutes only, 120

mg Ojmirt of ozone was admitted at a gas rate of 2.11

/min and these conditions only produced a minute

amount of foam which exited the reactor.

At the end of the R3A, the liquid had changed

from a dark-brown to light green, while in R3-B, the

brown disappeared leaving a colorless solution which

at ten minutes prior to the cessation of the ozonation,

turned pink. When the ozonation was stopped the pink

color disappeared. No apparent reason for the color

change can be offered.

In R3-A the TOC removal after 4.0 hours of

ozonation was 519 mg/ . Treatment by activated

carbon reduced the TOC by an additional 310 mg/l to

994 mg/j, as seen in Figure 3.

292S

2J 2180

R-17 TREATMENT SEQUENCE

0 OZONE-ACTIVATED CARBON

ACTIVATED CARBON -OZONE

10,000 20,000 30,000 40,000

OZONE ADMITTED (mg) TO THE REACTOR

50,000

FIGURE 2

TOC REMOVAL AS A FUNCTION OF OZONE ADMITTED TO THE REACTOR
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R-IT-DSS TREATMENT SEQUENCE

A OZONE -ACTIVATED CARBON

4 ACTIVATED CARBON -OZONE

IOOO-

1304

A994

10,000 20,000 30,000 40,000

OZONE ADMITTED (mg) TO THE REACTOR

50.000

FIGURE 3

TOC REMOVAL AS A FUNCTION OF OZONE ADMITTED TO THE REACTOR

R3-B received treatment by activated carbon

first resulting in a TOC reduction of 435 mg/l and

after ozonation the TOC remaining was 656 mg/.

In analyzing the data presented in Table 4 it is

readily apparent that ozone utilization in terms of

TOC and TC destruction is maximized when activated

carbon treatment precedes ozonation for each of the

three wastewater types investigated.

Ozone Utilization in TOC anc TC Destruction

Run No.

Total mq Ozone

A TOC (mg/1)

Added Total mg Ozone Added

ATC (mg/f.)

Rl-A 101.6 60.4

Rl-8 41.9 30.2

R2-A 79.0 45.2

R2-B 48.8 27.9

R3-A 102.7 91.6

R3-B 67.9 65.8

The first reason for these responses is the fact

that when activated carbon precedes ozone, it is

presented with the total spectrum of organics present

in the wastewaters at high concentrations. The

classes of compounds readily adsorbed are nonpolar

entities which are difficult to oxidize with ozone.

Since the ozone oxidizes the remaining organics easily

and more completely, the TOC will be reduced and

the amount of ozone required will also be reduced.

A second reason for these responses is partially

found in the total alkalinity data listed in Table 5.

For example, during Rl-A, the influent had an

alkalinity of 7,044 mg/ which was reduced to 5,297

mg/fl, over the 4.0 hours of ozonation. In Rl-B, the

influent total alkalinity was reduced to 6,652 mg/l

after treatment with activated carbon; however, after

4.0 hours of ozonation, the residual total alkalinity

was considerably reduced to 2,006 mg/. In both runs

pH changes were moderate: 8.79 to 8.66 for Rl-A and

8.79 to 8.71 for R2-B.

TABLE 5

Total Alkalinity and pH Data

On Treated OXY-6, R-i7 and R-17-0SS

Run No. Rl-A Rl-B R2-A R2-B R3-A R3-3

H

Influent 8.79 8.79 8.50 8.50 7.50 7.50

Effluent 8.66 8.71 7.46 6.40 1.83 1.83

Total Alkalinity (mq/i)

Treatment

None 7044 7C14 6209 6209 548 548

Ozone (4.0 hrs) 5097 NA 1224 NA 0 NA

Ozone (4.0 hrs)
? PAC (2.5 g/i)

3865 NA 1124 NA 0 NA

PAC (2.5 g/Z) NA 6652 NA 5739 NA 542

PAC '2.5 g/i)
- Ozone

NA 20C6 NA 508 NA 3

The rate of organic oxidation by ozone is a func

tion of ozone mass transfer from the gas phase to the

liquid phase and the rate of ozone decomposition to

free radicals. Oxidation by the ozone molecule, O,, is

a slow, highly selective process, which generally

exhibits a first order response with respect to solute.

"Radical"
type reactions occur after ozone has

decomposed to free radicals. Oxidation reactions of

this type are characterized as, being extremely fast

and indiscriminate. High pH favors the decomposition

of ozone to free radicals but carbonates and

bicarbonates are known scavangers (Hoigne, et al.,

1978) of ozone free radicals. Since peroxyl and

hydroperoxyl free radicals are more powerful oxidants

than ozone itself, anything which tends to reduce

their concentration, such as alkalinity, would decrease
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the rate of organic total oxidation and thus increase

the requirement for ozone.

In R2-B again pretreatment with activated carbon

causes a reduction in total alkalinity from 6,209 mg/l

to 5,739 mg/l. After ozonation for 4.0 hours, how

ever, the remaining alkalinity is greatly reduced to

508 mg/l. The batch pH was reduced from 8.50 to

7.46 during the run. In R2-A, approximately the same

amount of alkalinity is removed by ozonation that is

6,209 mg/& to 1,224 mg/ ,
yet on the average more

alkalinity was present in the reactor during ozonation

than in R2-B. A drop in pH to 6.22 was noted for

this batch from an initial value of 8JO.

Comparing the alkalinity change in Rl-A and

R2-A by activated carbon, it can be seen that in the

former case, alkalinity was reduced by 1,432 mg/j, and

only 100 mg/l in the latter run.

The substrates for R3-A and R3-B were

double steam stripped R-17 and in the course of their

production, the total alkalinity was reduced to 548

mg/l and the TOC by 42%. Ozonation of R3-A led to

the production of acidic partial oxidation products

which reacted with the carbonates and bicarbonates

permitting the batch pH to be reduced as volatile

acids were stripped out of solution. In fact, within 30

minutes, the batch pH had been lowered to 2.80 which

is far less than the pK value of H.CO, and thus
K

a 2 3

CO- was oxygen-stripped from the aqueous phase.

The low solution pH was detrimental to the ozone

oxidation of the organics present in the wastewater

since ozone autodecomposition to free radicals is

catalyzed by hydroxyl ions. This is reflected in the

average 102.7 mg O- required to decrease 1.0 mg/ of

TOC in R3-A.

The pretreatment by activated carbon in R3-B

apparently increased the total alkalinity of the batch;

however, as in R3-A, the pH dropped quickly to less

than 2.0 and ultimately reaching 1.83 after 4.0 hours

of ozonation.

The amount of ozone required to reduce 1 mg/

of TOC in R3-B was 67.9 mg compared with 102.7 mg

in R3-A. Once again the beneficial effects of

adsorption are seen.

Examining the TC and TOC data in Table 3 for

these two runs shows that little difference exists

between these two parameters after at least 30 min

utes of ozonation. This can be interpreted that all

the inorganic alkalinity has been stripped from

solution and the remaining dissolved carbon was

organic in nature.

To quantify the effect of solution pH on ozone,

auto-decomposition and system kinetics, a third

ozonation run on double steam stripped R-17 was

carried out. To this 2.51 batch (R3-C) was added

NaOH to raise the pH to 9.0 and then boric acid and

K CI ( = 1.0N) to buffer the solution. The results of

this run are plotted in Figure 4 together with the

data from R3-A.

During R3-C, the pH of the batch dropped from

9.03 to 8.37 even though it was buffered, indicating

the production of acidic by-products and alkalinity

stripping. The data in Figure 4 reveal that, as ex

pected, the amount and rate of oxidation increased as

seen by the decrease in TOC by 745 mg/ as compared

R-I7-DSS OZONATIONS AT TWO pH LEVELS

& R3-A pH 7.3 to .0

R3-C PH 9.0 to 8.3T

2000-

10,000 20,000 30/300 40.000

C OZONE A0MITTE0 (mg) TO THE REACTOR

50,000

FIGURE 4

TOC REMOVAL AS A FUNCTION OF OZONE ADMITTED TO THE REACTOR
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with only 519 mg/l in R3-B. In terms of ozone

utilization, R3-C required 62.6 mg O^
to remove 1.0

mg/l of TOC while in R3-B, 102.7 mg O^
were

required. Again, these data reflect the fact that

ozone free radicals are more effective in totally

oxidizing organic carbon in shale oil wastewaters.

The second major reason why activated carbon

pretreatment prior to ozonation produces an effluent

lower in organic content and is the preferred routing

is found in the data listed in Table 6.

Adsorotion

/ias'

!sotfier-n Da ta on OXY-6 ;

ore and Aftei

ind *-l7

r Ozonati

311 Shale

on

XY-6 M-A s-;.7 S2 .\

PAC TOC

na/ma)

T0C

,'fia/mq)

TOC X/M

;.nq/mq)

TOC X/M

0 2836 - 2343 - 3122 - 2525 -

500 2568 0.536 2175 0.336 2794 0.556 2305 0.-150

1000 2563 0.273 2176 0.167 2530 C.492 2308 0.217

2=00 2203 0.253 2C63 0.112 2*57 0.266 2200 0.122

5000 1969 0.173 1965 0.076 2137 0.197 2052 0.395

The adsorption isotherm data reveal that higher

loadings (i.e., X/M) occur when either untreated
OXY-

6 or R-17 is the substrate than when these waste

waters had been ozonated for 4.0 hours prior to ac

tivated carbon treatment.

Primarily the reason for the decreased loadings is

the fact that ozonation causes the partial oxidation of

some dissolved organics leading to, in general,

structures which are more highly oxygenated and thus

more polar. Increased polarity leads to a decrease in

adsorption on the adsorbent.

SUMMARY

This research has shown that oil shale waste

waters can be treated by ozone oxidation and acti

vated carbon to remove dissolved organic carbon as

measured by TOC. Sequencing of these two unit

processes is important with activated carbon preced

ing ozonation as the preferred routing.

Higher loading of the adsorbent was achieved

before ozonation of each substrate than after ozona

tion and this is attributed to the production of polar

partial oxidation
products by ozone.

Ozone utilization efficiency in the reactor is

enhanced when the substrate is pretreated with ac

tivated carbon and again this is due to the fact that

the adsorbent removed nonpolar compounds which are

more difficult to completely
oxidize with ozone than

polar structures.

The removal of pollutants from oil shale retort

waters has been studied by a number of researchers

employing a wide variety of techniques. None of

these treatments individually has been successful.

Combinations of unit-processes will be required; how

ever, proper sequencing will determine the efficiency

of the process. For those systems employing activated

carbon and ozone oxidation, this is particularly

important.
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ABSTRACT

A sample of Oxy-6 retort water was analyzed

for its organic composition and evaluated for

response to treatment by combinations of ammonia

stripping and ozonation. This was followed by

activated sludge treatment with and without powdered

activated carbon (PAC). Biological treatment of

both raw and
ammonia-

stripped influents without the

addition of PAC resulted in dispersed and poorly

settlable biological floes. These systems exhibited

very little
biological growth and poor process

stability. It was concluded that biological treat

ment of full-strength raw or ammonia-stripped oil

shale retort water was not practical. Stable

biological oxidation could be established when

preceded by ammonia stripping and ozonation.

However, problems of dispersed and low biological

growth also persisted in this process.

Use of activated sludge with PAC to treat

ammonia-stripped retort water alleviated many of the

problems related to toxicity and low biological

growth. This process was shown to remove 89% of the

chemical oxygen demand and produce an easily set

tlable floe. This type of reactor was operated with

a hydraulic residence time of six days and a solid

residence time of forty days. Pretreatment of

ammonia-stripped retort water by ozonation prior to

activated sludge-PAC processing provided some

benefits to the treatment system. The PAC is

apparently essential to the formation of a settlable

floe and may also remove material inhibitory to

biological treatment. In all cases it was neces

sary to adjust the pH of the influent to a range of

5.0 to 5.5 in order to maintain the pH of the

reactor mixed liquor at about 7.0.

The organic materials in the retort water

that are refractory to biological oxidation belong
to the base/neutral fraction and consist of oxygen

ated, unsaturated nitrogen heterocyclics. Their

disposition in biological treatment varies, but

in general the relative proportions of the compound

classes are maintained with treatment. The
piper-

idinones, pyrrolidinones, and
cyclopentanopiper-

idinones are the dominant groups identified in the

base/ neutral fraction of the influent, and were

refractory in biological treatment. The acid

fraction consisted primarily of carboxylic acids as

large as Cu, and these compounds were removed

almost completely by activated sludge treatment.

INTRODUCTION

The nature of organic constituents in oil

shale retort water such as that from Occidental Oil

Shale Company's modified in-situ retort 6 (Oxy-6) is

considered to be extremely varied and complex (1 ) .

Moreover, these constituents are difficult to treat

efficiently in a biological oxidation process (2-6).

It is desirous to achieve efficient biological

treatment for oil shale retort water, because this

would provide industry with an option for reducing

relatively high concentrations of organic material

in retort water. This may be significant con

sidering the quantity of retort water which must be

handled. Effective reduction in retort water

organic concentrations could facilitate water reuse

and conservation, as well as reduce the potential

for environmental contamination. For these

reasons, this study was conducted to: (a) provide a

comprehensive analysis of the organic material in

treated retort water, (b) evaluate the performance

efficiency of variations in activated sludge

treatment for processing retort water, and (c)

follow the disposition of certain organic compound

classes In the treatment processes.

EXPERIMENTAL APPROACH

The modified in-situ retort water used in

this study was a sample collected from the sep

arator tank immediately downstream from Oxy-6

retort. The sample was collected, filtered, and

held in cold storage at Laramie Energy Technology
Center for subsequent distribution. *

Characterization of the organic material

consisted of analyses of the ammonia-stripped and

biologically treated samples using (a)
methylene-

chloride solvent extraction to fractionate and

concentrate the dissolved organic material into

three fractions; and (b) analysis by gas chroma

tography (GC), mass spectrometry (MS), and
high-

resolution MS. The gas chromatograph used was a

Hewlett-Packard (HP) 5840 fitted with various

accessories including an HP-50M fused-silica

carbowax 20M capillary-column. Previous work (1)

with fused silica OV-101 columns provided less

distinct peaks in separations and in peak shape. A

limited analysis with a high-resolution MS (VG

7070) fitted with a SLAM magnet and a Varian 3700

series GC was also used to verify the existence

of certain compounds detected by the GC/MS analysis.

The biological treatment study consisted of

bench-scale experiments in which
continuous-

stirred

reactors were used to evaluate variations in activ

ated-sludge applications. With the exception of

one experiment (see point 2 in Figure 1), all

treatment units received retort water influent that

had been:

1. Ammonia-stripped by heating the water in

a sealed tank at about 90C and purging

with nitrogen gas. The outlet gas

was condensed on a cooled glass surface

to maintain the volume. The retort

water was stripped to a residual am

monia concentration of about 50 mg/L

NH3-N.

2. Nutrient-enriched with phosphorus.
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Fig. 1 Flow Diagram of Oxy-6 Retort Water Treatment Study

3. Treated with sulfuric acid prior to

biological oxidation in order to lower

reactor influent pH from a value of

about 10 after ammonia stripping, to the

range of 5.0-5.5 This was necessary to

maintain a reactor-liquor pH of about 7.

Variations in treatment of the ammonia stripped

retort water, as described in Fig. 1, included:

1. Activated sludge (NH3/AS) reference

point 4.

2. Activated sludge with powdered activated

carbon (NH3-AS/PAC) reference point 5.

3. Ozone pretreatment and activated sludge

(NH3/O3-AS) reference point 7.

4. Ozone pretreatment and activated sludge

with powdered activated carbon
(NH3/O3-

AS/PAC) reference points 8, 9, and 10.

The PAC concentration in the mixed liquor of

the reactors was maintained at 5000 mg/L, and the

ozone dose applied f> biological reactor influent

was estimated at 70 to 75 mg/L. Dissolved oxygen in

the reactor was maintained at greater than 3 mg/L;

reactors were operated at room temperature. All

biological reactors were allowed a period of

acclimation followed by a period to achieve
steady-

state operating conditions. The reactors were then

operated for six to seven weeks or more to obtain

sufficient effluent characterization data.

TREATMENT

The 0xy-6 retort water characteristics are

shown in Table 1. Ammonia stripping achieved

significant reductions in ammonia without the need

for addition of lime or caustic. Stripping re

sulted in an increase in pH and slight losses in

SOC and COD and a decrease in alkalinity by about

50%.

The pH of the ammonia stripped water was

lowered to pH 7 before ozonation. The effects of

ozonation, as reported in Table 1, were a signifi

cant reduction in color and lowered levels of

phenol, COD, SCN, and pH. An increase in organic

nitrogen was also measured.

Activated-sludge treatment of raw unstripped

retort water with pH adjustment and phosphorus

enrichment was tested (see point 2 in Fig. 1). The

initial microbiological seed was a mix of acti

vated-sludge solids from units treating coal-coking

and coal-gasification condensate water. During

this portion of the study, feed strength was

gradually increased to 100%. It was found that

stable performance conditions could not be achieved

at the high feed strengths, that biological solids

settled poorly, and that concentrations of
mixed-

liquor volatile suspended solids declined steadily.

For these reasons, it was concluded after several

months of unsuccessful acclimation, that it is not

feasible to treat unstripped retort water at high

feed strength with the microbiological culture

used.
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Table 1 Typical Characteristics of 0xy-6 Retort Water

Average Concentration

Parameter Raw Ammonia-Stripped Ozonated3

(mg/L except as noted]>

COD 8400 - 9100 7000 - 7200 6500

SOCD 2800 - 3300 2200 - 2300 2000

Phenol 45 18 - 24 0.4

NH3-N 1100 - 1250 7-40 33

Organic Nitrogen 34 21 53

NO3-N <1.0 <1.0 <1.0

pH (units) 8.7 9.9 - 10.3 6.4

Alkalinity
(as CaC03) 6300 - 7800 3300 - 4100 900 - 1800

Color

(Pt-Co units) 2500 2500 300

SCN

TDS

55 - 60

9000 - 9500

45 - 52

9000 - 10,000

4

10,000

303 dose 70 mg/L at pH of 7.0.

"Soluble organic carbon.

Biological treatment of ammonia-stripped re

tort water (NH3-AS) achieved a 67% reduction of COD

across the biological reactor. However, the mixed

liquor consisted of pinpoint, dispersed floes with

poor settling characteristics. This resulted in a

slow decrease of mixed liquor volatile suspended

solids. Despite an operating period of about 100

days, it is probable that the reactor had not

sustained steady-state operation because the reactor

mixed-liquor suspended solids were declining and

because effluent suspended solids were high. Hence,
it was concluded that biological treatment of

full-

strength, ammonia-stripped retort water was not a

promising treatment alternative.

The NH3-AS/PAC unit treated the same quality

of influent retort water as did the NH3-AS unit, but

in this case Amoco PX-21 powdered activated carbon

(PAC) was added to the reactor mixed liquor to

maintain a PAC concentration of 5,000 mg/L. The

reactor was operated at a hydraulic detention (9jj)
time of 6 days and a solids residence time (9C) of

40 days. These operating conditions produced an

easily settled biological floe. The NH3-AS/PAC

reactor gave an effluent COD of 950 mg/L, which

corresponded to reactor COD removal efficiency of

86% and a system COD removal efficiency (including
ammonia stripping) of 89%. The soluble organic

carbon concentration was reduced by 90% as a result

of stripping and AS/PAC treatment.

The performances of reactors treating am

monia-stripped and ozonated influent retort water

was somewhat similar to that observed for the

NH3-AS reactor, except in this case reactor
mixed-

liquor volatile suspended solids remained at a

compartively steady level. The reactor was operated

at an hydraulic detention time of eight days. A

long value a sludge age was necessary because the

unit demonstrated low biological growth. For this

reason sludge was not intentionally wasted from the

aeration basin. A sludge age of 88 days was

calculated from the solids removed with the reactor

effluent. The COD removal efficiency was 79% across

the biological reactor, and effluent color was 500

Pt-Co units. It was concluded that full-strength

retort water could be treated biologically by

employing pretreatment consisting of ammonia

stripping and ozonation. The system demonstrated

dispersed biological growth, however, as well as

very little yield in the mixed liquor. For these

reasons, AS treatment of ozonated-stripped retort

water does not seem practical. During the first

few minutes of ozonation in batch tests, foaming
was excessive; this problem, however, would prob

ably not be significant in a continuous-operation

mode.

Three biological reactors were operated with

addition of PAC to evaluate the combined effect of

pretreatment consisting of stripping and ozonation

followed by activated sludge-PAC treatment. These

reactors were operated at different combinations of

hydraulic detention times and solids retention

times to evaluate the effects of changing these

parameters on performance. One of these reactors

was operated at e^j equal to 6 days and 6C
of 40 days to provide comparison data with the AS/

PAC reactor which received stripped retort water

without ozonation. It appeared that ozone pre

treatment at a dose of 70 mg/L rendered the retort

water slightly more amenable to treatment in the

AS/PAC reactors. This can be seen in Table 2 by

comparing the biological COD removal of the NH3-AS/

PAC reactor with that of the NH3/O3-AS/PAC reactor

operated at 6H of 6 days and 6C of 40 days.

The latter reactor achieved 90% COD removal

efficiency, a slight increase over the NH3-AS/PAC

reactor. The total efficiency of the NH3/O3-AS/PAC

system, including that of ozonation, was only 4%

more efficient than the reactor without ozonation.

Table 2 summarizes average operating condi

tions for the various reactors in which food-to-

microorganism ratio and specific utilization rate

have been calculated from an estimated value of the

biomass concentration in the mixed liquor for the

AS/PAC reactors. It was assumed that the PAC was
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100% volatile, and thus 5000 mg/L was subtracted

from the measured value of reactor MLVSS to esti

mate biomass concentration. Previous tests with

this PAC have shown that this is a reasonable

assumption. Table 2 also compares COD removal

efficiencies across the biological reactors, as

well as COD removal efficiencies from raw water to

reactor effluent. Note that the data for the AS

and NH3-AS systems represent non-steady state

conditions. Treatment of raw retort water by AS or

treatment of full-strength ammonia stripped retort

water by AS are not considered feasible options;

performance data for these reactors are presented

for purposes of providing information on operating

conditions which resulted in unsuccessful treatment.

In practice it is desirable to operate AS/

PAC reactors at high values of 8
c
to minimize PAC

makeup and regeneration requirements. It is also

desirous to operate with 9{j as low as practicable

to minimize aeration tank size and associated

capital and operating costs. It is noted that a

9C of 100 days with AS/PAC systems have been

reported for refinery waste treatment (8); however,
it is not known if such long values of 9C may be

acceptable for treatment of retort water. Minimum

practical values of 9H are also not known for

treatment of retort water, although data presented

here suggest that successful treatment may be

achieved with 9jj in the range of three to six

days .

Best overall COD removal efficiency and

reactor COD removal efficiency was achieved in the

NH3/O3-AS/PAC system operated at 9^ of 6 days and

9C of 20 days. Pretreatment by NH3/O3 followed by

AS/PAC treatment at 9fl of 6 days gave somewhat lower

effluent COD concentrations and somewhat higher

overall COD removal efficiencies than the comparable

NH3-AS/PAC treatment train.

Table 3 compares the effluent quality of the

four AS/PAC reactors. Ozonation prior to AS/PAC

treatment provided lower effluent color,
ammonia-

nitrogen, and organic-nitrogen. Data in Tables 2

and 3 indicate that the following is essential for

effective activated sludge treatment: (i) ammonia

stripping, (ii) influent pH adjustment to the pH

range of 5.0 to 5.5, and (iii) inclusion of PAC.

Phosphorus addition may also be essential, al

though it was not tested directly. Inclusion

of ozonation as a pretreatment step can be con

sidered marginally beneficial for promoting more

efficient removal of COD, color, ammonia, and

organic-nitrogen .

Ozonation was shown to remove color, and it

also may have oxidized some of the nitrogen species

associated with nitrogen heterocyclic compounds in

oil shale retort water. Partial evidence of this

was observed by an increase concentration of organ

ic (Kjeldhal) nitrogen after ozonation. Nitrogen

heterocyclic compounds are not usually reported by
the Kjeldhal digestion technique, and ozonation

probably rendered some of these materials amenable

to the digestion procedure.

ORGANIC CONSTITUENT ANALYSIS

The results of organic constituent analysis

of Oxy-6 ammonia-stripped retort water and of three

effluents from activated-

sludge treatment units are

presented in Tables 4 and 5. Table 4 is a summary

of the estimated concentration of
extractable-

chromatographable (E-C) organic material from the

aqueous samples. As indicated, 80% of the E-C

material in the ammonia-stripped water was in the

acid fraction and only 20% was in the base and

Table 3 Effluent Quality of Activated Sludge/Powdered

Activated Carbon Reactors

H

Average Concentration

NH3-AS/PAC

6

NH3/O3-AS/PAC

6 3 6

Parameter3

c
40 40 40 40

COD 950 670 980 580

SOC 270 270 370 220

BOD 61 81 30

Phenols <.05 <0.1 <0.1 <0.1

SCN 0.32 1.7 2.2 1.7

Color (Pt-Co units) 500 45 140 30

NH3-N 20.7 9.6 10.9 9.8

NO3-N 12.9 6.3 8.6 5.3

Organic N 16 9.7 11.4 9.0

CN-total 0.09 0.04 0.06 0.03

Freon Extracitables 3.8 <1 <1 <1

TDS 9700 9000 8400 8600

Conductivity ( mho/ cm) 8700 8900 9100 9300

Alkalinity (iis CaC03) 300 370 590 480

pH (units) 6.7 7.2 7.3 7.3

3In mg/L except as noted.
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Table 4 Extractable/Chromatographable Fractions and Their Reduction

(Estimated and Relative Concentration)

NH3-Sti

(mg/L)

ipped

(%)

NH3-
-AS Reduction NH3/03

(mg/L)

-AS

(%)

Reduction

%

NH3-AS/PAC

(mg/L) (%)

Reduction

Fraction (mg/L) (%) % %

Acid 286 80 4.6 13 98 12.2 22 96 6.9 18 98

Base/Neutral 71 20 29.4 87 59 42.1 78 41 30.7 82 57

Total 357 100 34.0 100 54.3 100 37.6 100

neutral fractions. In contrast, the base fraction

contributed about 80-90% of the residual E-C

material in treated effluents. The data indicate

somewhat similar removal efficiencies of the

base/neutral fraction and suggest the refractory

nature of this component to biological oxidation.

While removal efficiency for acid fraction ma

terials reached almost 100%, removal efficiencies

of the base/ neutral fraction ranged from about 30

to 60%. Minor differences in removal of base/

neutral constituents among the various reactors are

not considered especially noteworthy in view of

uncertainties regarding the accuracy and precision

of methylene chloride extraction of oil shale

retort water.

The types of organic compounds in the E-C

material identified by GC/MS are summarized in

Table 5. The list of compound types is compiled

from the identification of more than 150 compounds

in the acid, base, and neutral fractions of each

sample. For purposes of presentation, the base and

neutral fractions are combined because some com

pound types are common to both fractions.

Carboxylic acids in the Cg to Cu
molecular-

weight (MW) range are the predominant material in

the acid fraction, and these compounds comprise

almost 60% of the identified compounds in the acid

fraction of the ammonia stripped influent water.

The remainder of the acid fraction consists of

carboxylic acids in the C]^ to C5 MW range, phenols

and cresols, and benzoic and toluic acids.

Compounds identified in the base/neutral

fraction consisted primarily of unsaturated,

oxygenated, nitrogen heterocyclics. The pre

dominant group identified in the base/neutral

fraction was the piperidinones (and their alkylated

substitutes) which contributed almost one-half of

the total. Other compounds identified in the base/

neutral fraction were cyclopentanopiperidinoes,

Table 5 Organic Compounds Identified from the Oxy-6 Retort Water

Identified Influent % Reduction

E-C FRACTION NH -Stripped NH -AS NH3/03-AS NH -AS/PAC

% of % % % 2

ug/L Fraction Total ug/I- Reduction ug/L Reduction ug/L Reduction

ACID

Carboxylic Acids RCvoh
C1"C5

40,708 21 314 99 126 100 277 99

C*
"

C"
OH

113,383 58 3,271 97 1,039 99 - 100

Phenols/Cresols fil8
*

Acids
r^

Benzoic/Toluic ^^*CH

28,268

11,418

15

6

a
100

100

100

504 96

100

100

Acids 3

85 277Total 193,777 3,585 1,669

O
BASE/NEUTRAL JL

Cyclohexenones S*^ 439 1 - 100 100 - 100

Pyrroles t^ _

Pyrrolidlnones H LJ

252 1 143 43 107 58 221 12

5,541 16 4,155 25 5,262 5 6,055
+b

<C1
" C5>

^ H

Pyridines l^ -^

Piperidinones i^J

131 <1 30 77 100 100

15,519 45 5,667 63 8,562 44 5,956 62

Quinolines 00^
,P

455 1 382 16 100 36 92

Cyclopentanopyrrolidinones 11 J Q
703 2 403 43 139 80 524 25

Cyclohexenopyrrolldinones H fl J 2,621 8 524 80 1,223 53 762 71

Cyclopentanopiperidinones f \ j n 8,644 25

T5

2,729 68 8,048 7 4,011 54

Total
H

34,305 14,033 23,341 17,565

r =228,082 Z =17,618 I -25,010 -17,842

a- Signifies none detected.

b+ Signifies an increase.
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pyrrolidinones
, and cyclohexanopyrrolidinones .

Lesser groups in this fraction were cyclohexenones,

pyrroles, pyrridines, quinolines, and
cyclo-

pentanopyrrolidinones .

The resistance of base/neutral fraction

material to biological oxidation is also evident

from the data in Table 5. The exception is the

cyclohexenones which apparently are completely

removed by activated sludge treatment. All the

other compound groups are nitrogen heterocycles

and, except for the 2% that are pyrroles, pyr

idines, and quinolines, the remaining compounds

are unsaturated, oxygenated, nitrogen hetero

cyclics. The order of dominance among the four

most abundant compound types in the influent is

maintained in the effluents.

SUMMARY

capillary column to the GC for analysis. Addi

tional work, with similar objectives of char

acterizing and identifying the organic material in

these types of complex and varied solutions should

include the development of more advanced and useful

analytical methods.
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The activated sludge process was shown

effective in reducing the chemical oxygen demand

and soluble organic carbon of the Oxy-6 retort

water by approximately 90% when:

1. The raw water is ammonia stripped to

reduce the high ammonia concentration.

2. The influent to the biological reactor

has pH adjusted to about 5.5, and

nutrient phosphorous is added.

3. PAC is added to the biological reactor.

Successful operation of the activated-sludge

treatment requires an acclimated culture of micro

organisms grown in the presence of powdered

activated carbon (PAC). Although the optimal PAC

concentration or type is not identified in this

study, it appears from the research that the hy
draulic detention time of the NH3-AS/PAC system may

be in the range of three to six days, with a

mean-cell residence time of 40 days or more. Addi

tional bench tests that optimize these parameters

would be beneficial if not essential for obtaining

treatment design information. The NH3-AS/PAC

system provides a settable floe and PAC is effective

in reducing the water's dark color. Inclusion of

ozonation as a pretreatment step is marginally

beneficial for enhancing removal of COD, color,

ammonia, and organic nitrogen.

The organic compounds identified from

extractable-chromatographable material are primarily

carboxylic acids that are readily biodegradable.

Compounds found to be refractory and dominant in the

effluents from activated sludge treatment are

unsaturated, oxygenated, nitrogen heterocyclics,

especially pyrrolidinones, piperidinones,
cyclohex-

eneopyrrolidinones, and cyclopentanopiperidinones.

Although this analysis represents a screening

organic characterization of the retort water,

certain practical problems are evident with conven

tional GC/MS analysis of retort water. Solvent

extraction by methylene chloride is not efficient in

recovering polar organic material, hence compounds

of some classes are probably selectively neglected

in the extraction procedure. In addition, compounds

larger than molecular weight of 150-200 which may be

present in the sample are unable to pass through the
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ASSESSMENT OF THE CUMULATIVE ENVIRONMENTAL IMPACTS

OF ENERGY DEVELOPMENT IN NORTHWESTERN COLORADO:

STATUS REPORT

Paul Ferraro and Paul Nazaryk

Colorado Department of Health

4210 East 11th Avenue

Denver, Colorado 80220

Background

The Colorado Department of Health's Office of

Health Protection is responsible for air quality,

water quality, radiation control, health protection,

and solid and hazardous waste management programs in

the State. Because of our environmental and health

protection responsibilities, the Department finds the

problems associated with projected energy growth in

the six counties of Northwestern Colorado Garfield,

Rio Blanco, Mesa, Routt, Moffat and Delta to be of

particular concern.

All oil shale development in Colorado will occur

in two counties, Garfield and Rio Blanco, within the

region. Together the six counties produce 78% of the

coal, 62% of the oil, and 33% of the gas produced in

the State. Within this same region are uranium

mining and milling operations, a proposed methanol

project, and several major powerplants with others

either under construction or in an advanced planning

stage. Nowhere else in Colorado does such a concen

tration of energy resources exist. The environmental

impact of developing these resources simultaneously

could be significant.

The Colorado Department of Health, in associa

tion with the U.S. Environmental Protection Agency,

Region VIII, is studying the cumulative environmental

impacts of energy development in Northwestern

Colorado in order to develop a better understanding

of the environmental problems facing the region. The

study will examine both the direct and

secondary impacts of energy development. This paper

is a study status report. The draft report is

scheduled for completion in June of this year. The

final report is due at the end of August.

Energy Production Scenarios

For the study, the Department has developed

three alternative oil shale scenarios and one base

scenario for coal, uranium, oil and gas production

and powerplants. In this study we are examining the

environmental impact of energy development in the

Year 2000 only after the facilities are in place.

No attempt will be made to measure the environmental

impact during the construction
phase.-

Scenario I assumes that an oil shale industry

of 180,000 barrels a day will be in place by 2000.

Of that total, 163,000 will come from Colorado's

Parachute-Roan Creek Area and the remaining 17,000

barrels from Utah's Uintah Basin. Scenario II

assumes that an oil shale industry of 529,000 barrels

a day will be in existence by 2000. Of that, 303,000

would originate in the Parachute-Roan Creek Area,

121,000 in Colorado's Piceance Basin, and 105,000 in

the Uintah Basin. Scenario III assumes an oil shale

industry of 1,163,000 barrels a day by 2000. A total

of 538,000 barrels would come from the Parachute-Roan

Creek Area, 300,000 from the Piceance Basin, and

325,000 from the Uintah Basin.

None of the scenarios represent a "most likely

level of oil shale development. These scenarios
were

developed only for the purpose of this study
and do.
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FIGURE I

PROJECTED OIL SHALE DEVELOPMENT

COLORADO

1 Colony (Exxon/ Tosco)

2 Union Oil Long Ridge

3 Chevron - Clear Creek

4 Mobil Oil

5 Olies Service

6 Naval Oil Shale Reserve

7 Superior/Pacific

8 Cathedral Bluffs (c-b)

9. Rio Blanco (c-a)

10 Multi Mineral

11 Exxon-West Wiltow

12 Getty

UTAH

13. White River (u-a u-b)

14 Paraho-Ute

15. Tosco- Sand Wash

16. Geokinetics

17 Syntana

Areas with shale yielding 25 gallon/ton or r

feet thick

and at least 15

0 S tO 15 2S

l 1 J i L__i
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not necessarily represent oil shale company plans.

Table I shows the energy production scenarios.

Figure I shows the approximate location of the oil

shale projects used in this study.

pated coal mines, powerplant units and the W.R.

Grace project.

The base scenario assumes that oil and gas

production for the six counties for 2000 will

TABLE I

ENERGY PRODUCTION SCENARIOS - 2000

Energy

Oil Shale (BPD)

Scenario I

Scenario II

Scenario III

Powerplant Scenario (MW)

Coal Scenario (tons/yr)

Oil Scenario (barrels/yr)

Natural Gas Scenario (mcf/yr)

Uranium Scenario (lbs/yr)

Coal to Methanol (tons/day)

Production

Colorado Utah

163,000 17 ,000

424,000 105 ,000

838,000 325 ,000

2,239 760

28 ,200,000 (a)

18 ,500,000 (a)

63 ,800,000 (a)

270,000 (a)

5,000 (a)

(a) There may be production projected in Uintah and Grand Counties in Utah,

but it is not included as part of this Study.

The base scenario assumes that coal production in

the six county region will nearly double, from 14.6

million tons per year in 1980 to 28.2 by 2000. The

base scenario assumes that electrical generating

capacity for the region will increase from 551

megawatts in 1980 to 2999 megawatts by 2000. This

includes the Moon Lake powerplant which will be lo

cated just across the Colorado state line in Utah.

The study also assumes that the full scale W.R. Grace

Coal-to-rMethanol project will be constructed.

Figure 2 shows the approximate location of antici-

remain near 1980 levels 18.5 million barrels per

year for oil and 63.8 trillion cubic feet per year

of natural gas. This may be somewhat optimistic,

since other sources predict actual declines in oil

and gas production. The base scenario assumes that

uranium production for the region will increase from

about 110,000 pounds per year to 270,000 pounds per

year. This, too, may be somewhat optimistic, but it

assumes that nuclear powerplants currently under

construction will be completed, thereby increasing

demand for uranium. Figure 3 shows the location of
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FIGURE II

COAL MINES, POWER PLANTS AND METHANOL PROJECTS

(?) POWER PLANTS

] COALMINES

/M\ METHANOL PROJECT

MEDIUM AND HIGH GRADE BITUMINOUS COAL

SCALE IN MILES
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FIGURE III

OIL FIELDS, GAS FIELDS AND URANIUM DEPOSITS

OIL FIELDS

GAS FIELDS

URANIUM DEPOSITS
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oil, gas and uranium resources in Northwestern

Colorado.

Population Projections

In developing population projections for the six

counties and communities in the region, the Depart

ment plans to use a computer model developed by

Mountain West Research, Inc.

Land Impacts and Sensitive Environmental Areas

Within Northwestern Colorado are a number of

particularly sensitive areas including: two wilder

ness areas Flat Tops and Mt . Zirkel; two national

monuments Dinosaur and Colorado; one wildlife

refuge; habitat for a number of threatened and en

dangered species; and approximately 438,000 acres of

cropland.

In 1980 the six counties of the region contrib

uted about $61 million to Colorado's $1.3 billion

agricultural economy. Of the approximately 438,000

acres of cropland, 250,000 acres is irrigated. Crops

produced in the region include fruit, vegetables,

wheat, corn, barley, hay and beans. Grand Valley,

the heart of Colorado's $11 million a year fruit in

dustry extends from Mesa to Delta and on into

Montrose County. Figure 4 identifies agricultural

land in the region.

None of Colorado's oil shale resources lie

beneath agricultural land. Most coal that could be

strip mined in Colorado tends to lie under rangeland

rather than cropland. Moreover, according to the

Colorado Department of Agriculture's Agricultural

Land Conversion in Colorado study, "land reclamation

procedures have usually restored the original pro

ductivity of such agricultural land temporarily re

moved from production". The direct impact on agri

culture of developing the regions energy resources

will be minimal. However, the indirect impact from

energy-induced population growth could be more sig

nificant. Figure 5 shows land identified as being

suitable for urban development in the counties that

will be impacted by oil shale development Rio

Blanco, Garfield, and Mesa. These areas correspond

very closely to the agricultural lands identified in

Figure 4. In the study we will be assessing the

impact of energy development and the associated

population growth on agricultural lands.

Colorado National Monument, Dinosaur National

Monument, Flat Tops Wilderness Area, and Mt . Zirkel

Wilderness Area are all located within the six

county study region. The two wilderness areas are

designated Class I areas and are protected under the

Federal Clean Air Act. In the study we will be ex

amining the impacts of energy development on these

particularly sensitive areas.

Figure 6 identifies areas that serve as habitat

for threatened and endangered species in Colorado.

In the study we will be examining the impact of

energy development and the associated population

growth on these areas. The study will also assess

the impact of energy development on selected game

species in the region.

Air Quality

Currently air quality in Northwestern Colorado is

very good with one exception. Air monitoring in the

Grand Junction urban area shows violations of the

annual total suspended particulate standard. The

major source of this violation is background and

fugitive dust and suspended particulates generated

by the use of vehicles on paved and unpaved roads.

In assessing future air quality impacts, the

Health Department will be assessing the regional air

quality impacts of the three oil shale development
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FIGURE IV

EXISTING LAND USE

i

AGRICULTURAL
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FIGURE V

LAND SUITABLE FOR URBAN DEVELOPMENT IN OIL SHALE IMPACTED COUNTIES

UTAH COLORADO

I MOST SUITABLE FOR DEVELOPMENT

] MODERATELY SUITABLE FOR DEVELOPMENT

| LEAST SUITABLE FOR DEVELOPMENT

NOT SUITABLE

I I I ' '

SCALE IN MILES
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FIGURE VI

OCCUPIED RANGE OF THREATENED AND ENDANGERED SPECIES

GOLDEN EAGLE NESTING AREAS

BALD EAGLE NESTING

REATER SANDHILL CRANE

OCCUPIED RANGE OF THREATENED AND

ENOANGERED FISH SPECIES

PEREGRINE FALCON NESTING AREAS

SCALE IN MILES
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scenarios for PSD (Prevention of Significant Deteri

oration) increment consumption based on computer

model analyses performed by Systems Applications, Inc.

Estimates will be made for the total PSD (Prevention

of Significant Deterioration) increment consumption

of secondary sources. Visibility and acid de

position will be addressed.

Water Quality

The principal drainage basins within the study

area which will be impacted by energy development

include: the Yampa and its tributary, the Williams

Fork basin; the White River and its principal trib

utary, Piceance Creek; the mainstem of the Colorado

and several of its tributaries including Parachute

Creek, Roan Creek, and the Crystal River; and the

North Fork of the Gunnison River. The Yampa and the

North Fork of the Gunnison are subject to the im

pacts of coal resource development and coal
power-

plants. The White River Basin on the other hand

contains principally oil shale. The mainstem of the

Colorado will be impacted by coal and oil shale de

velopment and will bear the brunt of the population

increases brought about by energy development activ

ities.

For the study a general overview of water

quality in Northwestern Colorado will be presented.

Stream classifications and water quality standards

for streams within the region will be discussed.

The impacts of energy development and the associated

population growth on water quality will be projected.

A determination of the adequacy of wastewater treat

ment facilities in energy-impacted communities will

be made. Groundwater, non point source and salinity

impacts will be assessed.

Solid & Hazardous Waste

Estimates will be made of the quantities of

spent shale generated by oil shale operations, pile

size and stability for each of the three scenarios.

The generation and disposal of hazardous waste will

be addressed. Projections will be made on the

amount of sewage sludge produced by wastewater

treatment plants and municipal waste that will be

generated.

Noise Impacts

Projections will be made on noise levels due to

energy development and associated growth. The study

will focus on communities and nearby airports and

highways .

Information

Those interested in further information on the

study should contact :

Paul Ferraro or Paul Nazaryk

Colorado Department of Health

4210 East 11th Avenue

Denver, Colorado 80220

303/320-8333, ext . 3488
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THE CO-DISPOSAL OF RETORTED SHALE AND PROCESS WATERS:

EFFECT ON SHALE LEACHATE COMPOSITION

L. P. Jackson and K. F. Jackson

U. S. Department of Energy

Laramie Energy Technology Center

P. O. Box 3395, University Station

Laramie, Wyoming 82071

ABSTRACT

A study has been conducted to compare the

quality of the leachate from spent shales that have

been pre-moistened to approximately fifteen percent

water content with deionized water and with co-pro

duced retort water. The pre-moistened shales were

compacted, aged for periods up to one month,

leached according to the RCRA procedure and the

ASTM standard leach test, and the leachates analy

zed for various parameters including 40 metals,

ammonia, TOC, and numerous others. The data

gathered from this study can be used to assess the

potential environmental impact that may result from

co-disposing of shale and process water. The

economic advantages of co-disposal are obvious; it

lessens the requirement for plant make-up water to

wet the spent shale prior to disposal and it elimi

nates the need to treat the process water prior to

reuse or disposal.

INTRODUCTION

As the engineering technology for the produc

tion of oil from shale approaches commercial reality

in the Rocky Mountain region, two ancillary issues

remain unresolved in the minds of many. Namely;

are the water resources of the West sufficient to

support an oil shale industry and can the residuals

from oil shale processing be managed in such a

manner as to preclude unacceptable alterations to

the environment of the area? One only need refer

to regional newspapers from the past decade to find

ample evidence of the widespread concern on the

issues. Former Proceedings of this Symposium also

provide reports on the large number of studies

which have been conducted to provide definition

and potential answers to the problems. After many

years of engineering and environmental research,

the first commercial modules are being designed and

built in the field. These modules will be closely

watched by the technical community for their engi

neering efficiency and by the public for their

potential environmental impact.

With the exception of the Geokinetics process,

all proposed oil shale processing technologies in

volve at least some surface retorting which requires

the disposal of retorted shale. Each process also

produces a significant amount of process water

which is heavily ladened with organic and inorganic

materials. Recent studies of the disposal of retort

ed shale clearly indicate the need for added water

to optimize the handling, compaction, and
revegeta-

tion of the shale upon disposal (Culbertson, 1970;

McKee, 1976; Townsend, 1979; Heistand, 1981).

It has been considered feasible to co-dispose

of the process water with the spent shale (Brown,

1978). This approach has two attractive features of

environmental and engineering significance: (1) it

reduces the quantity of external water necessary to

support the industry; (2) it eliminates process

water treatment requirements and thereby costs.

In a related point, it is questionable that current

water treatment technology can cost-effectively

clean oil shale process water to the point where it

can meet plant reuse or discharge requirements.

Unfortunately, this co-disposal option is not

currently allowed under current EPA and Region

VIII policy. The Agency has adopted this policy as

part of its implementation practices for the Resource

Conservation and Recovery Act (RCRA) of 1976.

The impact of RCRA on oil shale development was

discussed by Stanwood (1980). For all its admit

tedly desirable features, the Agency is concerned

that the co-disposal option may combine two cur

rently separate disposal problems, namely, retorted

shale and process water, into a more serious prob

lem. The Agency has taken this position because it

has no data available to suggest that the co-dispo

sal alternative is in fact environmentally acceptable.

This position was fully discussed and explained with

cogent argument at the EPA-sponsored "Oil Shale

505



Wastewater Treatability
Workshop"

held in Denver,

Colorado, December 2-3, 1980 by Terry Thoem,

then of the EPA Region VIII Office.

The central focus of the EPA's position ap

pears to be institutional concerns over the quality

of the aqueous leachates from shale disposal piles as

it relates to potential effect on ground and surface

waters and the performance of the disposed material

under the RCRA hazardous waste characterization

procedure (Korper, 1980). The central technical

issues are: (1) the possibility that the undesirable

materials present in the process water would leach

from the disposal pile, and/or (2) the undesirable

anions and cations originally present in the retorted

shale would have increased mobility under leaching

conditions because of the synergistic effect of the

co-disposed process water. It was the consensus of

the workshop attendees, "...that further investiga

tion of the leaching potential of a slurried, com

pacted spent shale pile was critical to determining

whether wastewater must be treated before dispos

ing on the pile and what implication the Resource

Conservation and Recovery Act would have on

handling spent shale
piles."

Proceedings of that

workshop are available (Korper, 1980).

This work examines the impact of co-disposing

of four retorted shales and their companion process

waters on shale leachate quality as compared to

co-disposing of the retorted shale with distilled,

deionized water. The objective of this work is to

provide some initial data from which an informed

position may be taken with regard to the advisa

bility of the co-disposal of retort shale and its

companion process water. This work is not pre

sented as the complete answer to the question. It

is intended to stimulate the necessary investigations

to provide sufficient data to arrive at an acceptable

answer.

EXPERIMENTAL APPROACH

Shales and Process Waters

Four retorted shales were selected for this

study in order to gain sufficient data on the leach

ing characteristics when they are co-disposed with

either process water or distilled, deionized water.

Process waters from the same production period or

process were used as the moisturizing agents for

their respective shales.

Two of the shale-water pairs were produced at

the Paraho Oil Shale Demonstration Project near

Rifle, Colorado. The first, Paraho A, was pro

duced in 1978. The spent shale and process water

are from the Laramie Energy Technology Center

refrigerated research sample repository. The retort

was operating in the direct combustion mode and

the water was collected from the oil-water separa

tion tanks and therefore represents a water that

has been in intimate contact with the shale oil for

considerable time. This water is the most heavily

laden with organic and inorganic constituents. The

second water from the Paraho operation, Paraho B,

was produced in early 1981. The spent shale and

process water were acquired during a period of time

in which the retort was operating in the direct

combustion mode; the process water was collected as

the condensate from the recycle gas cooler and as a

result is less heavily laden with dissolved material

than the Paraho A water. The third shale-water

pair is from the operation of the LETC 150-ton

retort. The raw shale is from the Naval Oil Shale

Reserve Anvil Points mine as were the shales used

in the Paraho A and B samples. The fourth sample

set was provided to LETC by the Superior Oil

Company in 1977 and represents products from their

experimental work on Green River oil shale. Of the

four process waters studied, this water was the

least heavily laden with dissolved constituents.

Leach Tests

Two standard leach tests were carried out on

all samples. ASTM Method D3987 which uses distill

ed water as the leach medium was chosen to give

data on the overall quality of the leachates from the

various shale-water pairs (ASTM, 1982) and the

Extraction Procedure toxicity test (EP) required

under the provisions of RCRA (USEPA, 1980).

Each shale was moistened with its companion

process water and distilled, dionized water. These

two media represent the two extreme cases for

pre-moistening shale prior to disposal. The diffe

rences observed between the two sets of data are

intended to show: (1) the effect of spent shale on

the general water quality parameters, (2) the

synergistic effect of the co-disposal of process

water on the leach behavior of selected elements

from the retorted shale, and (3) the net impact on

leachate quality of using process water versus

"clean"
water.

To minimize variations in leachate quality
due

to particle size/surface area differences in the

samples, the shales were crushed and sized to pass
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eight mesh and be retained on thirty mesh sieves.

All fines were retained. Several liters of each

process water were prepared by filtering through a

0.45u filter. Samples of the shales were moistened

with the appropriate water and compacted into four

inch diameter cores approximately four inches high,

using ASTM Method D698-78 (ASTM, 1981). The

proportion of water, fines and 8-30 mesh shales

necessary to give competent cores varied from shale

to shale. The amounts of each necessary to make

one core is given in Table 1. Enough cores of each

shale-water pair were prepared to permit leaching

tests to be carried out on samples which had been

aged in open air for periods up to four weeks.

The two leach test procedures were used to extract

each shale-water pair; ASTM D3987 and the EPA-

RCRA procedure currently required for hazardous

waste identification.

TABLE 1

COMPONENT RATIOS FOR THE CONSTRUCTION

OF COMPETENT CORES USING ASTM D698-78

SHALE COMPONENT, gm (wt.%)

WATER FINES 8-30 MESH

Paraho A

Paraho B

LETC

Superior

225 (14)

200 (12.5)

350 (20)

200 (12.5)

155 (9)

155 (10)

168 (10)

155 (10)

1245 (77)

1245 (77.5)

1232 (70)

1245 (77.5)

or stabilized for future analysis. Metals in the

process water and leachates were analyzed for by

inductively couple argon plasma (ICAP) spectromet

ry, using the method of standard addition.

To minimize interference in the analysis, it was

necessary to digest the process waters with nitric

acid prior to analysis. All metal analyses were

performed using the method of standard additions.

All elemental concentrations were calculated using

graphic plots and/or linear regression analysis.

The suitability of ICAP spectrometry for the analy

sis of oil shale process waters has been discussed

previously (Fruchter, 1979; Jackson, 1980; Meglen,

1981).

Of the elements selected, seven are used in

the RCRA hazardous waste classification test (Sec

tion 3004 of PL 94-580) and the remaining seven

elements are of interest because of their presence

in the leachates. All samples were analyzed for

mercury, but the results are not reported because

the data was not considered reliable due to unre

solved experimental difficulties. The general water

quality parameters were done by standard methods

(EPA, 1979).

RESULTS AND DISCUSSION

The general water quality parameters used to

characterize the four oil shale process waters are

given in Table 2.

TABLE 2

GENERAL WATER QUALITY PARAMETERS

OF OIL SHALE PROCESS WATERS

PARAMETER PROCESS WATER

The leach tests were conducted on the cores

immediately upon preparation and after aging per

iods of one, two, three and four weeks. The tests

were carried out over these time invervals in an

attempt to detect any changes in the quality of the

leachates as the materials aged in air. Sixty-seven

percent of the leach tests were carried out in

duplicate on material from a single core; 33% of the

tests were carried out by leaching duplicate cores.

The compacted cores were fractured using the EPA

required Structural Integrity Test (SIT) (USEPA,

1980). After extraction, the leachates were filtered

through a 0.45u filter and aliquotes of the leachates

were analyzed immediately for parameters of interest

Paraho

A

Paraho

B

LETC Superior

PH 8.6 8.7 8.7 7.0

Conductivi

(umhos/cm

ity
)

160,000 70,000 80,000 >8,500

Ammonia
Nitrogen1

26,000 11,200 3,100 1,600

TOC1 44,000 14,200 4,000 5,000

CI"1 27,500 1,250 100 350

S04=1 10,800 190 50 3,000

All values in mg/L
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The elemental concentrations for the fourteen ele

ments reported in this study are found in Table 3.

TABLE 3

SELECTED ELEMENTAL CONCENTRATIONS

OF OIL SHALE PROCESS WATERS

ELEMENT1
PROCESS WATER

Paraho

A

Paraho

B

LETC Superior

Arsenic
(5)2

9 1.47 0.31 0.25

Barium
(lOO)2

0.15 <0.1 0.16 <0.1

Boron 3.6 0.13 0.18 1.83

Cadmium
(D2

0.20 <0.1 <0.1 <0.1

Chromium
(5)2

0.15 0.13 <0.1 <0.1

Lead
(5)2

<0.1 0.21 <0.1 <0.1

Lithium 2.9 0.37 <0.1 0.18

Manganese 0.17 0.22 <0.1 1.23

Molybdenum 0.47 <0.1 <0.1 <0.1

Nickel 0.44 <0.1 <0.1 <0.1

Selenium
(D2

4.4 0.41 <0.1 <0.1

Silver
(5)2

<0.1 <0.1 <0.1 0.24

Strontium 0.75 <0.1 <0.1 0.21

Thorium 1.66 0.13 <0.1 <0.1

1
All values in mg/L.

2 RCRA hazardous waste classification threshold

value for element concentration in leachates in

mg/L.

Comparison of these data with the work of earlier

investigators indicates that these waters are fairly

typical of their kind. It must be kept in mind that

these waters are generated by experimental techno

logies and may not be representative of the pro

ducts from commercial processes.

Table 4 summarizes the results of the analysis

for general water quality parameters of the leach

ates from the ASTM leach test on the various
shale-

water pairs. The data also reflects the effect of

the aging time of the moistened shale on the various

parameters. The ASTM test uses distilled, deion

ized water as the leach medium, whereas the EP

toxicity test uses distilled water plus up to 400 ml

of 0.5 N acetic acid. The EP toxicity test attempts

to control the leach medium pH at 5.0 0.2 during

the duration of the test, hence the use of the

acetic acid. The ASTM test is run on 350 gm of

waste and a liquid-solid ratio of 4:1. The EP test

is run on 100 gm of waste using a liquid-solid ratio

of 20:1. After filtration, both leachates are diluted

to a final volume of 2.0 L. For all of the shale-wa

ter pairs studies, the EP toxicity test required that

the full 400 ml of acetic acid be added and in all

cases the final leachate pH was above 6. The

addition of acetic acid precludes the meaningful

evaluation of the effect on leachate quality of co-di

sposal of process water on spent shale using the

general water quality parameters as a guide. Using

the data from the ASTM test, it is possible to see

the effect of co-disposing process water on spent

shale when compared with the ideal case of using

distilled water to moisten the shale for disposal.

Preparation of the compacted cores of each

shale-water pair required varying amounts of water

and shale (Table 1). After the core had been aged

in air for up to four weeks, the core was broken

using the structural integrity tester required by

RCRA and the appropriate amount of solid material

was weighed out for each leach test. The amount

of material required for the ASTM test is 350 gm;

for cores aged zero weeks (which are still water

wet) this means that a fraction of the co-produced

water used in making the core is still present and

will be diluted to 2.0 L when the leach is complet

ed. This leads to a theoretical "initial concentra

tion"
of 3.5% of the original concentration in the

process water parameter (for a waste co-disposed

with 20 wt.% process water) which is due solely to

the co-produced water. Using the data contained

in Tables 1 and 2, it is possible to calculate this

initial concentration for each shale-water pair.

These values are given in Table 4. It is useful in

assessing the immediate impact of the interaction of

the co-produced water and oil shale.

Inspection of the data in Table 4 shows that

the pH of the leachates from cores prepared with

process water always exceeds the pH of the process

water itself. The pH of the leachates produced

from cores prepared with distilled deionized water
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TABLE 4

EFFECT OF DISTILLED WATER, CO-PRODUCED WATER AND TIME ON THE LEACHATE QUALITY

OF MOISTENED, COMPACTED SPENT SHALES

SHALE

SOURCE

CORE AGE

WATER QUALITY PARAMETERS

pH CONDUCTIVITY CI
, mg/L

umhos/cm

S04 , mg/L NH3-N, mg/L TOC, mg/L

PARAHO A

Initial3 na4

na na na 0 666 0 262 0 650 0 1066

0 Week 12.0 10.2 5250 6500 7 507 419
nd5

>1 645 5 1370

4 Week 9.9 9.0 2100 4700 59 451 nd nd >1 >10 5 1075

PARAHO B

Initial3
na na na na 0 28 0 >5 0 245 0 311

0 Week 11.9 9.9 2750 2650 29 53 nd nd 0 32 >20 25

4 Week 9.7 9.7 1145 1460 66 94 nd nd >5 >5 >20 >20

LETC

Initial3
na na na na 0 >5 0 >5 0 108 0 140

0 Week 11.5 10.7 5500 3600 75 14 1713 1030 0 615 6 25

4 Week 11.1 10.5 4300 4440 >5 55 1162 930 1 3 >20 15

SUPERIOR

Initial3
na na na na 0 8 0 66 0 3.5 0 109

0 Week 9.4 9.3 2400 2900 >5 21 1908 708 0 39 >20 67

4 Week 9.4 9.2 3250 3900 >5 18 896 1073 2 2 >20 53

Distilled Water

Co-Produced Water

Initial concentration of material in leachate due to 1:10 dilution of co-produced water.

na, not applicable.

nd, not determined
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usually is higher than from the core of the same

age prepared with process water. This is probably

due to the buffering action of the dissolved carbon

ates present in the process water. In general, the

pH of all leachates decreases with increasing age of

the core. This can be attributed to the adsorption

of C02 by the cores as they age in the air.

The data available on chloride levels in the

various cores indicate that cores prepared with

process water generally release more chloride to the

leach media than do cores prepared with distilled

deionized water. An order of magnitude difference

is observed between the leachates prepared with

co-produced and distilled, deionized water for the

Paraho A cores, whereas the difference between the

two types of cores for the other process waters is

on about a factor of two. For process waters with

low chloride content, the level of chloride in the

leachates exceeds the level introduced with the

process water during core preparation. These two

items, when considered together, demonstrate that

some type of interaction has occurred between the

process water and the shale to increase the mobility

of the chloride present in the shale. The Paraho A

water is an exception to this observation in that it

has a rather high initial chloride content and con

tributes considerable chloride to the leachate. The

Paraho A cores prepared with process water de

crease the availability of chloride to the leachate

with increasing age, while the cores prepared with

distilled deionized water show a gradual increase.

These data may indicate that the shale mass will

dictate the final chloride content of the leachate at

some moderate level. Since the recommended drink

ing water limit is 250 mg/L (USEPA, 1975), it seems

that none of these shale-process water pairs will

release deleterious amounts of chloride if this leach

test is a valid indicator.

Where sufficient data was obtained, it appears

that the type of water used to moisten the shales

has little effect on SO4 levels in the leachates. In

three out of four of the cases reporting data, after

an initial high level at zero weeks, sulfate levels

decline with increasing age to a value of approxi

mately 1000 mg/L. Sulfate apparently originates in

the shale itself because its concentration far out

weighs the contribution from the process water. As

with chloride, the recommended drinking water

standard is 250 mg/L (USEPA, 1975). Whether a

value approximately four times the drinking water

standard is a permissable level of sulfate release, it

appears as though the level is controlled by the

nature of the spent shale and not the type of water

used to moisten the shale.

The data for ammonia nitrogen (NH3-N) and

total organic carbon (TOC) indicate that spent shale

is a very effective scavenger of these types of

materials from the process water by the time the

core has aged four weeks. Very low levels of

NH3-N and TOC are released to the leachate when

the spent shale is moistened with distilled water.

The levels of NH3-N at zero week for the Paraho B,

LETC, and Superior shales moistened with co-pro

duced water decline to >10 ppm by the time the

cores have aged one week; the Paraho A leachate

reaches this level in four weeks. The TOC values

indicate the same type of behavior among the four

shale-water pairs with the exception that the TOC

values for Paraho A cores prepared with process

waters do not decline below the initial concentration

with age. The reasons for this behavior of the

Paraho A material are not clearly understood. From

the data presented here, it appears that the co-dis

posal of process water with spent shale should not

have an adverse environmental impact when compar

ed with disposal of the same shales with a
"clean"

water.

In related work presented at last year's oil

shale symposium, Leenheer (1981) gave a detailed

discussion of the chemical and physical interactions

of oil shale process water with soils; he also

recorded a very effective ammonia nitrogen removal

in his studies. Fox (1981) presented an analysis of

the potential uses of spent shale to treat oil shale

process water and reported the same TOC removal

as recorded here, but under different conditions.

The preceding discussion hasV not ruled out the

possibility that co-disposed process waters :may

contain some undesirable materials which will leach

from the shale disposal pile under the right condi

tions. It does indicate that the species of principal

concern, namely; sulfate, chloride, total organic

carbon and ammonia nitrogen, will not be released

from the shale disposal pile, or if they are, their

presence is not attributable to the co-disposed

water. The chemical and physical characteristics of

the spent shale dominate and therefore dictate the

characteristics of the leachates with respect to

these parameters.

While most attention has been focused on the

aforementioned general water quality parameters,

the Resource Conservation and Recovery Act of
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1976 (Public Law 94-580) requires the assessment of

solid wastes for several other criteria, including

toxicity. The definition of toxicity under RCRA

hinges on the presence of any one of eight metals

at levels greater than 100 times the primary drink

ing water standards in leachates from the wastes as

generated by the EP toxicity test. These metals

and their permissable levels are given in Table 5

(USEPA, 1980). The levels of these metals (with

the exception of mercury) in the four process

waters are given in Table 3.

TABLE 5

PERMISSABLE LEVELS OF INORGANIC

CONSTITUENTS IN LEACHATES FROM WASTE

MATERIALS UNDER CURRENT RCRA GUIDELINES

ELEMENT MAXIUM LEVEL (mg/L)

Arsenic

Barium

Cadmium

Chromium

Lead

Mercury

Selenium

Silver

5.0

100.0

1.0

5.0

5.0

0.2

1.0

5.0

Inspection of the data reveals that only the

Paraho A process water contains sufficient materials

to be classified as hazardous if considered as a

straight effluent from a waste pile. In actual

practice, the maximum level of inorganic material

which can be contributed to the leachate from

shales co-disposed with 20 wt.% process water

under the EP toxicity procedure is 1% of the value

originally present in the process water [100 gm of

co-disposed waste (20 gm H20) extracted, filtered

and diluted to 2.0 L]. Therefore, in practical

terms, the direct contribution to the leachate con

tent of the co-disposed shale-water pair is very

small.

Another mitigating factor which should be

considered at this time and kept in mind throughout

discussions on this subject, is the actual quantity

of water needed to moisturize spent shale prior to

disposal. In the surface retorting of shales rang

ing from 86-103 L/tonne (25-30 gal/ton), approxi

mately 4681 kg. (1.5 tons) of retorted shale will be

produced per barrel of shale oil. The amount of

process water produced per barrel of oil varies

widely with the process, but is generally much

lower than the volume of oil. As a worst case

example, assume the production of one barrel of

process water per barrel of oil. The water neces

sary to moisten the retorted shale to the 20% level

is 1653 kg (750 lbs.). The one barrel of process

water represents 787 kg (357 lbs.) or 50% of the

water requirement for shale disposal. Therefore, at

least one additional barrel of water will be required

and it is likely that this water will be of better

quality, in some, if not all respects, than the

process water. In those aspects where the addi

tional water is cleaner (dirtier) than the process

water destined for co-disposal, the appropriate

dilution (enrichment) factor will have to be consid

ered. This aspect of the disposal process should

be kept in mind when considering the co-disposal of

process water with spent shale. Concern still

exists that this small contribution plus the material

which is available through direct leaching or
com-

plexation (with organic material and ammonia in the

process water) will cause the waste to be classified

as hazardous under RCRA.

Even though the EP leach test pH of 5.0 0.2

does not apply to any anticipated conditions for

waste shale disposal, it is still the required proce

dure. Under the conditions of the test, the waste

shales studied consumed the limiting amount of 0.5

N acetic acid and the final pH ranged from a low of

about 6.5 for the two Paraho shales and the Super

ior shale to a high of 8.5 for the LETC shale.

This condition was common for all cores regardless

of the water used to moisten the shale or the age of

the core.

The elemental concentration data on the extrac

tion of the various shale-water pairs is given in

Tables 6 and 7. The data reported are the zero

and four weeks values obtained from any given

shale-water pair. It was found that core age

(zero-four weeks) did not play a significant part in

the level of material found in the leachates. The

range of values for any parameter did not vary by

25% of the median except in the case of cores

prepared with distilled water and leached by the

ASTM method. In some cases, the zero week level
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TABLE 6

CONCENTRATION OF SEVEN METALS IN LEACHATES FROM RETORTED SHALES:

METALS CONTROLLED UNDER 1980 RCRA REGULATIONS

ELEMENT

SHALE

RCRA

LIMIT

CONCENTRATION, mg/L

ASTM: EP]

DISTILLED PROCESS2
DISTILLED PROCESS2

43

ARSENIC

Paraho A

Paraho B

LETC

Superior

0.13 0.11 0.13 0.20 0.18 0.27 0.19 0.24

<0.1 <0.1 <0.1 <0.1 0.21 0.33 0.18 0.18

<0.1 <0.1 0.28 0.1 0.26 0.26 0.25 0.28

<0.1 <0.1 0.44 0.14 0.13 0.1 0.19 <0.1

BARIUM

Paraho A

Paraho B

LETC

Superior

100

0.11 0.10 0.16 <0.1 1.6 1.6 0.43 1.03

0.23 0.16 0.14 0.11 2.7 2.2 3.4 3.6

0.14 0.12 0.13 0.15 0.48 0.39 0.38 0.39

<0.1 <0.1 <0.1 <0.1 0.84 0.63 0.75 1.11

CADMIUM Less than 0.1 mg/L for all cases

CHROMIUM

Paraho A

Paraho B

LETC

Superior

<0.1 <0.1 <0.1 <0.1 0.10 0.15 0.12 0.17

<0.1 <0.1 <0.1 <0.1 0.12 0.12 0.14 0.14

<0.1 <0.1 0.15 <0.1 0.15 0.17 0.14 0.12

<0.1 <0.1 0.12 <0.1 0.10 <0.1 <0.1 <0.1

LEAD

Paraho A

Paraho B

LETC

Superior

0.30 <0.1 <0.1 0.21 0.14 0.35 0.15 0.31

0.24 0.15 <0.1 0.26 0.30 0.40 0.26 0.32

0.12 <0.1 <0.1 0.40 0.67 0.40 0.49

0.1 <0.1 0.44 <0.1 0.16 0.32 0.28 0.42

SELENIUM

Paraho A

Paraho B

LETC

Superior

0.23 0.21 0.22 0.44 0.38 0.58 0.40 0.39

<0.1 <0.1 0.21 0.13 0.44 0.39 0.49 0.38

0.18 0.22 0.58 <0.1 0.43 0.51 0.61 0.51

0.20 0.14 0.74 0.15 0.45 0.48 0.42 0.41

SILVER Less than 0.1 mg/L for all cases,

Leach method.
2 Shale moistening water. Shale core age in weeks.
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TABLE 7

CONCENTRATION OF METALS IN LEACHATES FROM RETORTED SHALES:

METALS NOT CONTROLLED UNDER 1980 REGULATIONS

ELEMENT CONCENTRATION, mg/L

SHALE

ASTM1 EP1

DISTILLED PROCESS2
DISTILLED

PROCESS2

0 4 0 43
0 4 0

43

BORON

Paraho A 0.54 0.19 0.86 0.15 0.63 0.78 0.86 1.07

Paraho B 0.48 0.10 0.33 <0.1 0.48 0.39 0.44 0.48

LETC 0.36 0.37 0.40 0.45 0.53 0.54 0.65 0.55

Superior 0.22 0.16 0.20 0.29 0.96 0.71 0.66 6.57

LITHIUM

Paraho A 0.90 1.10 1.06 1.4 0.63 0.67 0.58 0.73

Paraho B 0.51 0.48 0.63 0.67 0.31 0.40 0.33 0.38

LETC 2.9 2.3 3.5 5.1 1.8 1.0 2.0 2.2

Superior 0.80 0.51 0.64 0.63 0.36 0.49 0.42 0.49

MANGANESE

Paraho A <0.1 <0.1 <0.1 <0.1 2.4 2.5 2.6 4.5

Paraho B <0.1 <0.1 <0.1 <0.1 3.2 3.8 3.2 4.0

LETC <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1

Superior <0.1 <0.1 <0.1 <0.1 3.3 3.8 3.4 3.8

MOLYBDENUM

Paraho A 0.86 0.27 0.78 0.40 0.21 0.35 0.20 0.29

Paraho B 0.36 0.14 0.51 0.47 0.20 0.22 0.15 0.19

LETC 0.28 0.82 0.39 0.32 0.39 0.46 0.43 0.53

Superior 0.46 0.39 0.50 0.38 0.25 0.22 0.25 0.20

NICKEL

Paraho A <0.1 <0.1 <0.1 <0.1 <0.1 0.22 0.21 0.25

Paraho B <0.1 <0.1 <0.1 <0.1 0.20 0.33 0.33 0.22

LETC <0.1 <0.1 <0.1 <0.1 0.21 0.20 0.22 0.17

Superior <0.1 <0.1 0.16 <0.1 0.19 0.18 0.20 0.17

STRONTIUM

Paraho A 1.5 0.20 2.3 1.4 7.2 11.9 11.0 11.9

Paraho B 1.4 0.15 0.20 0.13 8.6 9.2 9.0 9.4

LETC 3.6 2.3 3.0 2.2 8.3 8.3 8.3 13.5

Superior 0.58 0.33 0.44 0.39 10.5 10.0 10.4 10.4

THORIUM

Paraho A 0.13 0.22 0.56 0.87 1.5 1.7 1.5 2.0

Paraho B 0.15 0.14 0.41 0.61 1.5 1.4 1.5 1.6

LETC <0.1 <0.1 0.72 0.12 1.7 1.9 1.8 1.7

Superior 0.56 0.43 0.82 0.56 1.4 1.4 1.5 1.3

Leach medium. Shale moistening water. Shale core age in weeks.

513



was substantially higher than the older cores. The

thing that is immediately apparent from these data

is the fact that in almost every case, the levels of

metals released by the EP toxicity test is higher

than the corresponding level from the ASTM test.

Every trend must have exceptions and in this case,

it is lithium and molybdenum, whose release is

depressed by the EP test relative to the ASTM test.

This is undoubtedly due to the combined effect of

the lower pH and the presence of 0.1 N acetate ion

in the leach medium. By far the most important

thing to note is that of the seven elements report

ed, no element controlled by RCRA exceeds the

permissable level for non-hazardous waste classifica

tion regardless of test method or choice of moisten

ing water. The eighth metal controlled by RCRA is

mercury. The works of Fruchter (1979), Jackson

(1980), and Meglen (1981) indicate that the level of

mercury in leachates or process water is so low that

it will not cause the leachate to be classified as

hazardous. Indeed, most of the controlled elements

are present in amounts less than one-tenth of the

permissable level, with only selenium from the LETC

shale co-disposed with process water, approaching

60% of the permissable level (Table 6).

Other than the obvious fact that the EP test

with its reduced pH and high acetate concentration,

greatly influences the solubility of certain elements,

(note barium, manganese and strontium), care

should be exercised in assigning too much import

ance to the subtler differences in the various data.

Although every precaution was taken to produce the

most reliable data (duplicate cores were leached by

the same method; duplicate leaches were run on

material from the same core; the ICAP was run

using blank compensation, inter-element correction;

and all points were determined by the method of

three levels of standard addition), it would be

unreasonable to assign a precision of more than

0.05mg/L to each point and it is probably closer to

0.1 mg/L. Due to the complexity of the various

matrices and the low levels of many constituents,

even this level may be optimistic. Nonetheless, the

data is certainly of sufficient quality to say that

none of the controlled elements investigated in this

study are present in quantities which would cause

the co-disposal wastes to be classified as hazardous

under RCRA. Since the mineralogical form of the

various elements in the spent shales is probably the

dominant factor in controlling their leachability and

nothing is known of the various mineralogies at this

time, no reasons for any of the few observed signi

ficant differences between shales (i.e. higher levels

of barium in the EP leachates for the Paraho B

shale; higher levels of lithium in the ASTM leach

ates for LETC shale) can be offered at this time.

The data suggest that it may be in the best

interest of all concerned parties; industry, regula

tory agencies and the general public, to consider

dropping the requirement for the EP toxicity proce

dures when attempting to classify oil shale wastes.

The large inherent alkalinity of the shales tends to

overcome the principle condition of the test, name

ly, controlled pH, and introduces instead, wide

variations in pH and the presence of large quanti

ties of acetate ion. ASTM Standard Method D3987

can be used instead because: its distilled water

matrix more closely resembles the leaching medium

(rain and/or snow) which is likely to be found in

oil shale country; it introduces no foreign ions to

influence the solubility of materials; and does not

provide an unnatural pH environment for the leach

test. More examples should be documented before

this approach to the EPA is undertaken.

CONCLUSIONS

The results of the batch leaching study indi

cate that no significant environmental impact will

result from the co-disposal of oil shale process

water and retorted oil shale. Use of either distilled

deionized water or 0.1N acetic acid as the leach

media shows that aresenic, barium, cadmium, chro

mium, lead, selenium, and silver are released from

the co-disposed materials at levels approximately

one-tenth of the RCRA limits for hazardous waste

classification. Total organic carbon is adsorbed

from the process water by the retorted oil shale

and therefore poses little or no threat to the envi

ronment. Sulfate and chloride levels as well as the

specific conductance of the leachates from shale-wa

ter pairs are dictated by the shale mass itself and

little if any impact of the co-disposed water can be

detected. Only sulfate and total dissolved solids,

as indicated by specific conductance, exceed the

recommended drinking water standards in leachates

from shales and this occurs regardless of the na

ture of the moisturizing water.

The results presented here show that the EP

toxicity test as required by RCRA has a serious

drawback when applied to the evaluation of oil shale

wastes; namely, the extraction of metals not normal

ly extracted from oil shales by water. The
pre-
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sence of 0.1N acetate ion in the leach media and the

decreased pH of the extraction media are the prob

able cause of this effect. It may be advisable to

petition the EPA for permission to substitute ASTM

D3987, because it more accurately represents real

world conditions in the West and still extracts those

metals of concern under RCRA.
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ABSTRACT

Both the raw shale material and the retorting

process parameters are influential in determining

the subsequent behavior of the spent shale solids

with respect to leaching and/or environmental weath

ering. The process parameters define the mineral

reactions that occur to form the mineral assemblage

in the spent shale, while the major and trace ele

ment residences and mobilities from the raw shale

determine the extent of incorporation of these ele

ments in the spent shale matrix and ultimately the

composition of leachate generated by the spent

shale solid: water interaction. In order to under

stand leachate compositions, it is necessary to

determine this water: solid interaction, but the

solid wastes being considered are a dependent func

tion of the raw shale material and the process param

eters. Thus, in order to understand the chemical

principles operative in leachate generation, it is

necessary to elucidate the interplay of the raw mate

rial and the process parameters in the formation of

the waste and then the interaction of the waste form

with water. The leachate and the solid waste are

dependent variables, while the raw shale and the pro

cess parameters are independent variables. These

considerations are illustrated by results of chemical

characterization and experimental studies of field

generated spent shales. Results from field gen

erated materials are used to describe important

considerations relative to the understanding of

leachate chemistry.

INTRODUCTION

Complex health and environmental issues will

affect both the extent and rate of development of

the western oil shale resource. Included among

these are concerns such as, land disruption, aquifer

diversion, air and water contamination, waste dis

posal, and health and environmental problems asso

ciated with the refining and utilization of the

shale oil (1). One of the most pressing questions

that needs resolution early in the oil shale devel

opment cycle concerns the nature and seriousness of

water contamination caused by the extraction and

processing of oil shale, and the disposal of the

solid and liquid wastes generated. There are poten

tial water pollution problems attendant to both

surface and underground processing of oil shale, and

indeed the choice of recovery technology may hinge

on the solvability of such health and environmental

issues.

In order to develop an orderly perspective of

health and environmental consequences of oil shale

(or any synfuel) processing, the identity and be

havior of the raw material, the fundamental chemical

principles operative during processing, and the

interaction of raw material and the process to yield

products, effluents, and waste must be understood.

The utility of this approach is illustrated with the

aid of Figure 1. This figure deals with considera

tions relating to leachate generation from solid

wastes, but the approach is applicable to under

standing the nature and extent of a_M products and

effluents from synfuel s operations. In order to

understand leachate composition, it is necessary to

determine the water/solid interaction, but the solid

waste being considered is a dependent function of

the raw shale material and the process parameters.

Thus, in order to understand the chemical principles

operative in the leachates (effluents), it is nec

essary to elucidate the interplay of the raw mate

rial and the process parameters in the formation of

the waste and then the interaction of the waste form

with water. The effluent and the solid waste are

516



SYNFUELS CHARACTERIZATION

Raw Material

Process

Processed Material

Effluent

Figure 1. Important factors determining compo

sitions of effluents from synfuels

processes.

dependent variables, while the raw shale and the

process parameters are independent variables. The

role of careful characterization of solids in devel

oping an integrated assessment of health and environ

mental consequences of synfuels processing is obvious.

In order to illustrate the importance of mate

rials characterization in developing an understand

ing of synfuels processing impacts, research efforts

concerning the question of retort abandonment after

in situ oil shale processing will be described. The

retort abandonment issue is critical with respect to

maintenance of groundwater quality after commercial

operations have ceased. The study of two spent shale

cores and one raw shale core from Occidental Oil

Shale Inc's. Logan Wash site has been completed and

this information has been used to evaluate the

extent of concern associated with retort abandon

ment. The solid core (raw and spent) samples have

been characterized by infrared spectroscopy, x-ray

diffraction, and, in some cases, optical microscopy

and scanning electron microscopy/energy dispersive

spectrometry. Trace element concentrations in the

solids were determined by neutron activation anal

ysis. These solid samples were leached by a stand

ard procedure, leachate composition was determined

by direct current argon plasma emission spectros

copy, and solution chemical principles controlling

leachate composition were investigated. These data

are necessary for the ultimate definition of the

physical (e.g. surface area effects, permeability,

and mineral environment effects) and chemical (e.g.

oxidation-reduction, decomposition, and mineral

reactions) processes that are responsible for en

hancement of trace element mobilities from spent

shale solids. The results of the characterization

studies will be described, assessment of water

quality implications from these data will be briefly

discussed, and the role of solids characterization

in determining health and environmental consequences

of synfuels processing will be summarized.

PROCESS DESCRIPTION

Occidental has been experimenting with modified

in situ (MIS) technique at Logan Wash, CO. since

1972. The method involves mining to remove 20-25%

of the rock from a chamber (or room), explosive

fracturing of the rock to uniformly redistribute the

void created by mining, and igniting the organic

bearing rock to pyrolyze and then distill the or

ganic material from the solid. A heavy oil type

liquid condenses at the bottom of the retort and is

pumped to the surface. Heat for the retorting

process is provided by combustion of the residual

organic carbon left on the rock after the major

organic material has distilled away. The third

experimental retort, designated 3E, measured 32 ft.

square by 113 ft high. Data indicate significant

inhomogeneities in retort 3E solids suggesting

channeling in retort 3E. The combustion front

ceased after moving through the upper half of the

chamber. The input gases in retort 3E were 70% air

and 30% recycle gas. Water was injected into the

retort several times for process temperature con

trol. Offgas was recycled through the retort for

several weeks after the retort was shut down. The

consequences of these procedures are discussed after

the characterization data is summarized.

MINERALOGY

(1). Raw Shale. Various authors have reported

investigations of mineral species in raw oil shale

(2-4). The mineral composition varies
stratigraph-

ically, but carbonates and silicates predominate in

most zones. Carbonate minerals found in raw shale

include dolomite/ankerite, calcite, and in the dep

ositional center of the basin, lesser amounts of

nahcolite and dawsonite. Silicate minerals found in

raw shale include orquartz, albite and orthoclase,

as well as illite, other clay minerals, and analcime.

In addition, small amounts of pyrite are widespread

throughout the Green River formation.
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TABLE I

RAW SHALE MAJOR MINERALOGY SUMMARY

LOGAN WASH CORE
LW-1563

Zone 1 Zone 2 Zone 3

8173-7923
ft.D

7923 -7698
ft.u

7698 -7623 ft.

a-Quartz M M-S M-S

Dolomite M-S M-S M-S

Calcite M M W-M

Analcime W W-M M

Plagioclase M-S VW W

Orthoclase W VW W

Augite VW VW W

Pyrite T 0 T

Illite 0-T W W-M

aLegend (relative phase content): S =

VW =

very minor, T = trace, 0 = none

Absolute elevation.

A summary of the mineralogy found in core

LW-156 from the Logan Wash site is given in Table I.

The zonation indicated in Table I was determined by

examining differences in mineralogy and leaching

behavior of the solids. The carbonate minerals do

not vary detectably as a function of depth and most

of the noticeable differences are variations in the

identity and quantity of silicate minerals. Analcime

and the clay mineral illite increase steadily as a

function of depth, while the plagioclase feldspars

decreases steadily as a function of depth. An

unidentified metamorphic mineral, similar
crystal-

ographically to the augite solid solution (listed as

augite in Table I), increases steadily with increas

ing depth. The effects that these differences had

on leachate composition will be discussed shortly.

(2). Spent Shale. The raw shale mineral

phases discussed above undergo a variety of decom

position and solid phase reactions during retorting,

depending on the original raw shale composition,

maximum retorting temperature, time at maximum

temperature, heating rate, gas atmosphere (and

pressure), postburn conditions, etc. The extent of

carbonate decomposition and silicate formation, as

well as the disappearance of orquartz, plagioclase

feldspars, and potassium feldspars, indicate the

extremes of temperature and retorting atmosphere

:
major, M =

moderate, W =
minor,

detected.

experienced by the spent shales. Ln situ retorted

spent shales experience more extreme conditions than

surface retorted shales, and thus decomposition and

silication reactions occur to a greater extent. The

major high temperature product phases include

akermanite-gehlenite and diopside-augite solid solu

tions. Mineralogical data for spent shale cores

from Logan Wash retort 3E are summarized in Table

II.

Mineralogical changes that occur during oil

shale retorting are dominated by silicate and car

bonate reactions and depend on the gas environment

(5,6). At less than 770 K, the minor saline sodium

carbonate minerals dawsonite, nahcolite, shortite,

and trona decompose to yield sodium carbonates,

C02, and water. At slightly higher temperatures,

the major carbonate minerals calcite and dolomite

begin to decompose significantly. Dolomite decom

position proceeds at 925-1025 K with evolution of

C02 and formation of periclase and calcite. The

periclase persists at lower temperatures but dis

appears at higher temperature because of silicate

formation. The calcite is chemically indistinguish

able from the original calcite (5). Calcite decom

poses above 1075 K with evolution of C02. Steam

greatly enhances the decomposition of dolomite and

calcite and promotes silicate formation, whereas

C0 inhibits calcite decomposition and depresses
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TABLE II

SPENT SHALE MAJOR MINERALOGY SUMMARY

CORES R3E2 AND R3E3

Zone A .

7823-781
3r

0

0

0

0

0

0

0

0

S

W

0

0

W

0

Dolomite

Calcite

Quartz

Orthoclase

Plagioclase

Analcime

Aragonite

Gypsum

Akermanite

Diopside

Monti eel lite

Forsterite

Kalsilite

Periclase

.For legend see Table I.

Absolute elevation in ft.

Zone B .

7813-7798t:

0

M

T

0

M

W

T

0

w

w

0

0

0

0

Zone C .

7798-7768*

0

M

T

0

0

0

W-M

T

S

M

M

0

W-M

0

Zone D .

7768-7733*

0

W-M

T

W-M

0

0

w

T

M

S

W-M

T

M

T

Zone E .

7733-7693*

M

M-S

M-S

0-T

M

W-M

T

T

T

W

W

0

0

w

silicate formation. At greater than 1075 K, calcite

may also react with quartz to form calcium silicates,

or perhaps with feldspars to form calcium aluminum

silicates. This competing reaction does not occur

until a temperature is reached at which k for the

reaction is greater than the partial pressure of

C02; then it proceeds very rapidly (5). In addition

at -v 1075 K silicate minerals, such as analcime and

various clays, decompose forming titanium, aluminum,

and iron oxides. These oxides also may react with

each other to form nonreactive silicates of the

augite or akermanite-gehlenite series.

Postburn mineralogical reactions are dominated

by aqueous and gas phase precipitation reactions.

Abandoned retorts may require water or gas cooling

to promote structural stability. Retort 3E was

cooled by recycle gas with high C02
concentration.

Water was also injected into this retort five times

during retorting to dilute the inlet air with steam.

Commercial retorts may be cooled by a water quench,

which may cause chemical reactions between the min

eral phases in the hot spent shale and the coolant.

Aragonite, which was identified in cores from retort

3E, is the preferred crystalline form of calcium

carbonate precipitating from warm solutions. This

type of reaction may occur during water injection in

the gas recycle mode. Some calcite may also have

precipitated after cooling because of high alkalinity

of groundwaters seeping into the retort. Gypsum also

may be formed during postburn treatment or during

recycle retorting. Sulfur dioxide in the offgas

is known to react with CaO in the spent shales to

form gypsum (7).

This shows that the disappearance of raw shale

minerals and the formation of a new suite of min

erals in the processed shale can be accomplished

through a variety of reaction pathways determined by

process variables such as maximum temperature, time

at maximum temperature, heating rate, and atmosphere.

These mineral reactions are accompanied by chemical

reactions of the minor and trace elements. Both the

mineral and chemical reactions that occur during

retorting affect the mobility of the major, minor,

and trace elements from the shale when contacted

with water. The mobility of elements can be af

fected by several factors, including decomposition
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or reaction of the the original mineral hosts, the

ability of newly formed spent shale minerals to

accommodate major, minor, and trace elements in

their crystalline structures, and the oxidizing or

reducing nature of the atmosphere. These factors,

as well as solution chemical considerations, must be

considered in investigations of leachate composi

tions generated from spent shales. Thus, mineralogy

of spent shales is important in process assessment

and in evaluation of the health and environmental

acceptability of products and effluents from the

retorting technology.

Examination of Table II indicates the range of

mineral types present in the spent shale assemblages

(8,9). Each mineral type discussed above is found

in varying quantities throughout retort 3E and

careful evaluation of the data reveals several

observations about the processing history of this

retort. The extent of silicate formation and carbo

nate presence in retort 3E is graphically presented

in Figure 2.

There are five zones in retort 3E, each char

acterized by a different mineral assemblage. Each

assemblage provides insight into the process con

ditions experienced by the material in each zone.

Zone A extends from 7823 to 7813 ft (depth: 435 to

445 ft.) and contains very few carbonate minerals,

very little quartz, and large quantities of high

temperature silicate products. This zone has seen

high temperatures probably due to ignition of the

retort. Zone B extended from 7813 to 7748 ft. (depth

: 445-460 ft.) and contains moderate amounts of

calcite, aragonite, and quartz. There are very few

high temperature silicates in this zone. The cal

cite probably survived the retorting process, while

aragonite is due to postburn operations. This zone

probably experienced temperatures in the range 800

to 1000 K for short duration. Zone C extending from

7798 to 7768 ft. (depth: 460-490 ft.) is character

ized by some calcite and aragonite, almost no quartz

and large amounts of high temperature silicate prod

ucts, predominantly akermanite-gehlenite solid solu

tion with lesser amounts of diopside-augite solid

solution. This zone experienced high temperatures

for moderately long periods of time. The combustion

front terminated at the bottom of this zone and it

seems to have been affected slightly by postburn

operations. This zone, along with Zone D, expe

rienced the most extreme process conditions in

retort 3E. The other high temperature zone, Zone D

extending from 7768 to 7733 ft. (depth: 490-525

E (arbitrary units)

Figure 2. Carbonate, a-quartz, and product silicate

minerals variation with depth OOSI core

R3E2

ft.), has very few carbonates, very little quartz,

and large quantities of high temperature silicates.

These products were mainly diopside-augite solid

solution and lesser amounts of akermanite-gehlenite

solid solution. Forsterite was detected in core

R3E3. The most probable reasons for the indicated

mineralogical changes from Zone C to Zone D are

higher temperatures for different heating durations

for one section compared to the other or a change in

the bulk composition of the raw shale in the vicin

ity of 7770 ft.
, that would alter the mineralogic

reactivity pattern. The 7770 ft elevation corresponds

to the A-Groove marker and the beginning of the

Mahogany Zone, but this level falls in the middle of

core LW-156 Zone 2 and there are no obvious dif

ferences in the inorganic matrix above and below

that level. It is not certain what combination of

retorting conditions will favor particular high
-

temperature silicate products, although a recent in

vestigation suggests that there are trade-offs

between maximum temperature and time at maximum

temperature (10). However, it is obvious that Zone

C and D experienced the most severe processing con

ditions. Zone E extends from 7733 to 7693 ft (depth:

530 to 565 ft.) and represents the "bottom
plug"

of

the retort. This region is characterized by large
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amounts of carbonate minerals that appear to have

been unaffected by postburn operations, large quan

tities of quartz and feldspars, and few high tem

perature silicate phases. These materials have only

experienced low to moderate temperatures, probably

less than 1000 K. It is also possible that the

small quantities of product silicates may be friable

materials previously existing in Zones C and D.

LEACHING BEHAVIOR

Solid samples from the Logan Wash raw shale

core LW-156 and from the spent shale cores retrieved

from retort 3E have been subjected to a standard

leaching experiment in order to determine the water:

solid interaction as a function of the mineralogy of

the solid material. If the experiment is done in a

rigorously controlled fashion, results from the

leachates should reflect differences in the solids

and complement other solid characterization tech

niques. Baseline data for raw shale leachability

and similar data for spent shales is essential to

understand the physical (surface area) and chemical

(mineralogy) principles controlling solubilization

of contaminants from the solid by water and to

determine the factors (solution chemical control,

adsorption) that control the mobility of contam

inants away from the solids after dissolution.

The standard leaching experiment is a static

shaker experiment involving a 5:1 water to solid

ratio of distilled water and -100 mesh solid mate

rial. The experiment is usually conducted for 48

hours. Details of the experimental procedures and

analyses are described elswhere (11). Leachate com

positions depend on the extent of occurrence of

minerals in the solid material, the amount of each

element available in the solid material, the dynamic

effects that control the mobilization of a par

ticular element from the bulk solid to solution at

the solid/ liquid interface, and the chemical pro

cesses that occur as the bulk solution constituents

move to establish equilibrium. The experiment

described above is designed to address the first two

and the last consideration. To understand the

equilibrium process that affect the solution chemis

try, dynamic effects are investigated in separate

experiments. The static experiments are more useful

as a solid characterization tool, because fewer

variables are involved and results are more easily

interpreted.

(1). Raw Shale. A summary of leachate con

centrations of selected major and trace elements for

leachates generated from raw shale core LW-156 mate

rials is shown in Table III.

These data are organized according to zones

delineated by mineralogy data. It is obvious that

differences manifested by changes in mineralogy as a

function of depth are also indicated by the leachate

compositions. Zone 1 leachates have moderate pH

values, low conductivities (less than 350 umho/cm),

low concentrations of major elements, and less than

detectable levels of most trace elements. These

results are consistent with the mineralogy of these

materials. The mineral assemblages in this region

consisted of relatively insoluble carbonates and

silicates (quartz and feldspars) and a lack of minor

minerals (clays and pyrite). Zone 2 leachates,

however, are characterized by pH's of 9.5, conduc

tivities in excess of 900 pmho/cm, and higher con

centrations of most elements compared to Zone 1.

Leachate compositions (compared to Zone 1) have

lower calcium and magnesium concentrations, in

creased concentrations of sodium, lithium, boron,

vanadium, and molybdenum indicating increased solu

bility. There is also a problem associated with

particulate clay mineral removal by the standard

separation procedure. Millipore 0.45p filters do

not effectively remove particulates from the leach

ates generated from Zone 2 materials. This behavior

is reflected by apparent increased solubilities of

aluminum, iron, silicon, and titanium. However,

these four elements can be removed by a Nucleopore

0.2u filter, while the other elements listed above

are not removed indicating true solution behavior.

Examples of this problem are given in Table IV.

These particulates have been identified by x-ray

diffraction analysis of the filters to be illitic

c 1 ays .

It is suggested that the different leaching

behavior of Zone 2 materials with respect to Zone 1

materials are due to differences in the minor min

eralogy of the two zones. Zone 2 materials have

elevated levels of illite as detected by XRD and

this correlates with the Zone 2 leaching behavior

including the particulate removal problem and in

creased solubilities of arsenic, boron, molybdenum,

vanadium, and fluoride. It should be pointed out

that Zone 2 leachates also have elevated sodium and

carbonate concentrations. This suggests that a

sodium carbonate mineral, such as nahcolite or
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TABLE III

RAW SHALE LEACHING SUMMARY

LOGAN WASH CORE
LW-156a

Zone 1 .

8173-7923 ft.

Zone 2 .

7923-7698 ft.

Zone 3 .

7698-7623 ft.

pH 8.57 9.50 8.52

cond (umho/cm) 345. 740. 750.

As 0.01 0.6 0.01

B 0.04 10.7 0.18

Ca 27.4 2.06 75.9

Mg 15.4 9.13 20.

Mo 0.38 1.10 0.06

Na 11.0 177. 38.

Sr 1.20 0.02 1.31

V 0.01 0.5 0.01

F 1.5 6.0 2.0

< 70 200 70

2-

50 30 200

All values in ug/m except as indicated. Absolute elevation

TABLE IV

APPARENT LEACHATE CONCENTRATIONS FROM ZONE 2

MATERIALS WITH SUCCESSIVE FILTRATION (IN PPM)

Sample 16 Sample 32

A

6.45

B

0.42

C

0.01

A B C

Al 10.7 9.6 0.08

As 0.51 0.84

B 7.34 7.07 7.10 11.4 11.3 10.5

Fe 5.78 0.28 >0.01 9.92 9.01 0.0!

Mo 1.62 1.59 1.54 1.14 1.12 1.04

Si 32.3 5.8 4.5 54.1 48.0 5.4

Na 100 98 97 143 141 135

Ti 0.28 0.01 <0.01 0.84 0.49 >0.0

V 0.35 0.29 0.27 0.48 0.47 0.36

A = 0.45 u millipore; B = 0.45 u millipore refiltered; C = 0.2u nucleopore
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lawsonite, may be occurring at concentrations not

ietectable by XRD. It is apparent that both the

illitic clays and the Na/CO- bearing mineral are

:ontributing to the leaching behavior of Zone 2

solids. Subsequent analysis must be made cognizant

jf the effects of the minor minerals in the raw

shale. Zone 3 leachates are characterized by higher

calcium and magnesium solubilities, slightly higher

boron, lithium, and sodium solubilities (compared to

Zone 1), and slightly lower molybdenum solubilities.

From these experiments, it is observed that

leaching behavior can vary as a function of depth

and also, consequently from place to place in the

Piceance Basin. This variation is illustrated for

boron and vanadium mobility from Logan Wash core

LW-156 in Figure 3. These behavioral differences

correlate with identity and amounts of the minor

minerals dispersed through the major mineral matrix.

In subsequent interpretations of Logan Wash data, it

is important to realize that Occidental's retorting

operations are positioned in the same stratigraphic

horizon that contains the Zone 2 shales.

(2). Spent Shales. Selected analytical re

sults for cations and fluoride, pH, and conductivity

in spent shale leachates from core 2 of retort 3E

are shown in Table V. These data encompass Zones B

through E as delineated by mineralogy data. The

results are similar for core 3 and appears to cor

roborate conclusions based on mineral data. The pH

values of the leachates range from 8.8 for section 3

to 11.6 for section 11. Sections 4T through 7 have

pH values of approximately 10.2, as would be ex

pected for solutions in contact with silicate min

erals (pH of synthetic akermanite solution = 10.2).

The relatively lower pH's of sections 1-3 and the

. . +2 .

nigh Ca ion concentrations suggest the presence of

calcium sulfate instead of calcium oxide, and this

is consistent with the mineralogy. The higher pH

+2
and larger Ca ion concentrations in the lower

sections could indicate the presence of small amounts

of magnesium or calcium oxides (pH of MgO = 10.0,

CaO =

12.4), not detectable by x-ray diffraction.

Conductivity data can be correlated with the

identity of the solid materials, which is related to

processing conditions. Conductivity values are

relatively low for sections 5T through 9, but not as

low as for typical raw shale leachates. Sections

4T, 4B, and 10 are relatively higher even though

they have significant quantities of product silicate

phases. Sections 4T and 4B have reasonably high

0.5 1.0 1.5
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1000
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Figure 3. Boron and vanadium solubility variations

as a function of depth for core LW-156

+2
Ca contents, suggesting the possibility of small

quantities of calcium oxide. Conductivity of sec

tion 10 is high due to higher alkali metal ion

concentrations. Conductivity and elemental analyses

of section 14, as well as mineralogy data, suggest

that the material is essentially raw shale.

It is obvious from Table V that calcium ion

concentrations are directly related with conduc

tivity values and go through a minimum in sections

6T and 6B. This is consistent with the low solu

bility of alkaline earth silicates, such as aker

manite and diopside. However, several elements

indicate trends which are inversely related to the

solubility behavior of the alkaline earth elements.

These elements, including arsenic, boron, fluoride,

molybdenum, and vanadium, are listed in Table V.

These data suggest that trace elements of potential

concern are mobilized from spent shales containing

akermanite-gehlenite solid solution as the major

high temperature silicate phase. Trace elements

appear not to be as mobile from spent shales con

taining diopside as the major silicate phase. This

observation is indicated graphically in Figure 4,

which is a comparison of akermanite-gehlenite and

diopside occurrence with percentage vanadium solu-
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TABLE V

SELECTED TRACE ELEMENT CONCENTRATIONS, pH, AND SPECIFIC

CONDUCTIVITIES IN LEACHATES FROM CORE R3E2 (IN PPM).

Section

Absolute

Elevation

7802

pH

Spec.

cond.

umho/cm

2260

As B

1.93

Ca

133

F

3.9

Mo

0.84

V

1 9.09 0.010 0.163

2 7796 9.07 <0.01 2.69 566 0.3 1.88 0.618

3 7791 8.78 2780 <0.01 2.4 352 5.2 0.293 0.129

4T 7786 10.28 2250 <0.002 1.96 223 4.3 0.474 0.401

4B 10.20 2210 0.008 2.41 237 5.2 0.429 0.437

5T 7781 10.41 1490 0.010 2.11 39.6 5.2 0.541 0.87

5M 10.19 1350 <0.002 1.63 48.7 4.4 0.528 1.08

5B 10.24 1500 0.006 1.91 64.0 5.3 0.520 0.77

6T 7776 10.34 1120 0.026 6.55 4.51 12 0.814 1.90

6B 10.00 880 0.034 5.33 3.54 21 0.659 1.75

7 7770 10.02 1400 <0.01 4.13 14.8 17.0 0.726 0.569

8 7754 9.43 1450 0.011 1.88 106 2.1 0.788 0.212

9 7750 9.78 995 0.016 1.91 46.1 5.4 0.64 0.23

10 7740 9.47 2390 1.93 42.3 1.65 0.229

11 7730 11.60 1240 <0.01 0.330 106 9 1.28 0.100

11A 11.54 2150 <0.002 0.292 285 12.0 1.48 0.222

12 7723 9.82 1460 <0.002 1.10 200 2.9 0.522 0.144

13T 7713 10.24 2660 <0.002 1.11 493 2.4 0.382 0.305

13B 10.55 2380 <0.01 0.917 372 3.0 0.458 0.095

14 7703 9.62 330 0.020 0.262 3.8 4.2 0.838 0.251

bility. (Comparison of percent solubilities is

routinely done for those elements known to vary

significantly as a function of depth. The percent

age vanadium solubility is obtained by dividing the

solid concentration by the leachate concentration

(both in vg/g). When comparing trends in leachate

composition, it is important to negate variations of

elemental concentrations in the solids.) It is

possible that the retorting conditions which favor

the formation of akermanite-gehlenite also favor the

mobilization of these trace elements or that aker-

manite weathers in a manner which releases larger

quantities of these trace elements compared with

other product silicate phases. Another possible

reason for the changes in mobility from Zone C to

Zone D could be the ability of the diopside crystal

structure to accommodate a variety of trace elements

as substitutes for calcium, magnesium, or silicon,

whereas the akermanite-gehlenite structure is not

quite so flexible (12).

An alternate explanation that is quite plau

sible considering the raw shale data previously

discussed is that composition variations in the raw

shale could have changed at the 7770 ft. level with

concomitant effect on the final composition and

leaching behavior of the product phases. Although

the 7770 ft. level is in the middle of Zone 2 (raw

shale), the rubbling procedures undoubtedly altered

the stratigraphy of the retort chamber and thus

direct correlation of cores is not possible. It is,

however, certain that those trace elements mobilized

from Zone C (spent shale) sections are the same

elements mobilized from raw shale core LW-156 in the

same stratigraphic horizon. Thus, it is not certain

whether compositional changes in the raw shale or

differences in retorting conditions favoring one

product silicate vs. another (diopside or akermanite)

are responsible for trace element mobility differ

ences from Zone C to Zone D (spent shales). It is

important to note that both raw shale composition
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Fig. 4 Relative variation as a function of depth for

augite and akermanite/gehlenite solid solu

tions and percentage vanadium soluble in

Core R3E2.

Fig. 5. Variations in calcium and fluoride concen

trations in leachates generated from core

R3E2 solids.

and behavior, and retorting conditions interact to

define the nature and behavior of spent shales from

processing activities.

The enhanced mobility of the aforementioned

trace elements once they have been released from the

solid particles, can be placed in an appropriate

framework by consideration of fundamental solution

chemistry. The mobilities of arsenic, fluoride, and

molybdenum are indicated from chemical equilibrium

codes to be controlled by alkaline earth ion con

centrations. Adequate alkaline earth concentrations

will precipitate BaAsO., CaF2 and CaMoO.. Thus,

their secondary minerals will exert solubility con

trol on these trace elements as long as a reservoir

of alkaline earth ions is available. An example of

this control is given in Figure 5, which shows the

effect of decreasing calcium concentrations in core

R3E2. Sections with small calcium concentrations

exhibit the largest fluoride ion concentrations.

Using the solubility product of CaF9, K = 3.4 x

-11
10 at 18C, and neglecting complicating phenomena

such as the common ion effect, calculation indicates

that calcium ion concentrations in excess of 8 ppm

will depress and control the fluoride ion concen

tration. Calculations such as this can also be

made for molybdenum and arsenic. Thus the previous

observation of the inverse relationship of con

ductivity and alkaline earth concentrations with

arsenic, fluoride, and molybdenum concentration data

are readily understood.

In contrast, the enhanced mobility of boron and

vanadium does not appear to be affected by short

term solubility controls. (This does not suggest

that solution composition will not be altered to an

extent that will favor removal of these elements

from solution as the leachate moves through the

geologic medium.) Thus, the increased solubility of

these elements could be due to decomposition or

reaction of their original mineral residences with

concomitant change in their chemical form. If they

are not incorporated into the newly formed mineral

phases, they could be more susceptible to leaching.

SUMMARY

The raw shale in the Logan Wash area varies as

a function of depth. There are three zones of

Teachability in core LW-156 (that was drilled be

tween Occidental's retorts 7 and 8). These differ

ences in Teachability reflect the minor mineralogy
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changes of the raw shale. The stratigraphic horizon

that corresponds to Occidental's mining and retort

ing activities extends through 300 ft and leachates

from these shales exhibit very low calcium and

magnesium concentrations, increased concentrations

of sodium, lithium, hydrogen ions, boron, vanadium

and molybdenum indicating increased solubilities,

and problems associated with particulate clay min

erals reflected by apparent increased solubilities

of iron, aluminum, silicon, and titanium. These

solids are characterized by detectable quantities of

mixed layer clays and also quantities of a soluble

sodium carbonate mineral (either dawsonite or nah

colite). These observations have been confirmed by

application of pattern recognition techniques to the

mineralogical and leaching data.

The spent shale cores from retort 3E at Logan

Wash indicate that extreme conditions were expe

rienced by the shale materials during processing.

This results in the occurrence of decomposition

and/or silication reactions to form high-temperature

product phases including akermanite/gehlenite and

diopside/ augite solid solutions, kalsilite,
mon-

ticellite and forsterite. The identity and per

sistence of the carbonate minerals are important to

the understanding of the processing conditions

experienced by the shale materials. In retort 3E,

carbonate minerals in the upper sixty percent of the

retort have been identified as regeneration products

resulting from gas recycle and water injection pro

cedures used in post-processing of the retort.

Carbonate minerals in the lower forty percent of the

retort are considered to be survivors of the retort

ing process. In addition, the persistence of rel

atively stable raw shale phases, such as quartz,

orthoclase, and albite, provide insight into process

parameters. Even though extreme retorting conditions

were experienced by the spent shales in retort 3E,

leachate compositions suggest that several major and

trace elements including potassium, lithium, fluor

ide, vanadium, boron, molybdenum, nickel, and arse

nic are not rendered immobile by the formation of

high temperature silicate product phases (especially

akermanite/gehlenite solid solution). Comparison of

raw-

shale leaching behavior and spent shale leaching

behavior indicates that some of the trace elements

are elevated in both raw and spent shale leachates,

which suggests that these elements are not incor

porated in the silicate matrix or that elements

which control these trace element solubilities are

incorporated in the silicate matrix (secondary

solubility control). These observations have also

been verified by pattern recognition techniques.

These assessment activities have suggested that

complete characterization of raw and spent shales

from the same stratigraphic horizon is necessary to

understand the effect of retorting parameters on the

mobility of inorganic and organic contaminants and

is essential to developing an understanding of the

chemistry that will control water contamination as a

result of contact with spent shales. These studies

have also indicated several misconceptions about

shale leaching. For example, it is apparent that

formation of high temperature silicate phases, such

as akermanite/gehlenite, does not necessarily guar

antee the insolubility of all environmentally sen

sitive trace elements. These studies have also

indicated a variability in raw shale leaching not

previously encountered.

WATER QUALITY IMPACTS

The results presented in this report have been

used in an assessment of potential water quality

problems associated with modified in situ retort

abandonment. Water quality may be affected by

intermingling of differing quality aquifer waters or

by leaching of spent shales in retort chambers (13).

A recent assessment of aquifer bridging has sug

gested that changes in water quality by intermingl

ing will not significantly alter the suitability of

the resultant water for use as a domestic, agricul

tural, or live stock supply (14). This is because

the constituents which are troublesome in these

aquifers (boron, fluoride, iron, lithium, manganese,

and molybdenum) exceed criteria in most ground

waters; only the degree to which criteria are ex

ceeded differ.

Water quality may also be affected by leaching

of soluble material from the spent shale. However,

most of the constituents that occur at elevated

concentrations in the leachates are also present at

elevated concentrations in the predevelopment ground

water. This occurs because the aquifers in the area

are composed of raw shale. Thus, leaching may not

significantly affect the suitability of these waters

for beneficial uses. There are a few exceptions.

Concentrations of lead and selenium exceed federal

drinking water standards and water quality criteria,

lead and vanadium exceed livestock watering
criteria.
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CONCLUSIONS

The importance of solids characterization in

the assessment of health and environmental con

sequences of oil shale processing has been dis

cussed. This type of information is essential for

the understanding of water quality impacts from

energy development. A variety of issues can be

addressed aided by solids characterization infor

mation. (1) The role of process parameters in the

formation of wastes and effluents can be determined.

(2) The mineral: water interaction during leaching

and/or weathering can be understood. (3) The in

fluence of the microstructure of the solids on the

leaching process can be investigated. (4) The

availability of major ions for solubility control is

determined by spent mineral assemblages. (5) Trace

element residences and their role in contaminant

mobility can be understood.

The data presented in this report indicates

that the spent shale wastes retrieved from Logan

Wash retort 3E are a function of the material being

processed and the process conditions. An under

standing of the interaction of the raw material and

the process in waste formation aids the interpre

tation of the chemistry of effluent streams and

leachates. In regard to trace element contaminants

in leachates, mineral residences, as well as, solu

tion chemical control determines mobility.
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ABSTRACT

A freshly retorted TOSCO II shale was equili

brated with deionized water on a shaker table in

order to generate a reproducible leachate. The

leachate is being used to study the interaction with

a sample of weathered bedrock collected from the area

of a potential disposal pile. The purpose of the

study is to investigate the nature and extent of the

chemical reactions that may take place if aqueous

leachates escape from the waste pile and pass through

bedrock in the Piceance Creek Basin. The leachate

contains high concentrations of dissolved sodium,

sulfate, thiosulfate, and bicarbonate, with very low

concentrations of calcium and magnesium. The dis

solved calcium is apparently depressed by high con

centrations of bicarbonate from the dissolution of

nahcolite and/or dawsonite. The leachate also con

tains concentrations of fluoride up to 130 mg/L.

Interaction of the leachate with bedrock shows

that ion-exchange, sorption, and precipitation take

place. Sodium in the leachate exchanges for calcium

and magnesium on the clays. Some of the released

calcium then precipitates as calcite and probably

fluorite. The exchange and precipitation reactions

result in a dramatic decrease in the permeability of

the sample. Subsequent leaching with deionized water

results in a further drastic decrease in permeability

of the sample. Batch type experiments, together with

frontal and elution chromatography, show a high sorp-

tive capacity of the weathered bedrock for arsenic,

aluminum, and fluoride, a moderate capacity for sorp

tion of sodium and bicarbonate, and little capacity

for molybdenum, baron, chloride and sulfate. The

latter two should be useful as tracers for monitoring

potential pollution of surface water and groundwater

by escaping leachate.

INTRODUCTION

One of the important environmental problems

associated with development of a commercial oil shale

industry is the disposal of the waste shale. The

potential problem of contamination of surface and

subsurface waters due to leaching of the waste

shale should be a matter of concern. A surface

retort, producing about 50,000 barrels of shale

oil per day, will also produce about 75,000 cubic

meters of waste shale. Even in the modified

in-situ method of retorting, about 20-40 percent

of the shale will be brought to the surface for

retorting or disposal. Large amounts of waste

shale, whether on the surface or underground,

will be susceptible to leaching by percolating

natural waters. Moisture could enter the pile by

means of rainfall, snowmelt, or subsurface

seepage. In this paper we address the question

of the chemical interaction of escaping leachate

with weathered Uinta Formation bedrock. We have

not attempted to determine either the quantity

or rate of production of leachate from piles of

waste oil shale.

If such leachates are generated, both organ

ic and inorganic species will be mobilized and

transported (1,2). From past and present work,

we know that aqueous leachates from retorted

shale are rich in sodium, sulfate, biocarbonate,

with a great many trace elements such as fluoride,

boron and molybdenum.

A potential leachate that may escape from

a disposal pile will probably move through soil

or bedrock before entering groundwater. In case

of bedrock, the flow most likely would be through

fractures and along bedding planes. This is

clearly the case for the Uinta Formation bedrock.

which underlies some of the proposed disposal

sites in Piceance Creek Basin. It is therefore

important to investigate the nature and extent

of the chemical reactions that may take place as

a result of the contact between the leachates and

solid geologic substrates. This work deals with

interaction of a simulated leachate with weath

ered material of the Uinta Formation in the

Colony site, near Parachute, Colorado.
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METHODS

Materials

In July 1980, a sample of retorted shale was

obtained from the Rocky Flats facility of the TOSCO

Corporation. The retorted shale was used for prepa

ration of a test leachate.

Samples of loose, friable, weathered sandstone,

shale, and marlstone were collected from a freshly

excavated trench in the Uinta Formation on the Colony

site near Parachute, Colorado; the sample was desig

nated as RD10W. The weathered material was collected

from joints and bedding planes in the bedrock, along

which a potential escaping leachate might be expected

to flow.

Sample RD10W was air-dried in the laboratory,

passed through a U.S. Standard 2-millimeter sieve,

and stored in a plastic jar for later use in experi

ments with the oil shale leachate. The pedologic

characteristics of RD10W are presented in Table 1.

TABLE 1

Pedologic Characteristics of RD10W

TABLE 2

Representative Composition of the
"Standard"

leachate. All values in mg/L except S.C. and pH.

Sample

No.

%

Sand

%

Silt

%

Clay

%

Organic

%

Carbonate

RD10W 52.9 27.6 11.1 0.0 7.9

Preparation of Leachates

Shaker experiments were used to generate a large

volume of
"standard"

leachate for sorption studies

with geologic materials. Slurries of 1000 grams of

shale and 1000 ml of water were shaken for 17 days in

linear polyethylene jars on a reciprocating shaker

table. The resulting volume of leachate (approxi

mately 2 liters) was filtered successively through

11 and .45 micron filters. The resulting leachates

were stored in tightly sealed, linear polyethylene

jars that had been previously acid -washed and rinsed.

We do not contend that it necessarily represents a

"real"
leachate that might be generated in the field,

but it does offer a reproducible, homogeneous materi

al that can be used in comparative laboratory studies.

In this latter sense we term it our
"standard"

leach

ate. A representative composition of the leachate

is presented in Table 2. The initial composition is

represented by the symbol
"IN"

on each of the graphs

presented in this report.

Al 20 Na 2000

As 1 SO, 2000

B 11 s2o3 1000

Ca 1 Si 1

CI 50 pH 9-10

F 130 S. C. 8000 micromhos/cm

Fe 01

HC03 1200

K 10

Mg <.3

Mo 6

Sorption Experiments

Batch-type and flowthrough column methods

were used for the sorption studies. In batch-

type experiments (ISO) ,
20 grams of air-dried

RD10W was used. The solid was weighed into an

acid-rinsed plastic centrifuge tube and pre-

moistened with 7 mL of water to satisfy the moist

ure demand. Fifty milliliters of the leachate

were added to each moistened sample, and the

slurry was then shaken for 24 hours on a wrist-

action shaker. The samples were removed from the

shaker, centrifuged, and filtered through 0.45

micron membrane filters. In each filtration step,

the clay-rich residue was scraped off the surface

of the filter and reintroduced into the bulk sol

id sample. The experiment was then repeated,

using the same sample in a new 50 mL aliquot of

fresh leachate. In this way the solid sample was

successively loaded with adsorbed ions, from each

successive batch of fresh leachate. The pH and

conductivity of the leachate were measured fol

lowing filtration, and the leachates were ana

lyzed for Ca, Mg, Na, K, Fe, total S, B, Mo, Al,

Mn, Si, As, Li, F, Cl, Soi*, S203, N03, and alka

linity. The data from the sorption experiments

are fitted with polynomica 1 expressions.

In the column experiments, two identical

columns of samples were prepared for each samole

of leachate; one column was used for elution

chromatography (EC) and the other for frontal

chromatography (FC) . The two columns were packed

with the same amount of solid sample and lightly

compacted. We tried to approximate the same
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density and porosity for each pair of solid samples.

Both of the columns were initially saturated with

deionized water, upward from the bottom to the top to

reduce the amount of entrapped air. An apparatus was

designed and constructed in order to maintain a con

stant head on the columns, as shown in Figure 1. As

illustrated in Figure 1, the level of fluid is con

stantly recharged to the small beaker, on the inlet

side, at the same rate as it is withdrawn from the

beaker in moving downward through the column.

FLUID LEVEL

IN THE RESERVOIR

PLASTIC

BEAKER

FLUID LEVEL

IN THE COLUMN

NYLON FABRIC

TO HOLD

THE SOIL

EFFLUENT

Figure I. Schematic sketch showing the constant-head apparatus used in

the column experiments.

In the column which was used for elution chroma

tography (EC), several pore volumes of water were

initially allowed to percolate through the column,

followed by the slug of about 10 mL of the TOSCO II

leachate applied to the top\of the column. Leaching

with plain water was then continued. The other col

umn in each pair was used for frontal chromatography

(FC) . In this case we allowed about 24 pore volumes

of the TOSCO II leachate to percolate through the

column. An automatic rotary fraction collector was

employed to collect aliquots of the effluent solu

tions throughout the experimental runs. Each aliquot

was approximately 25 mL in volume. Chemical analysis

of the effluent aliquots allowed us to determine the

positions of the elution peaks for various dissolved

ions.

The concentrations of various dissolved spe

cies in the effluent solutions were plotted as a

function of volume of effluent, to determine the

so-called
"rinseout"

or
"breakthrough"

for vari

ous dissolved species. In the case of elution

chromatography,
"rinseout"

is defined as being

the number of pore volumes that correspond to the

maximum value on the elution peak for the ion of

interest. For frontal chromatography, "break

through"

is defined as the number of pore volumes

at which the concentration of a dissolved species

equals 50% of the orginal concentration of that

ion in the influent solution. After termination

of a frontal chromatography experiment, the col

umn was leached with deionized water to test for

the reversibility of adsorption of the ions.

The pH and conductivity of the sample were

measured, and the sample was submitted for anal

ysis.

The physical parameters of the columns are

summarized in Table 3.

The hydraulic conductivity was measured for

each column experiment. We found that later

rinsing and leaching with deionized water of the

column that had been used for frontal chromato

graphy resulted in a drastic decrease in hydraul

ic conductivity.

RESULTS AND CALCULATIONS

Principals of Sorption

The migration of chemical species through

geologic media may be retarded by such processes

as sorption and precipitation. A quantitative

measure of the retardation is given by the re

tardation factor, Rf (3), as follows:

Rf= 1 +
Kd (p/6) (1)

where K = empirical distribution coefficient

p
= bulk dry density of the porous

medium

0 = water-filled pore fraction of the

medium.

The retardation factor, Rf, is defined as

the ratio of the velocity of the dissolved spe

cies of interest relative to the velocity of the

migrating water. For example, an Rf value of 200

for a particular ion reveals that the ion would

move through an aquifer with a velocity equal to

0.005 (1/200) of that of the water itself.
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TABLE 3

Physical Properties of Flowthrough Columns

Sample

Material

Weight

gms

Column

volume

~m3

cm

Bulk

density
gm/cm

Pore

volume

cm3

Poros

%

;ity

Type of

column

experiment

RD10W

RD10W

168

168

132.0

132.0

1.27

1.27

55

50

41

38

elution

frontal

The distribution coefficient, K, , is defined as:

K.= (mass of ion sorbed per gm solid) /(dissolved ion

concentration) (2)

For dissolved species that do not show any re

tardation, K, is zero. Highly retarded species may
d

have Kj values greater than 10,000 (4). As shown in

Equation (1), the distribution coefficient is a nec

essary parameter for the computation of the retar

dation factor. In our study we have determined val

ues of the distribution coefficient for a wide variety

of the ions found in oil shale leachate.

In general, there are two methods for measuring

Kj, namely, batch-type (static isotherm) (ISO) and

column flowthrough techniques. Column flowthrough

methods are further subdivided into several types,

including frontal chromatography (FC) and elution

chromatography (EC). The column methods probably

offer a better simulation of conditions in the field,

but batch methods have the advantage of being faster

and offering better control on the time of equilibra

tion. Batch methods generally seem to show better

reproducibility in our work.

In batch-type experiments (static isotherms) ,

the distribution coefficient is determined simply by

analyzing the solution before and after shaking with

the solid, and determining the amount of ion lost

from the solution to the solid. Equation (2) is then

used to compute K, In frontal chromatography, the

number of pore volumes is determined at which 50%

breakthrough occurs, and this value is used in the

following expression (5) :

V = cm per single pore volume

Kd
= (n-i) (e/p) (3)

in which N is the number of pore volumes correspond

ing to breakthrough and the other terms are as de

fined in Equation (1). In the case of elution chro

matography, the expression of interest is (6):

K
= (F-l) (V/m) (4)

a

where F = number of pore volumes to maximum

value on elution peak

m = total mass of column, in grams

The K, values which we hav
Q

RD10W are summarized in Table 4

The K, values which we have determined for
d

TABLE 4

Distribution Coefficients for Selected Dissolved

Species in RD10W

(FC=frontal chromatography, EC=elution

chromatography IS0=batch-type isotherm results)

V
in mL/gm

Chemical

species RD10W

FC EC ISO

CI

F

HCO

Mo

Na

SO
it

Al

As

.53 .59 1.4

.07 -.02 .57

>6.9 1.2 29.

1.7 0.0 nd

.26 .13 .48

1.4 -.02 1.7

.15 -.02 0.0

>6.9 nd >290

? nd 4.2

(a) nd=not determined.

(b) ?=erratic analytical results

The Weathered Uinta Formation Sample

pH Results

The initial pH of the leachate ranged from

about 9 to 10 (Table 2). As shown in Figures 2,

3, and 4, the weathered material (RD10W) is a

good buffering agent, generally maintaining the

pH of both leachate and deionized water at values

of about 8. The only exception to this occurred

in the ISO experiment (Figure 2) , in which the

pH was initially intermediate in value between 8
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and that of the leachate, with a gradual rise that is

indicative of exhaustion of the buffering capacity

of the rock.

Figure 2 . pH of the supernatant s resulting from contact

of standard leachate with RD10W, versus batch number.

L=Leachate

Figure 3 . pH of frontal chromatography ef f luent
, vr sus

pore volumes passed ( RD1 OW) . H20=Deion ized Water,

INInfluent

8. EUJTION OfiCM.

.00 4.00 8.00 12.00

PORE VCLUfvE
16.00

1

20.00

Specific Conductance (S.C.)

Specific Conductance (S.C. micromhos/cm at

25c) of the eluate in the FC and EC experiments

on RD10W are plotted versus pore volumes passed

in Figure 5 and 6, respectively. The FC results

reveal that the S.C. increases and reaches a

maximum at about 24 pore volumes, corresponding

to the original value in influent within the

error of measurement. Subsequent rinsing with

water results in a sudden drop in S.C. after

just one pore volume, indicating rapid displace

ment of the leachate in the column.

The EC experiments (Figure 6) show that

deionized water causes an initial rinse-out of

highly soluble salts and produces the first peak.

However the value is not very high, peaking at

about 800 micromhos/cm, as compared to about

8000 micromhos/cm for influent in FC experiment.

Those values approximately correspond to 600 and

6000 mg/L total dissolved solids, respectively.

The values of S.C. then drop rapidly in the

effluent, trending toward a value of about 200

micromhos/cm. The second peak in Figure 6 is

due to introduction of the slug of leachate which

peaks after 1 pore volume, showing that the bulk

of the slug passed through the column with very

little retardation.

FRONTAL OPCM.

8.00

1 1

16.00 24.00

PCRE VOLUME

i

32.00 40.00

Figure 5 . Specific conductance (SC,in micromohs per

centimeter at 25 C) of frontal chromatography

eff luent , ver sus pore volumes pas sed . ( RD 10W)

IN=Inf luent, H20=Deionized Water.

figure i, . pH of elution chromatography effluent .versus

pore volumes passed. (RD10W), S=Slug.
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Figure 6 . Specific conductance (SC,in micromohs per

centimeter at 25 C) of elution chromatography

effluent ,versus pore volumes passed. (RD10W), S=Slug.

FPONTPL. C1-R0M.

16.00 24.00

PORE VOLUtvE

32.00 40.00

Figure 8 Sodium concentration of frontal chromatography

effluent .versus pore volumes passed . (RD10W) ,
IN= Inf luent

,

H20=De ionized Water.

Major Cations

Sodium is the most abundant cation in the lea

chate (approximately 2000 mg/L) . Results for Na in

RD10W are summarized in Figures 7, 8 and 9.

From the ISO curve of Figure 7, it is seen that

nearly 6000 micrograms of Na were sorbed per gram of

RD10W bedrock, from a total of about 50,000 micro

grams per gram added. This yields a K, value (Table

4) of 1.7 mL/gm.

SORPTION ISOTHERM

"i r

.00 10.00 20.00 30.00
,
40.00

2>Qn. NR PDDED xlO3

50.00

Figure 7 . Removal of dissolved sodium from standard

leachate in contact with RD10W.

Figure 9 . Sodium concentration of elution chromatography

effluent, versus pore volumes passed. (RD10W), S=Slug.

High concentrations of Na in the leachate

have a profound influence in the chemical and

physical properties of the soil. As shown in

Figure 8, complete breakthrough of Na occurs at

about 24th pore volume. This indicates that the

sample has a good retarding capability for Na.

Using the 50% breakthrough point in Figure 8,

from Equation (3) and the data in Table 2, we
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compute a distribution coeffieient (K,) of 1.4 mL/gm,

is shown in Table 4. From Equation (1) we compute

i retardation factor (R ) of 4.55 for Na in the wea-

:hereed Uinta Formation. This indicates that Na moves

aith a velocity that is 0.21 (1/4.55) as great as the

velocity of the migrating leachate in our columns.

Similiar calculations and estimates of relative ve

locities could be done for all of the species listed

in Table 4, with the results being incorporated into

the appropriate flow and transport models.

Sodium appears in the elute of the FC experi

ment for Na (Figure 8) after just the second pore

volume, showing that the mechanical deispersion of Na

is rather large in the migrating leachate.

Subsequent rinsing of the FC column with de

ionized water results in sudden drop in Na concen

tration in effluent after 1 pore volume, indicating

the effect of rapid displacement of the leachate in

the column.

Figure 9 illustrates the EC experiment for Na

in the weathered Uinta Formation. The addition of a

slug of leachate, containing 2000 mg/L Na, at the

point marked
"S"

in Figure 9, is reflected almost

immediately by rinse-through in the elute. In fact,

in Figure 9, the effect of hydrodynamic dispersion

causes the peak to appear in the elute after less

than one full pore volume has passed through. This

leads to a negative value (-0.02) for K- in Table 4,

before the first pore volume of water has moved all

the way through the column. The same effect was

observed for many of the other ions in our elution

chromatography experiments, as shown in Table 4.

Because of this consistent discrepancy, going counter

to any expected result, we tend to generally discount

the K, values determined in the EC experiments. We

certainly made an experimental error by using too

large of a slug of leachate in the experiments, and

the mixing of this large volume with the eluting

water tended to distort and smear the elution peaks.

In general, however, we obtained reasonably good

agreement for the K, values determined by batch-type

isotherm experiments and frontal chromatography (ISO

and FC values, respectively) in Table 4. One of the

reasons that we have chosen to include the EC results

in this report is because they allow us to recognize

and discuss the chemical effects of the movement of

deionized water through the columns, as compared to

the effects of standard leachate.

The most obvious cause for the retardation

of Na is exchange in the sample for Ca and Mg on

the clays. This is confirmed by the significant

initial release and rinse-out of indigenous Ca

in the chromatography curves summarized in Fig

ures 10 and 11. This is especially clear-cut in

view of the fact that the concentration of Ca

initially present in the leachate is only about

1 mg/L.

Figure 10 . Calcium concentration of frontal chromatography

effluent, versus pore volumes passed. (RD10W), IN=Influent,

H20=Deionized Water.

Figure 11 . Calcium concentration of elution chromatography

ef f luent ,
ver sus pore volumes pas sed . ( RD1 0W) , S =Slug.
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The same effect of exchange of Mg by Na is seen

in the curves for both frontal and elution chroma

tography for Mg (Figures 12 and 13).

8

an
FPCNTRL CHROM.

8 f\
ds \
2 \

\

8
S1

8- (IN.

N. jH20

~~V___
.00 8.00 16.00 24.00 32.00 40.00

PORE VOLUtVE

Replacement of Ca and Mg by Na from the leachate

decreased the hydraulic conductivity. This re

duction can be attributed to swelling of the

Na-exchanged clays in the weathered Uinta Forma

tion. The results of the FC and EC experiments

are shown in Figures 14 and 15 respectively. In

general, there was a systematic decrease in the

hydraulic conductivity with continued passage of

either the fresh leachate (FC) or deionized water

(EC). However, the magnitude of the decrease

was much smaller than in the FC experiment, and

we attribute it to minor swelling and slaking of

the clays as a result of wetting.

Subsequent rinsing of the FC column results

in a further decrease in hydraulic conductivity.

Figure t?. . Magnesium concentration of frontal

chromatography ef f luent , ver sus pore volumes

passed .( RD10W) , IN-Inf luent, H20=De ioniz ed Water.

Figure 13 . Magnesium concentration of elution

chromatography ef f luent , ver sus pore volumes

passed. (RD10W) ,
S=Slug.

8 FPCNTPL Cl-RCM.

I
x8_

O

z

28-

.H20

R--""'
T

" _

T 1
^ "

1 1

.00 8.00 16.00 24.00

PORE VOLUME
32.00 40.00

Figure 14 . Hydraulic conduc t iv i ty ( K) of frontal

chromatography co lumn , ver sus pore volumes

passed. (RD 10W) ,H20Deionized Water.

Hydraulic Conductivity

Interaction of the leachate with weathered

Uinta Formation has a profound effect on the hydraul

ic conductivity, especially in the FC experiments.
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Figure 15. Hydraulic conduc t iv i ty ( K ) of elution

chromatography column
, ver sus pore volumes

passed. (RD10W) ,S=Slug.

Figure 16 . Removal of dissolved boron from standard

leachate in contact with RD10W.

Boron

Data for B are graphed in Figures 16 through 18.

From the ISO experiment (Figure 16) we find that

about 7 micrograms of B were sorbed per gram of wea

thered bedrock from approximately 280 micrograms of

B added per gram. These same data yield a K value

of 1.4 mL/gm (Table 4). This is quite a lot larger

than the values of K of 0.53 and 0.59 mL/gm calcu

lated from the FC and EC curves of Figures 17 and 18.

It is possible that the abrasion which is inherent

in shaker-type studies produced a larger surface

area for sorption. In this instance, we believe

that the FC and EC values (about 0.6 mL/gm) are

more reliable.

As we have seen in earlier results for other

species, there seems to be a late period of desorp-

tion of B from the solid substrate in Figure 16.

This could be due to some kind of restructuring of

the exchange sites. Subsequent rinsing of the FC

column with deionized water (Figure 17) results in

a sudden drop in B concentration in effluent after

2 pore volumes. Comparing this to Na, CI, Mo, SO^,

which drop after 1 pore volume, it seems that de-

sorption of previously sorbed B caused the prolonged

and high concentration after rinsing with water.

FROsTTPL d-ROM.
H20

8.00

1 1

16.00 24.00

PORE VOLUME

i

32.00

1

40.00

Figure 17. Boron concentration of frontal chromatography
eff luent

, ver sus pore volumes pas sed . ( RD10W) , IM=Influent,
H20=De ionized Water.

In the EC experiments on the weathered bed

rock, there is a substantial initial rinse-out

of indigenous B by the deionized water, as shown

by the early peaks in Figure 18. This informa

tion may be useful in establishing natural back

ground levels to be expected. In Figure 18, we

think that the broad and strongly asymmetrical

elution peaks are in part the result of desorp-

tion of native B or dissolution of B-rich miner

als in the rock. The second, sharper peak in
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the elution curve represents the rinse-out of the

slug that we added to the column.

Figure 18. Boron concentration of elution
chromatography

effluent .versus pore volumes pas sed . ( RD1 OW) , S = Slug.

FRONTAL CHRCM.

.00 8.00

i r

16.00 24.00

PORE VOLUME

i

32.00 40.00

Figure 20. Molybdenum concentration of frontal

chromatography eff luent , ver sus pore volumes

passed . (RD10W) , IN=Influent, H20=De ionized Water.

Molybdenum

Figures 19 through 21 summarize the results for

the ISO, FC, and EC experiments with Mo on weathered

Uinta Formation.

SORPTION ISOTHERM

.00 40.00 80.00 120.00

2>Qn. MO POPED
160.00 200.00

Figure 19 . Removal of dissolved molybdenum from standard

leachate in contact with RD10W.

Figure 21 Molybdenum concentration of elution

chromatography eff luent
, ver sus pore volumes

passed. (RD10W) , S=Slug.

From Figure 19, a total of 7 micrograms of

Mo were adsorbed per gram of weathered rock,

from a total of 180 micrograms per gram added.

This amount of adsorption yields a K of 0.48

mL/gm (Table 4). As in the case of B, this

value is higher than that determined from the

FC and EC curves (Figures 20 and 21). These

curves yield K values of 0.26 and 0.13 mL/gm,
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respectively. This may again be attributed to the

grinding action involved in the shaker -type experi

ments.

The EC curve for Mo (Figure 21) is much sharper

and more asymmetric than was the case for B. This

suggests that there is not an additional source of

water-soluble native Mo in the sample. And this is

confirmed by the lack of an early rinse-out peak of

Mo in the EC experiments.

Both the FC and EC curves yield negative values

of K, (Table 4) for Mo. We attribute this to a lack

of significant retardation, as well as the effects

of hydrodynamic dispersion. One could also argue

that some other source of Mo exists in the rock which

is mobilized by leachate, but we have not tested this

possibility.

Fluoride

Fluoride is a dissolved species that is of

special interest because it occurs in leachate in

high concentrations and has detrimental effects on

animal health. The results for F are shown in Fig

ures 22 through 24.

Figure22 . Removal of dissolved fluoride from standard

leachate in contact with RD10W.

FRONTPL a-ROM. iH?

.00 8.00

i r

16.00 24.00

PORE VOLUME

r

32.00

1

40.00

Figure 23 Fluoride concentration of frontal

chromatography ef fluent
, ver sus pore volumes

passed. (RD10W) , IN=Influent, H20=De ionized Water.

Figure 24 . Fluoride concentration of elution

chromatography eff luent , ver sus pore volumes

passed. (RD10W) ,
S=Slug.

The shaker studies (Figure 22) show an

enormous removal of F by weathered Uinta Forma

tion, about 2200 micrograms sorbed from about

4400 micrograms added per gram of rock. This

yields a K (Table 4) of 29 mL/gm. Again, this

value is larger than those determined from the

column studies, possibly due to grinding and

diminution of grain sizes in the shaker experi

ments.

539



We never observed complete breakthrough of F in

the FC experiments (Figure 23). The K, value from

the FC work is therefore given in Table 4 as >6.9

mL/gm.

The EC studies yielded much lower value for K,

than either of the other approaches. This is given

in Table 4 as 1.2 mL/gm for weathered material. We

attribute this to the smearing and broadening of the

EC peaks due to mixing and hydrodyn?mic dispersion.

However, even this value indicates that the weathered

bedrock has a significant capacity for retarding F,

unlike other anions such as CI and SOi*. Rinsing with

water after completion of the FC experiments (Figure

23) shows that a significant amount of F is reversi-

bly desorbed and released to the passing fresh water.

Leenheer and others (7) found a similar release of F

from soils that had been contacted by retort waters

and then rinsed with pure water.

Chloride

Figures 25 through 27 show the results for CI

in contact with the weathered Uinta Formation. There

is essentially no adsorption or retardation.

SORPTION ISOTHERM

.00

i 1 1
r~

.40 .80 1.20 _
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Figure 25- Removal of dissolved chloride from standard

leachate in contact with RD10W.
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Figure 26 . Chloride concentration of frontal

chromatography ef f luent ,
ver sus pore volumes

passed . (RD10W) , IN=Influent, H20=De ion iz ed Water.

Figure 27. Chloride concentration of elution

chromatography effluent, versus pore volumes

passed. (RD10W) , S=Slug.

Figure 25 summarizes the ISO shaker -type

experiments. Only 45 micrograms of Cl were re

moved per gram of weathered rock, compared to

1350 micrograms per gram added. This yields a

K, of 0.57 mL/gm. From the FC and EC experi

ments we find K, values that are very close to

zero or apparently negative (Table 4) .
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The early rinse-out peak of CI by deionized

water from the weathered Uinta Formation is quite

dramatic, as shown in Figure 27. The maximum value

found was 16 mg/L from the weathered material. This

must be due to dissolution of soluble salts.

The sudden drop in Cl concentration in the

elute from the FC column upon rinsing with fresh de

ionized water is well demonstrated in Figure 26.

This sudden drop is good evidence of a lack of both

dissolution of a mineral and desorption of ions.

Sulfate

Results from FC and EC chromatographic experi

ments are presented in Figures 28 and 29. The static

ISO data are not presented because we observed no

adsorption of S0i on the weathered Uinta formation.

8.00

1 r

16.00 24.00

PORE VOLUME

Figure 28 . Sulfate concentration of frontal chromatography
eff luent .versus pore volumes pa s sed . ( RD10W)

, IN=Influent,
H20=Deionized Water.

From Table 4 we see that the K, values deter -
d

mined from the FC and EC experiments are very close

to zero, with apparently negative value in one case.

These results show that S04 is essentially mobile and

not subject to retardation by the rock. Sulfate,

because of its mobility and high concentration in

leachate, is a prime candidate for use as a tracer

of the escape and movement of aqueous leachates from

piles of waste retorted shale.

The EC data results (Figure 29) show an initial

rinse-out of native SO4 from the rocks, with peak

concentrations of about 100 mg/L. The movement of

the added slug of leachate to the EC columns was very

rapid, with a sharp and relatively symmetrical peak

appearing quickly in the eluate. The KJ value
d

derived from the EC experiments is negative

(Table 4).

Figure 29 . Sulfate concentration of elution chromatography
eff luent .versus pore volumes passed .( RD10W) , S=Slug.

Bicarbonate

Figures 30 and 31 show the FC and EC re

sults for HC03 (assumed to be equal to total

titratable alkalinity). The resulting K, values
d

are summarized in Table 4.
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Figure 3U
. Bicarbonate conc^-i.iation of frontal

chromatography e ff luent ,
ver sus pore volumes

passed .( RD10W) ,
IN=Inf luent, H20 =De ion iz ed Water.
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contact with the weathered rock (see the earlier

discussion on the buffering effect of the rocks).

ELUTICN CHROM

.00 4.00

t r

8.00 12.00

PORE VOLUME

16.00 20.00

Figure 31 . Bicarbonate concentration of elution

chromatography e ff luent
, ver sus pore volumes

passed. (RD10W) , S=Slug.

There is a moderate retardation of HCO3 in the

FC experiments (Figure 30) for the weathered Uinta

Formation. However, we hesitate to ascribe this to

adsorption. Because of the reactive nature of HCO3

we believe it more likely that the retardation is the

result of precipitation of a solid mineral phase in

the columns. This is confirmed to some degree by the

slow release of HCO3 in pure water used to rinse the

FC column for RD10W after completion of the experi

ment (Figure 30) .

In the EC experiments (Figure 31), the initial

rinse-out peaks are very broad and continuous, strong

ly suggesting the presence of a soluble mineral phase

as a source of HCO3. The breadth and continuity of

these rinse-out peaks are unusual in comparison to

all of the other dissolved species investigated.

Aluminum

The ISO results for Al are shown in Figure 32.

No graphs are given for the FC or EC experiments

because Al never appeared in the eluates.

The ISO experiment (Figure 32) shows an enorm

ous removal of dissolved Al from the leachate by the

weathered Uinta Formation. Of the 580 micrograms of

Al added per gram of RD10W in Figure 32, about 555

micrograms per gram were lost from solution. We

think that some of the removal was due to true ad

sorption, but most of the loss was probably the

result of the precipitation of Al-bearing solids as a

result of the lowering of the pH of the leachate in

SORPTION ISOTHERM
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Figure 32 . Removal of dissolved aluminum from standard

leachate in contact with RD10W.

The K values for Al, listed in Table 4,

indicate that we never approached the ultimate

capacity of the rock for removing Al from the

leachate.

Arsenic

Figure 33 summarizes the ISO data for As.

As in the case of Al, we never detected As in

solution in the eluate from our FC and EC

experiments.

Figure 33. Removal of dissolved arsenic from standard

leachate in contact with RD10W.
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Figure 33 indicates that a total of about 12

micrograms of As were removed per gram of rock, com

pared to 40 micrograms per gram added. This is a

significant degree of removal, corresponding to a K,

value of 4.2 mL/gm shown in Table 4. This is impor

tant information in light of the concern about As

as a potential contaminant in aqueous leachate from

retorted shale and co-disposed wastes.

CONCLUSIONS

We have studied the interaction of a leachate

from TOSCO II retorted shale with weathered Uinta

Formation, using batch-type shaker experiments (ISO),

frontal chromatography (FC) ,
and elution chroma

tography (EC) . Based on these experiments, we offer

the following conclusions:

1. The weathered Uinta Formation bedrock (RD10W),

provided a good buffering capacity for lowering

the pH of leachate from initial values near 10 to

values near 8 .

2. Sodium is rather strongly adsorbed by the bedrock

sample in contact with fresh leachate. The

presence of the high concentrations of Na in the

leachate results in exchange of Na for other

cations, principally Ca and Mg, on the clays in

the solids. This gives rise to high concentra

tions of displaced Ca and Mg dissolved in the

eluates from columns of the bedrock.

3. Occupation of the exchange sites on the clays

in the bedrock cause a dramatic decrease in the

hydraulic conductivity of the solids. Subsequent

rinsing with fresh water further decreases the

hydraulic conductivity.

4. Low calculated values of K, for Mo and B indicate
a

that these two dissolved species could move

relatively easily through the bedrock of the area.

5. Fluoride is retarded to a significant degree by

the weathered bedrock. However, much of the F

can be reversibly desorbed by later rinsing with

water.

6. Neither CI nor S0i+ are retarded to any signifi

cant degree by the bedrock studied. These dis

solved species should therefore be useful as

tracers of the escape and movement of leachate

from piles of waste retorted shale. The initial

concentrations of SOi* make it a particularly

attractive candidate.

7. Both Al and As are strongly removed and retarded

by the bedrock. The geologic substrates of the

area afford good protection to the environ

ment with respect to the escape of these two

species.

8. Batch-type isotherm experiments gave higher

apparent values of K, than either the fron-

d

tal or elution chromatographic experiments.

We attribute this, at least in part, to the

grinding effect and diminution of the size

of grains in the shaker experiments.

9. The elution chromatography experiments (EC)

generally gave much lower values for the

retardation factors that either the batch-

type isotherm studies or the frontal chroma

tography experiments. We attribute this to

an error in our experimental technique, in

that we added much too large of a slug of

leachate prior to elution. This caused sig

nificant mixing and hydrodynamic dispersion

of the ions, which resulted in elution peaks

that were too broad and poorly defined.

10. The elution chromatography experiments

served a very useful purpose in identifying

the initial rinse-out by deionized water

of ions that are indigenous to the soil and

rock.

11. We feel that the results reported here

should be applicable to a wide variety of

environmental problems and models related

to the escape and migration of fluids and

dissolved contaminants from piles of waste

retorted shale. At the very least, the

distribution coefficients can be used to

compute retardation factors that describe

the ratio of the velocities of movement of

the dissolved species as compared to the

bulk fluid phase. Eventually, the labora

tory results must be compared and calibrated

against test sites in the field.
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ABSTRACT

A characterization of porous media properties of

spent oil shale is presented. Studies have been con

ducted on Tosco powders, Tosco consolidated chunks,

Tosco pellets made by compacting powdered material,

Paraho consolidated chunks, and Lawrence Livermore

(LLL) high temperature retorted consolidated spent

shale material .

Total surface area per gram of material using

both BET nitrogen adsorption and mercury porosimetry

experiments have been obtained. The agreement be

tween these two methods implies that a micro porous

structure is not present in any of these spent shales.

Pore size distributions have been obtained

from mercury injection experiments. All show a uni-

modal distribution with a definite characteristic

pore size for each spent shale.

Visual and chemical analyses have been performed

by scanning electron microscopy and X-ray fluorescence

spectroscopy (XFS). The low- temperature retorted Tosco

and Paraho samples show a high degree of crystalUni

ty and a very uniform grain size. On the other hand,

the LLL spent shale is much more amorphous and lacks

definite crystal linity. Bulk chemical XFS analysis

showed for all samples large amounts of calcium and

silicon and lesser amounts of sodium, magnesium,

aluminum, sulfur, potassium, and iron present.

Through the use of a specially designed leaching

column that allows for tracer breakout analysis, we

have measured porosity, permeability, pollutant dis

persion and capacitance effects as a function of

leaching contact time. The permeability of the spent

shale shows an initial increase during the first 5 to

10 pore volumes of leaching and then levels off.

There is a dramatic increase in the porosity of the

spent shale over the first 10 pore volumes of leach

ing followed by a rather constant value. The dis

persion coefficient remained at a constant value.

Ninety six percent of the void volume is main channel

flow.

Leaching capacity has been determined by

measuring equilibrium exchange isotherms. These

isotherms show the existence of at least two me

chanisms for solute release, i.e., simple de-

sorption (surface phenomena) and chemical solu

bility limit phenomena (a bulk property phenome

na) .

INTRODUCTION

There are currently many unanswered ques

tions concerning the effects of in-situ and sur

face retorting of oil shale on ground water qual

ity (Ramirez and Abedi, 1979). Factors which

affect leachate compositions include retorting

conditions, the porous media properties of the

spent shale itself, and the transport rates of

pollutants through the spent shale.

Retorting conditions influence both organic

and inorganic leachate compositions. The kine

tics of kerogen decomposition determines in a

large measure the organic compounds which are

leached into ground water (Amy, 1978). The re

torting temperature greatly affects the inorgan

ic elements available for leaching (Smith et al . ,

1978).

Laboratory leaching experiments on surface

retorted spent shales have shown definite porous

media and mass transport effects (Runnells, 1979

and Parker, 1976). It has been estimated that

2 to 6 pore volumes of water are needed to re

move most leachates; however, there are notable

exceptions such as calcium. Although studies on

the levels and environmental impact of contami

nates have been performed, little work regarding

release mechanisms of these elements in porous

media is available. Since leachate concentra

tions are likely to be high in the vicinity of

abandoned in-situ retorts and surface piles, it

is important to develop an accurate mechanistic

understanding of porous media spent shale leach-
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ing properties, and mass transport through the near

abandoned retorts.

A complete analysis of porous media properties

of spent shale is necessary in order to provide fun

damental data needed to determine and predict the

transport of leachates. Studies have been conducted

and are reported for Tosco II, Paraho, and Lawrence

Livermore Laboratory retorting processes.

MERCURY INTRUSION POROSIMETRY

Mercury porosimetry uses drainage capillary

pressure curves to calculate pore size distributions.

Pore volume is assigned to the diameter of the entry

pores. Calculations are based on a "bundle of cap

illary
tubes"

model. Distortions arise from assign

ing the pore volume to incorrect pore diameters.

However, information obtained from mercury porosi

metry is quite useful since resistance offered by

pore structure to various transport phenomena is

usually controlled by the pore entries (Ritter and

Drake, 1945; 1945a; Rootare, 1968; Satterfield, 1980).

Spent oil shale in the form of powders and consol

idated chunks were analyzed by mercury porosimetry.

In particular, spent shale from the Tosco II, Paraho,

and Lawrence Livermore retorts were used. The Tosco

II and Paraho shales are from low temperature pro

cesses while the Lawrence Livermore shale was retorted

at the high average maximum centerline temperature of

1000C. The mean pore size of Tosco powders and Paraho

chunks were found to be on the order of 5 microns as

shown in Table 1. Under compaction of 100 psi (689

kPa), the pore size of a
"pellet"

of Tosco powder de

creased to 1 micron. Table 1 also shows that the

mean pore size of Tosco consolidated chunks was the

order of 0.5 microns. In all cases, a unimodal pore

size distribution was observed as shown in Figure 1

for Tosco Powders. Samples from all three retorting

processes were remarkably similar in mean pore size.

The volume of mercury forced into the sample at

a given pressure is also used to determine surface

area assuming a cylindrical pore structure. Differ

ential volume increases are ascribed to pore radii

corresponding to current pressures. The integral

over-all pressures give the cumulative surface area.

2
Specific cumulative areas ranged from 7.5 m /g for

o

powders to 3.5 m /g for compacted pelletized pow

ders and consolidated chunks as shown in Table 1.

NITROGEN ADSORPTION ISOTHERMS

The presence of small micropores that are

not detectable by mercury porosimetry can be deter

mined by nitrogen adsorption isotherms. The BET

analysis (Brunaur, et al . , 1938) uses adsorption data

for relative pressures between 0.05 and 0.3 atmos

pheres to obtain specific surface area.

A sample was placed in a sample holder and

attached to the Department of Chemical Engineering's

BET apparatus (Thakur, 1978). The system is evac-

-4

uated to less than 10 mm of mercury and the sample

is off-gased at 40C overnight. The sample is then

placed in a liquid nitrogen bath (-195C). Known

volumes of purified helium are added to the sample

holder section and the resulting pressure is mea

sured. Since helium will not adsorb at this tem

perature, the dead volume of the sample holder is

determined. The sample is again evacuated and off-

gased. Purified nitrogen is then added to the sys

tem. For a given volume of nitrogen a lower pres

sure will result due to adsorbed nitrogen. The BET

single layer adsorption area can therefore be com

puted.

BET surface areas agree with those computed

from mercury porosimetry as shown in Table 1. A

micropore structure is not detected, thus verify

ing the unimodal pore size distributions determined

from mercury porosimetry.

SCANNING ELECTRON MICROSCOPY

Visual and chemical analyses of spent shales

were performed using scanning electron microscopy

(SEM) and X-ray fluorescence spectroscopy (XFS).

Analysis was performed using the University of

Colorado's Cambridge S4 Stereocam scanning elec

tron microscope. The Kevex Ray 5500 X-ray Energy

Spectrometer attachment was used for XFS. Samples

were gold coated to reduce charging in the SEM.

This step was deleted and samples mounted on car

bon wafers for XFS so as to reduce interference with

the spectra. The SEM's verified the uniform pore

properties of the various spent shales found using

the analytical technique of mercury porosimetry as

well as providing information on average grain sizes.

The surface of the spent shale was observed to be

quite crystalline and irregular which implies the

existence of dead-space volume. This indicates

that a capacitance model is representative of the
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TABLE 1. COMPARISON OF PORE SIZE AND SPECIFIC SURFACE AREA

Mean Pore Diameter Sp =ci fie Surface Area Specific Surface Area

(Microns) Vi a Porosimetry Via BET

(m2/g) (m2/g)

Tosco Powder 3.0 7.59 7.0

Tosco Pellet 1.4 3.26 -

Tosco Chunk 0.5 3.84 -

Paraho Chunk 6.0 4.90 -

Lawrence Livermore 1.8 5.82 5.5

Laboratories Chunk

Leached Tosco Powder 3.0 8.89

ro

l

O

<
C/)

o*

ro

O

CL

Q

\

>

IO"3 IO"2 IO"1 I IO IO

RADIUS (MICRONS)

Fig. 1. Pore size distribution for Tosco spent shale powder.
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transport mechanisms involved in the flow of ground

water through spent shale. An SEM micrograph for a

Tosco spent shale consolidated chunk is given in

Figure 2. The average grain size is estimated to be

three to four microns. Pores are seen as the void

space between the grains.

Figure 3 shows an SEM micrograph for the high

temperature retorted (1000C) Lawrence Livermore (LLL)

spent shale. The material is no longer crystalline

but is much more amorphous although there is not a

great deal of difference in the average pore size

determined by mercury porosimetry (1 .8u for LLL and

1 .4y for the Tosco pellet). Figure 4 shows an SEM

micrograph for a leached Tosco powder. There has been

a definite change in the surface of the inorganic

solid. It is no longer smooth but much more irreg

ular and flaky. These irregularities could be caused

by precipitation, selected dissolution etching, or ion

exchange. The latter two mechanisms seem more reason

able. Pore size distribution and surface area measure

ments are reported for leached Tosco powder in Table

1. The average pore size of the leached material was

equivalent to that of the unleached material within

the accuracy of mercury porosimetry experiment. How

ever, there was a significant increase in the specific

surface area of 17 percent.

The bulk chemical XFS analyses showed for all

spent shale samples large amounts of calcium and sili

con. A typical XFS is shown in Figure 5. The peaks

are labeled and show the presence of (A) sodium, (B)

magnesium, (C) aluminum, (D) silicon, (E) sulfur,

(F) potassium, (G) calcium, and (H) iron. Other

elements present cannot be determined from the back

ground levels. The relative peak heights and crystal

line shape of the grains implies that most of the ma

terial is in the form of calcite and quartz.

TRANSPORT PROPERTIES AND DYNAMIC LEACHING

Through the use of a specially designed leach

ing column that allows for tracer breakout analysis

(Peterson, 1982), we have measured porosity, per

meability, pollutant dispersion and capacitance

effects as a function of leaching contact time. This

column, shown in Figure 6, is a modification of a de

sign used previously for tracer studies on sandstone

cores (Ramirez, Shuler and Friedman, 1980).

In performing leaching studies, the fluid

actually pumped through the pump is mineral oil The

actual leaching fluid (pure distilled deionized water

or a sucrose tracer solution) never comes in con

tact with the pump. This helps to minimize pos

sible contamination of the fluids. The design

employs a double delivery system. Pressure is

applied to the fluids contained in the bags in

both delivery reservoirs (R-4 and R-5) with the

leaching fluid being determined by the settling

of the valve at the bottom of the column (V-ll).

The use of a double delivery system allows for a

very simple and abrupt change to occur from one

leaching fluid to the other. It also minimizes

the mixing volume in the system before the column.

These characteristics are essential to the

accuracy of tracer studies. After passing through

the column, the leached fluid is collected for

analysis using a fraction collector (FC).

The leaching column is constructed of
1/8"

(0.32 cm) thick plexiglass and has a length of

36"

(91.44 cm), an inside diameter of
1"

(2.54 cm)

3 3
and has an internal volume of 450 cm + 25 cm .

The length of the column minimized end effects

that can influence tracer results. The column

has four pressure taps that are connected to a

differential pressure transmitter. This design

allows the experimenter to determine the pressure

drop across three separate sections of the spent

shale core or any combination of them. Figure 7

is a schematic of the top and bottom caps used

to seal the spent shale in the column. Both are

constructed of plexiglass. The top cap is com

posed of two pieces held together with four

screws. It was designed to seal off the top of

the column regardless of how far it is tightened.

This design allows the experimenter to fill the

column almost to the top and then tighten the

cap until there is no open space filled with air

or water. A 2u filter present in the cap pre

vents spent shale particles from escaping. The

bottom of the column is composed of one piece

with an 0-ring to seal against the column.

POROSITY

The porosity is a parameter needed to deter

mine the interstitial fluid velocity and the pore

volume of the spent shale core. Two methods are

used to determine porosity. One method is used

to determine the initial and final porosities

of the core. The other uses tracer breakout data
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Fig. 2. Scanning electron micrograph of consolidated Tosco spent shale (2800 X)-

Fig. 3. Scanning electron micrograph of LLL high temperature retorted spent shale
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Fig. 4. Scanning electron micrograph of leached Tosco spent shale powder.

Fig. 5. XFS - Tosco Powder. (A) sodium, (B) magnesium, (C) aluminum, (0) silicon,

(E) sulfur, (F) potassium, (G) calcium, (H) iron.
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Fig. 7. Spent shale leachlno column,
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to calculate the porosity of the core while it is

being leached.

The initial and final porosities of a spent

shale core were determined using a water displacement

technique. The porosity is calculated by determining

the volume of a section of core, its saturated weight

and its weight after drying. Initial porosities were

obtained by using this method on four packed samples

that were immediately removed from the column and

not allowed to be leached. These four samples showed

a standard deviation 1.1% of the mean. This implies

that all initial porosities are equivalent using the

core packing procedure developed by Peterson (1982).

To acquire an understanding of the changes in

porosity occurring during leaching, tracer break-out

data was analyzed. Since a step change in tracer

concentration will displace the original fluid,

determining the amount of the original fluid in-place

gives the pore volume for the system (Brigham, 1974).

Four leaching experiments were performed. Table

2 presents the important characteristics of each ex

periment. The spent shale used was obtained from

Tosco. It was mined from the Mahogany Zone at the

Colony site and assayed at 35 gal/ton (146 1/tonne).

The raw shale was crushed to minus
1/2"

(1.27 cm)

size prior to retorting by the Tosco II process. The

spent shale was cooled in a rotating pipe without

wetting.

Figure 8 shows the porosity as a function of the

number of pore volumes injected based upon the initial

pore volume. For every run, the porosity increased

considerably (10%). Most of this change takes place

in the first 10 pore volumes of leaching. The cores

that underwent the longest leaching (largest number

of pore volumes injected) showed the largest increase.

PERMEABILITY

Permeability characterizes the flow behavior of

fluids through porous media such as spent shale. The

permeability of a porous medium is related to its

pore size distribution, the porosity, the tortuosity

and connectivity (Greenkorn, 1981; Dullien, 1979).

The permeability is calculated from D'Arcy's Law:

(Dq
_

kA AP

m L

where Q =
volumetric flow rate

k =

permeability

A = cross-sectional area

v
= fluid viscosity

AP = dynamic pressure drop

L = core length

P = dynamic pressure =

p + pgz

The results of the permeability, plotted as

a function of the number of initial pore volumes

injected, are shown in Figure 9. The general

trend is for the permeability to increase as the

spent shale is leached. Most of this increase

occurs during the first 5 to 10 pore volumes fol

lowed by a rather constant value. The increase

in the permeability is likely the result of the

increase in the porosity due to the dissolution of

soluble material from the surface of the spent

shale.

DISPERSION

For miscible displacement experiments, the

dispersion of a nonadsorbing solute can often be

modeled quite well by the convective-dispersion

equation (Brigham, 1974).

2

3c_ + dc_ _ 1 jrc_
3t 3z Pe 2

o Z

(2)

where c = dimensionless tracer concentration

t = dimensionless time = ev/L

v = fluid phase velocity

z = dimensionless distance through core

Pe = Peclet Number = vL/D

0 = time

D = dispersion coefficient

L = length of the core

In many tracer studies it was observed that

a significant amount of tailing occurred in the

breakout curves that could not be described by the

simple convective-dispersion model. A three pa

rameter capacitance model has been proposed (Coats

and Smith, 1964) to account for the asymmetry.

This model assumes a main-channel volume charac

terized by the flowing fraction (f), a dead-space

volume (1-f), and mass transfer between the two

regions given by a dimensionless mass transfer

coefficient called the Stanton Number (St). The

model i s

9Cm 9Cm
f

m
,

m
T
3t 3z

32C_

st(cm - c.)
3z

(1-f)
3Cjl
3t

st(c cd>

(3)

(4)
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TABLE 2. EXPERIMENTAL CONDITIONS

Run No.

Shale core

Volume (cm3)

Shale core

Length (cm]

Ave. flow

Rate (ml/hr)

Ave. fluid

Velocity (cm/s)

Total

Leaching
Time (hr)

Total

Leaching
Volume (cm)

1 459.0 90.3 20.82 .00248 153.8 3200

2 468.0 92.4 21.10 .00252 542.6 11450

3 449.3 88.7 4.71 .00060 318.2 1500

5 447.9 88.4 9.49 .00116 853.6 8100

0.47

0.46

0.42

>- 0.45 J X I *
PI O n / \

1-

/ i
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O -44
1 / 4w
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r
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1 / / /
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Fig. 8. Porosity changes in soent shale during leaching.
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Fig. 10. Tracer breakout analysis.
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where Cm
= dimensionless main-channel concentra

tion

C^
= dimensionless dead-space volume

concentration

St = Stanton Number = KL/v

K = mass transfer coefficient

f =

flowing fraction

Sucrose tracers were analyzed by both the con

vective-dispersion and capacitance models. The ca

pacitance model was found to fit the spent shale

breakout data better. Figure 10 shows the compari

son between the fits of the different models for

a typical sucrose breakout experiment. A summary

of the dispersion results determined from the ca

pacitance model are given in Table 3. The average

dispersion coefficient for all nine runs was

-4 2
3.5 x 10 cm /sec with a standard deviation of

-4 2
1.8 x 10 cm /sec. This error is within the confi

dence limit of the regressed values, therefore, we

conclude that the dispersion coefficient remained

constant during the leaching experiments. The average

value for the flowing fraction was 0.94 with a stan

dard deviation of 0.056. Again this parameter did not

vary significantly during leaching and can be consid

ered a system constant.

LEACHING CAPACITY OF SPENT SHALES

As water invades the pores of the spent shale,

various ions are solubilized and desorb from the spent

shale surface. Leaching capacity can be character

ized by the Equilibrium Exchange Isotherm. This re

lates the amount of a given ion released into the

water to its equilibrium bulk concentration. This

release capacity can be incorporated into a flow model

to determine spatial and temporal leachate composition

profiles. Exchange isotherms have been measured for

boron, calcium, carbonate, fluoride, magnesium, sodium,

strontium, and sulfate (Morelli, 1982). The ions re

ported in this work are boron and sodium since they

represent the different release mechanisms observed.

Equilibrium exchange experiments were carried

out in polyethylene containers. Fifty grams of Tosco

spent shale was placed in each container with dif

ferent amounts of distilled water and sealed. The

containers were shaken four times daily for thirty

days. The leachate was filtered and analyzed. Boron,

calcium, magnesium, sodium, and strontium concentra

tions were determined by inductively coupled plasma

spectroscopy (ICP). Fluoride and sulfate were de

termined by ion chromatography and colorimetry was

used to determine carbonate (Meglen, 1981).

The boron exchange isotherm is shown in Fig

ure 11 in terms of grams released versus bulk

composition. This data is converted into a sorp

tion isotherm of grams of boron on the surface ver

sus bulk composition at equilibrium by:

r = 0 - r
r

w
s

2
where r =

g released/cm rock

2
r =

g on surface/cm rock

(5)

Q
= total sorption capacity (g on sur

face/ cm^ rock)

The equilibrium exchange isotherm can be

approximated by the Langmuir model;

C

rs
= Q -

rr
KeQ+

Q

(6)

where C = bulk equilibrium concentration

(g/cm3)

K = equilibrium sorption constant
8

(cm3/g)

Figure 11 also shows the fit of the boron release

data to this Langmuir model . The coefficients de

termined are Q = 2.06 x
10"10

g/cm2, and K =

4 3
2.11 x 10 cm /g. The fit is reasonably good in

dicating that the boron release mechanism is that

of desorption. The sodium exchange isotherm,

given in Figure 12, indicates the presence of an

additional release mechanism. Here we observe two

smooth continuous release sections but also a dis

continuous jump in the exchange isotherm. The

discontinuity shows that the system has encoun

tered the solubility limit of a specific sodium

chemical compound. The first part of the sodium

exchange isotherm is desorption using a Langmuir

model with Q]
= 2.29 x

10"6

g/cm2, and Kgl
= 5.32

x 10 cm /g. During this desorption, another

species remains insoluble until its anion concen

tration is reduced to a level that allows for the

desorption of this additional chemical species.

A Langmuir model can also describe the second part

of the sodium exchange isotherm with Q~ = 2.72 x

IO"6

g/cm2, and Kg2
= 1.36 x

102

cm3/g.
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TABLE 3. COMPLETE TRACER RESULTS

D(cm2/s)
Kts"1)
x
IO"6

Run V(cm/s) f

1.0 .00242 .000783 9.51 .954

1.1 .00246 .000280 14.82 .960

2.0 .00255 .000398 6.71 .978

2.1 .00251 .000430 4.24 .984

2.2 .00250 .000383 5.63 .980

3.0 .000602 .000337 3.65 .857

5.0 .00122 .000182 6.47 .963

5.1 .00111 .000178 6.25 .969

5.2 .00110 .00214 7.73 .823

2.25

0 5 10 15 20

BULK CONCENTRATION
g/cm3 xlO"6

Fig. 11. Boron equilibrium exchange isotherm.
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ABSTRACT

Eight different ground water models

already used to predict the consequences of

oil shale development were compared. Models

have included both analytical and numerical

methods, finite difference and finite ele

ment approaches, and quality as well as flow

parameters. Different mining and retorting

schemes have been compared. Tracts C-a and

C-b have received the most emphasis. Varia

tions in type of model, quantity and quality

of input data, assumptions concerning known

aquifer properties, and calibration proce

dures explain the diverse results of the

models. The unique fracture permeability of

the system, which controls the largely un

known but very significant variables of flow

velocity and porosity, is gaining attention

in current modeling efforts. Field tracer

experiments may be the only method of ob

taining data necessary to successfully model

this type of fracture system at present.

INTRODUCTION

Since the preliminary computer modeling

of the ground water system of the Piceance

Basin by the U.S.G.S. nearly a decade ago

(Weeks et. al., 1974), several additional

models have been developed. The purpose of

this paper is to compare these models and

their results, and to discuss potentially

supplemental approaches to developing more

refined models and data on which they may

be based.

MODELING PERSPECTIVE

Ground water modeling is essentially

an effort to mathematically describe the

interactions among aquifer, flow and fluid

properties to the extent that a measurable

natural property of the system (usually

head distribution) is simulated by adjust

ing other variables within realistic ranges

of values. The mathematical description is

normally a partial differential equation of

flow and/or solute transport. Aquifer pro

perties, which include permeability, poros

ity, thickness, lateral extent, and type

of boundary, interact with fluid properties

(density, viscosity, etc.) to produce flow

characteristics. Normally the region to be

modeled is gridded on a map, and flow prop

erties (values of hydraulic conductivity or

transmissivity) and storativity values are

assigned to each grid block. Grid blocks

that contain wells, springs, streams, or

other recharge, discharge, or boundary con

ditions are given source or sink values in

the grid. The partial differential equation
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is then solved by one of a number of possi

ble numerical techniques. For example, the

finite difference technique approximates the

function between adjacent grid blocks by

calculating the slope of a chord of the

function. Values of variables for each

grid block are obtained with respect to the

surrounding grid blocks, through solving

sets of equations simultaneously by a matrix

method. Numerous computer runs are made,

during which all variables except one are

held constant and one variable is changed

until the naturally observed values of

head, for example, are simulated throughout

all grid blocks in a region. This last pro

cedure is referred to as calibration of the

model. Following calibration, simulations

of expected aquifer stresses, such as mine

dewatering or stream depletion, may be made.

For an excellent basic but comprehensive

discussion and review of ground water model

ing, please refer to the recent paper by

Mercer and Faust(198l).

Of course the results of a model will

be potentially only as detailed as those

data used as input to it. For example,

Weeks and others (1974), because of a lack

of field data, were able to input only three

different values of upper aquifer transmiss

ivity over the entire Piceance Creek Basin.

Later, Robson and Saulnier (I98O) used addi

tional data to develop a model with two more

layers and anisotropic values of hydraulic

conductivity over the same area. With in

creased numbers of data points and periods

of time of collection, the continual refine

ment of models of the area is possible.

REVIEW OF MODELS

A review of the available litera

ture revealed that eight different models

have been developed for the Piceance Basin.

These models and their important aspects are

compared in Table I.

908 Model

The initial model, published by the

U.S.G.S. was completed in 1974 by Weeks,

Leavesley, Welder, and Saulnier, and is

generally known as the "908 Model". The

mathematical background, grid system, doc

umentation, and computer code were published

in 1978 (Weeks, 1978). The well-known two-

aquifer system (upper and lower aquifers

separated by the Mahogany zone aquitard)

was used (Figure 1). The aquifers were as

sumed to be horizontal and isotropic, with

leakage through the Mahogany zone between

them. The north-south grid system was not

aligned with structural trends (Figure 2).

Three transmissivity values were used for

the upper aquifer and five for the lower.

Storage coefficients of 0.001 and 0.0001

were used for the upper and lower aquifers,

respectively. The vertical hydraulic con

ductivity of 0.0004 meters/day (0.00135 ft/

day) was used. for the Mahogany zone. Re

charge and discharge were considered to be

equal at 0.94 m^/s . The model was surround

ed by impermeable boundaries, and stream

valleys were assumed to be constant head

boundaries in the upper aquifer.

The quasi three-dimensional finite

difference model developed in the U.S.G.S.

by Bredehoeft and Pinder(l970) was used.

The model used an iterative, alternating
-
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Figure 1. Cross section through the Piceance Basin showing

aquifer systems as identified in the U.S.G.S.

908 and II96 Models. After Weeks, 1978.
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direction-implicit method to solve the simul

taneous equations. The program and data are

fully documented by Weeks (1978).

The 908 Model was calibrated by compar

ing simulated water levels to water levels

measured in the field. For the approximately

900 square mile area modeled, seven measure

ments only were available from the upper

aquifer and nine from the lower. Thus, 31

composite water levels were used to calibrate

the composite head simulation that was used.

The calibrated model was used to pre

dict the effects on the head distribution

due to dewatering for 10.4 km underground

or open pit mines at tracts C-a and C-b,

assuming that the Mahogany zone would be

mined and that all strata down to it would

be dewatered. The predicted drawdown after

thirty years of dewatering at tract C-b is

shown in Figure 3, and will be compared to

predictions from other models.

The 908 Model is a good example of a

preliminary model developed despite a lack of

sufficient field data or appropriate model

technology. When the model was developed

the knowledge currently available from the

baseline environmental programs at the fed

eral lease tracts was unavailable. In addi

tion, research on flow through fracture sys

tems has recently revealed that porous media

models may not provide adequate results in

many cases. Nevertheless, the 908 Model

stands as a classic example of an initial

valuable modeling effort in an extremely

complex ground water system. The stratigra

phic definition of numerous aquifer layers

in the Piceance Basin has probably made the

two aquifer model obsolete as a practi

cal tool in the basin.

The 908 Model was the second effort at

ground water modeling in the Piceance Basin

by the U.S.G.S. An earlier model by Coffin

and Bredehoeft(1969) simulated mine drain

age from an open pit mine, and compared re

sults with analytical solutions. The model

was intended to introduce digital modeling

only; consequently the documentation and

details of operation, including results,

were not completely presented in the open-

file report.

Rio Blanco Model

The first model to be used in the

basin after hydrologic testing had been

done for environmental baseline monitoring

was developed for tract C-a(Sokol, 1976;

Darr, I976). The model used was the well-

known Illinois Water Survey finite differ

ence model developed by Prickett and Lonn-

quist(1971). The code used was for the

quasi three-dimensional section of the mo

del; the difference equations are solved by

the alternating direction, Gauss-Seidel me

thod. An orthogonal grid network was ori

ented parallel to the principal structural

features, principally faults, at tract C-a.

The grids were variably spaced, from 0.2

miles to 2 miles wide (Figure 4). The two

aquifer/Mahogany aquitard system of the U.

S.G.S. was used, except that the Mahogany

zone was found in pumping tests to be par

tially coextensive with the upper aquifer.

Anisotropic permeability was assumed for

the upper aquifer, based on tests at the

tract (2500 gpd/ft, N60W; 1670 gpd/ft,
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Figure 3. Maps showing transmissivity data used to define areas of transmissivity
input values for 908 Model (right) and model prediction of drawdown in

the upper aquifer after thirty years of dewatering. From Weeks and

others, 1974.
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system oriented parallel to
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in Rio Blanco Model. After

Sokol, 1976.

564

Figure 5. Map showing expansion of the cone

of depression around tract C-b as

predicted by the T&K model, an

early result that has been modified

by more recent work. From Tipton

and Kalmbach, 1977, published by
permission of the authors and tract

C-b.



N30E). Uniform transmissivity of 7000 gpd/

ft was assumed for the lower aquifer. Other

hydraulic variables used were the same as

those used by the U.S.G.S. in the 908 Model.

As well as having important different

hydraulic parameters when compared to the 908

Model, the Rio Blanco Model simulated dewa

tering to a depth of 800 feet below the Ma

hogany zone. Distribution of recharge also

differed significantly in the Rio Blanco

model. Such large variations of input of

course resulted in differences in the pre

dictive results of the model, when compared

to the 908 Model. However, it is interest

ing to note that upper aquifer discharge

predictions for comparable periods of time

were significantly different (no discharge

after thirty years for the 908 Model and 2.7

cfs for the same period for the Rio Blanco

Model ) .

T&K Model

Like tract C-a leaseholders, the then

lessee of tract C-b (Ashland-Occidental)

in 1977 completed a model study of drawdown

due to dewatering as planned during mining

at the tract (Tipton and Kalmbach, 1977).

However unlike the C-a model, the T&K Model

used an analytical solution to predict draw

downs. The solution used the equation re

lating inflow discharge to drawdown around

a well of constant drawdown in an extensive

aquifer developed by Jacob and Lohman(1952) .

An annual expansion of area of mine develop

ment of 80 acres per year was assumed, to

a maximum area of 4620 acres at complete de

velopment. Transmissivity values of 1500

gpd/ft and 400 gpd/ft were used for the up

per and lower aquifers, respectively. These

are significantly lower than those used in

the 908 Model, to which the T&K Model was

compared in the report. Zero leakance was

assumed for the Mahogany zone, and recharge

was not considered to be a factor. Storage

coefficients used ranged from o.ool to 0.05

for both aquifers. Solving the Jacob-Lohman

equation through time yielded maximum and

minimum values of estimates of drawdown with

distance from the tract as mine development

proceeded. The resulting prediction of exp

ansion of the cone of depression due to de-

watering is shown in Figure 5. The circu

larity of the cone is the result of the

simplified assumptions and the method used.

Golder Model

As part of a larger study on water

management in oil shale mining, Golder As

sociates used a finite element model to

simulate ground water flow and response to

different mining scenarios at the two fed

eral lease tacts and the U.S. Bureau of

Mines Horse Draw site (Golder Associates,

1977). Although vertical differences in

permeability, porosity, and specific stor

age were recognized, only at the mine sim

ulation sites were these vertical changes

considered in the model. Away from the

sites, a single-layered model was used.

Moreover, analytical solutions were used

to model drawdown near the mine sites in

the Mahogany zone and below it (Figures 6

and 7). Recharge and boundary conditions

were comparable to the 908 Model. At tract

C-b, underground room and pillar, true in-

situ, and modified in-situ methods of
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one test was performed ).

SCALE miles QSite locations

PIEZOMETRIC

ELEVATIONS (ft.)

DRAWDOWN (ffJ

Contour Interval = 100 ft.

2 4

Figure 6. Map showing values of permeabil

ity for different areas input to

the Golder Model. From Golder

Associates, 1977-
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Figure 8. Values of permeability, porosity,

and storage used in Golder Model.

From Golder Associates, 1977.

Figure 7. Map showing predictions of

drawdown around tract C-b after

maximum impact due to mining

and inflows of 9000 acre-feet

per year. From Golder, 1977.

Primary Plumes

Estimated Limit of Degraded Groundwater

Figure 9. Map showing predictions of pol

lution by Golder Model. From

Golder Associates, 1977.

566



mining were modeled. Subsidence due to min

ing was simulated, and production levels of

30,000 and 60,000 barrels per day were mod

eled. The time-dependent extension of an

asymmetric cone of depression was considered.

Numerous simulation runs were made to

compare different mining scenarios, produc

tion rates, and hydrologic conditions among

the three sites. For example, drawdowns due

to dewatering tract C-b at the rate of 9000

acre feet per year were predicted, and the

effect on flows in Piceance Creek was simu

lated (Figures 7 through 9).

Considering the variety of factors con

sidered in the Golder Model, it is the most

comprehensive model developed for the area,

but the details of calibration, documenta

tion, and operation of the model were not

discussed completely in the report. There

fore, the comprehensive comparison of re

sults with other models is not possible.

The Golder Model was funded by the U.S.

Bureau of Mines .

Beta Model

In another study funded by the Bureau

of Mines, Banks and others (1978) employed a

3-D finite difference oil reservoir model

(Sun Oil Company Beta Model) that used po

rosity and permeability rather than stora-

tivity and transmissivity as input data.

The 908 Model three-layer aquifer system was

used, but alluvial aquifers were not con

sidered. Structure and isopach maps were

used to obtain aquifer thickness data.

Porosity was calculated from data on aquifer

and fluid compressibilities, storage coef

ficient, fluid density, and formation thick

ness. Calculated porosities yielded initial

estimates of ground water in storage
exceed-

the U.S.G.S. estimates by a factor of more

than two, and were arbitrarily reduced by

approximately half for use in the model.

A rectangular grid system oriented with

respect to structural trends was developed,

and three dewatering cases were simulated

after calibration for steady state heads

was accomplished. The required input data

were taken directly from the 908 Model, ex

cept that the highest value of transimissiv-

ity near the center of the basin was not

used.

Results of modeling were presented for

three years of dewatering at a simulated

open pit mine near the center of the basin,

and for up to ten years dewatering for an

open pit mine near the western margin of

the basin. In addition, dewatering for in

clined tunnels near the western margin was

simulated.

The simulation for the mine near the

basin center was intended to provide order-

of-magnitude comparisons with the 908 Model

results. The 908 Model predicted approxi

mately 7800 gpm discharge from the upper

aquifer at tract C-b after three years,

while the Beta Model predicted 2600 gpm for

the same time period. This disparity can

be explained by the differing mining and

dewatering schemes considered in the two

models .

H96 Model

The third model done by the U.S.G.S.

in the basin was the simulation of flow and

solute transport using the 3-D finite
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difference model developed for the U.S.G.S.

by INTERCOMP, Inc.(Robson and Saulnier, I98O;

1981; INTERCOMP, 1976). The model simulates

confined, density-dependent flow and solute

transport, including dispersion, in nonhomo-

geneous and isotropic aquifers with irregular

geometry, and with steady or transient flow

conditions. Dissolution is the only chemical

reaction term considered, however. The work

was reported in Professional Paper II96.

New data and relationships developed

after the 908 Model were considered by Rob-

son and Saulnier in the II96 Model. Five

aquifer layers were identified, and aniso-

tropy was quantified for one layer. The

finite difference grid was oriented with re

spect to structural trends. Numerous maps

showing original data and gridded data were

presented (Figure 10) .
Detailed geochemical

conditions and relationships throughout the

basin were discussed, including important

trace elements. The significance of arsenic,

barium, boron, fluoride, iron, lithium, and

strontium in concentrations larger than nor

mal in the basin was discussed.

The model was calibrated by adjusting

parameters such as hydraulic conductivity,

recharge rate, and dissolution rate within

realistic ranges until the present-day
poten-

tiomentric heads and dissolved solids con

centrations closely matched model-calculated

values. Heads within almost all grid blocks

agreed within ten feet. The calibrated mo

del was then used to simulate dewatering and

water quality changes due to the modified

in-situ mining of oil shale at lease tracts

C-a and C-b.

The results indicated that the

ground water quality down gradient would be

affected more from MIS mining at tract C-a,

while the surface water in Piceance Creek

would be affected more at tract C-b. They

also suggested that significant deterior

ation of quality of water in the basin will

occur if MIS retorts are developed (Figure

11).

LBL Model

The Lawrence Berkeley Laboratory (LBL)

also conducted an investigation of dewater

ing for the MIS mining method (Mehran, Nara-

simhan, and Fox, I98O), funded by the U.S.

Department of Energy. Like the H96 Model,

the LBL Model simulated MIS retorts as pro

posed for lease tracts C-a and C-b. The

LBL study was different from all previous

models because it considered the change

in permeability of the aquifers during the

desaturation process. In addition, simula

tions of resaturation of abandoned MIS re

torts were made.

The LBL Model used is an integrated

finite difference model (TRUST). The model

is capable of solving problems of desatura

tion under transient flow in up to three

dimensions. Because of the wide range of

values of hydraulic variables used in pre

vious studies, sensitivity analyses were

performed on important parameters. The re

sults of these analyses were used to simu

late dewatering of an expanding retort re

gion at tract C-b for 30 and 60 year periods

(Table I). The model predicted that from

7600 to 14,200 gpm could be expected as in

flow to the dewatered area at tract C-b.
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EXPLANATION

ESTIMATED HYDRAULIC

CONDUCTIVITY. IN

FEET PER DAY

Lateral Vertical

Kx=0.6, Ky=0.54 K2=0.3

A."

v
= 1 . 2 . A., = 1.08 A: -

= 0.6

Kx=2.0, Ky
= l.

MODEL GRID

DATA POINT

A.'

- = 1 .0

10 MILES

10 KILOMETERS

Figure 10. Map showing grid values of lateral and vertical hydraulic

conductivity for layer 2 of II96 Model. From Robson and

Saulnier, I98O.
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Figure 11. Map showing predictions in change in concentration of total

dissolved solids in layer 5 as calculated by the II96 Model,

From Robson and Saulnier, I98O.
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However, inflow values of less than 2 gpm

for each individual retort after 60 years of

dewatering were predicted. Probably the most

interesting conclusion of the study was that

the model predicted essentially no reinvasion

of the upper aquifer in an abandoned retort

area even after 200 years of abandonment (Fi

gure 12) .

U.S.G.S. 3-D Model

In 1981 the U.S.G.S. completed a fourth

modeling effort in the basin, employing a 3-

D finite difference model and the 5-layer

aquifer system used in the II96 Model (Taylor,

in review). The grid system was expanded to

include the aquifers outside of the surface

drainage boundaries, especially to the south

into the Colorado River drainage. Refine

ments in the anisotropy of permeability,

both vertically and laterally, were made

with respect to the II96 Model. A statisti

cal error analysis was done to determine if

a reliable calibration could be achieved.

A negative result was obtained, indicating

that insufficient data are available to

calibrate the model at this time.

Models in Progress

In addition to the U.S.G.S. 3-D Model,

three other models are known to be currently

underway in the basin. Consultants for tract

C-a are developing a finite element flow and

solute transport model for that tract. The

U.S.G.S. 3-D Model is being brought on line

on the in-house computer of Occidental/Ten-

neco for use at tract C-b. The Denver Re

search Institute is adapting the Illinois

Water Survey Random Walk Solute Transport

Model (Prickett, Naymik, and Lonnquist, I98I)

for use at tract C-b. Research plans in

clude addition of fracture compensation fac

tors from field tracer experiments, and the

conjunctive operation of the program with

results from the U.S.G.S. PHREEQE geochem

ical calculation program (Parkhurst, Thor-

stenson, and Plummer, I98O). No results are

avialable from any of these model studies as

yet.

DISCUSSION

The review of models already completed

demonstrates that a wide variety of models

with different purposes, areas of interest,

hydraulic parameters, and input data have

been used in the Piceance Basin. As more

data have become available, the details of

sophistication of modeling procedures and

results have increased.

Probably the most important criticism

of the models done already is that they all

assume porous media conditions of flow, in

stead of the fracture flow conditions that

exist in the basin. Most investigators have

recognized this problem, but the fracture

flow literature does not provide a model that

adequately considers the permeability com

plexities of the unique type found in the

aquifers in the Green River formation. In

addition, as shown in Table I, hydraulic

parameters as measured from field tests in

single wells or groups of wells in a small

area vary widely both vertically and later

ally in the basin. The major fault systems

and the most densely fractured zones undoubt

edly transmit the largest quantities of

water the fastest over long distances, but

such systems are not well represented in
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data from hydrologic field testing that has

been done in the basin. Pumping test, drill

stem test, and single well tracer test data

are available, but they represent aquifer

conditions immediately surrounding the test

well only. Faults or fracture zones may ex

ist near the well but their significantly

higher permeability will not be detected in

such tests. Therefore, it appears that mul-

tiwell tracer tests may be the only method

of obtaining data that realistically repre

sent velocities of ground water that may have

potential for transporting pollution from

oil shale mining areas .

Of the models reviewed here, only the

Golder Model and the II96 Model attempted to

consider ground water quality changes due to

oil shale development in a quantitative man

ner. Both models used calculations of leach

ing rates and volumes from abandoned in-situ

retorts, but the II96 Model incorporated flow

and solute transport relationships in a sin

gle numerical model and provided more detail

ed results (Figures 8 and 10 ). No model

done thus far has provided quantitative est

imates of the rate or volume of pollution by

the principal elements known to exist in the

system in harmful concentrations individually.

In addition, the details of mineralogy of

abandoned retorts are not known well enough

to adequately predict the addition of pol

lutants to the ground water system from that

source. These topics are being addressed in

detail by current research, however.
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ABSTRACT

During the last two years several methods of

chemical analysis have been developed for oil shale

wastewaters and gases. Emphasis has been placed on

methods which are rapid, simple, and able to perform

well under field conditions. Species which have been

studied include total solutes, total N, total S,

ammonium N, S0H=, NO3", S203=, SCN", S03
=

, Cl", N02",

and sulfide in wastewater; and total S, H2S, COS,

CH3SH, CS2, CH3CH2SH, thiophene, propyl mercaptan,

and butyl mercaptan in retort gas.

INTRODUCTION

Previous efforts to analyze retort waters and

gases have demonstrated that the then-existing stan

dard methods were often inadequate for retort waters

and gases (Fox et al . 1978; Felix et al . 1977; Wallace

1981.) This situation caused an obvious problem,

since pollution control systems cannot be designed

and tested without a knowledge of stream composition,

nor can emission regulations be promulgated ration

ally. For this reason we have been developing, over

the last two years, a number of methods of chemical

analysis for potential pollutants in oil shale waste

streams. In this paper the main characteristics of

these analyses will be summarized.

The objective of this work is to develop ana

lytical methods which can be helpful in selecting,

monitoring, and optimizing various types of control

technologies for wastewaters and gases. In the case

of wastewaters, present regulatory philosophy re

quires "zero
discharge"

of any contaminated water.

The wastewater engineer is therefore concerned with

conditioning retort wastewater streams for re-use

within the plant and not for discharge. Consequently,

the analytical methods developed must work well with

colored, oily process waters such as are often found

in an oil shale retort. On the other hand, detection

limits required for such methods typically can be

higher than for analytical methods used on discharged

waters. Additional requirements of analytical

methods developed for this purpose are speed,

ease of use, and the ability to operate in the

field under less-than-ideal environmental con

ditions. The analyses described below are there

fore designed to be used in field laboratories

and to give feedback fast enough for the plant

operator to optimize plant conditions.

Table 1 shows those species, selected for

their importance in evaluating control technol

ogy, which have been investigated during the

last two years. Methods have been developed for

most species in this table with a few exceptions:

an instrumental approach which was under inves

tigation for measuring total N in water operated

by combusting the sample in a resistance furnace

and attempting to quantitate total N by measuring

the yield of NO. However, early experiments

indicated that different compounds yielded NO

with different efficiencies, and for this reason

efforts to develop a method for total N have

been discontinued.

Methods for those species shown in paren

theses in Table 1 are of an intermediate status.

While it is likely that they can be measured by

the ion chromatographic techniques developed

during this study, their efficacy is not yet

proven. For example, Na gives a clear peak

during the ion chromatographic measurement of

NH4 , but the recovery, precision, potential

interferences, and range of the Na measurement

have not yet been measured. Similar comments

apply to S03
=

, N03", S203
=

, and POl}.

Table 1

ANALYTICAL METHODS UNDER STUDY

Water Gas

total Solutes

total N

total S

HHh+

(Na)

SOif, N03

(S03=, Cl

Sulfide

S203 ,

N02", POO

total S

H2S

COS, CH3SH, CS2

CH3CH2SH

thiophene

PrSH, BuSH
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However, for the remaining species, methods have

=en developed which have operated satisfactorily

n the laboratory and in the field. Because of space

imitations, the following text briefly summarizes

he most important characteristics of these analyses.

ore detailed information will become available to

he reader in reports which are presently being pre-

ared.

otal Solute

During this same forum one year ago, John Wallace

liscussed the measurement of total solute content

ising the freezing point depression method, and the

eader is referred to those proceedings for more

letails (Wallace et al. 1981). Suffice it to say

:hat the freezing point depression indicates the

:otal solute content of retort water, including

volatile gases, in the concentration range 0.01 to

5 mol/1. It is suggested that this measurement can

lave the same utility that the total residue measure

ment has for wastewaters.

Sulfide

Although the literature describes numerous

methods for measuring sulfide, many of these are not

ippropriate for retort waters. For example, the

methylene blue colorimetric method and the iodometric

:itration method, both of which are commonly applied

;o less complex waters, are subject to interferences

lue to colored compounds or reducing agents and are,

lost likely, not suitable for retort waters (Wallace

.981). On the other hand, several authors have re

torted measuring sulfide in colored process waters

>y means of a Pb or Ag titration monitored by an

igS indicator electrode (Haas 1979; Swartz and Light

.970). This method was therefore evaluated for its

ipplicability to retort wastewaters.

In the procedure tested, the sample is first

liluted 1:1 with a basic ascorbic acid solution which

cts as an anti -oxidant preservative and also converts

he sulfide to S~, the form reactive with the AgS

lectrode. This mixture is then titrated with

b(N03)2 while monitoring the response of the AgS

lectrode. The equivalence point is determined

ith a Gran's plot when a manual titration is carried

ut; however, a derivative endpoint may be more

onvenient for automated titrations.

This method was first tested in the labora

tory and then in the field using actual retort

waters for sulfide levels > 1 mg/l. In this

range no interferences could be observed when

the method was challenged with Cl~, SCN", S0t+~,

S203 , carbonate, ammonia, or turbidity. Routine

analyses performed under field conditions are

reproducible to 3% (1 a) although somewhat

better results can be obtained, if required, by

more careful application. The recovery of sul

fide added to retort waters is 100% within ex

perimental error.

Under field conditions this method has pro

ven easy and reliable. One attractive feature

is that all reagents are stable and no liabile

sulfide standards need to be prepared in the

field.

Ammoniacal N in Water

Total ammoniacal N, referred to here as

t-N, is typically one of the predominant species

in retort water and is frequently of interest to

pollution control engineers. For this reason

t-N has been measured frequently but with mixed

results. Some reports suggest that existing

methods are adequate, especially if a distil

lation step is included. On the other hand,

other investigators report erratic results,

especially with the ammonia ion selective

electrode (Wallace 1981). In our experience,

the distillation techniques are too time con

suming and cumbersome for field application

while the ion selective electrode requires ex

traordinary patience and skill to achieve reli

able results, even in the laboratory. The

principal difficulty with the electrode tech

nique is the occurrence of erratic shifts in

the intercept of the calibration curve, although

the slope normally stays constant. This shift

is presumably caused by high ionic strength or

high organic content of the retort waters. Due

to these effects, results obtained in the field

with the electrode were sometimes off by a fac

tor of two; results could be obtained in the

laboratory within a precision of 20% only

by recalibrating after every few samples and

repeating the analyses whenever the calibration

shifted.
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Because of these experiences we began developing

alternate methods for t-NH3 , and in the process in

vestigated three different techniques. The first

depends on the absorption of UV radiation by gaseous

NH3 which is evolved from a basic solution. The

second method is a liquid chromatographic determi

nation and the third method is a modification of

the electrode method.

The UV absorption technique is carried out in

a 150 ml, temperature controlled chamber fitted with

quartz windows, as shown in Figure 1. Approximately

30 ml of sample is placed in the cell along with

approximately 3 ml of 10 M NaOH. After the NH3 has

equilibrated between the headspace and liquid phase,

the UV absorption of the gaseous NH3 in the headspace

is measured at 197 nm. For the most accuracy the

wavelength is scanned across the sharp peak occurring

at 197 nm and the background continuum is subtracted.

The modified electrode method is designed to

avoid exposing the electrode to oily or briney waters,

while at the same time taking advantage of the rel

atively stable slope. Before beginning a series of

samples, the electrode is first calibrated with a

series of NH^Cl standards in d.i. water in order to

ascertain the slope. Individual samples are then

analyzed by first placing the electrode in a beaker

containing 0.1 M NaOH and 5 mg/l of NH^Cl . Micro

liter aliquots of the retort water are then added

while monitoring the change in cell potential. The

concentration is then determined by the shift in

potential (rather than the absolute value of the

potential) and the amount of retort water added.

The third technique employs a Dionex ion

chromatograph to separate NH4 from other cations

on a cation exchange resin. Eluant is .0075 mol/1

HN03 , and detection is by electrical conductivity.

This technique also yields a clear peak of Na which

presumably could be measured also, although we have

not yet made efforts to confirm this supposition.

K yields a peak following the NHi+ peak and could

become an interference if it was present in excess;

however, this situation would appear to be highly

unlikely in retort waters.

Table 2 shows a comparison of these three methods.

Columns 3 and 4 in the table compare the results

obtained with the UV method when the background

continuum is subtracted from the peak height (column

3) with the values obtained when only a single wave

length is monitored. As shown, the single-wave

length results are consistently higher, although

the difference may not be important in every

case.

The average difference shown in the fifth

row is based on a larger series of samples which

were analyzed by three different methods. The

ion chromatographic method (IC) and the scanning

UV method agree within experimental error; either

technique is sufficiently accurate for measuring

NH3 in retort water. The larger difference

shown for the electrode measurement is not due

to a systematic error, but the poorer precision

of the technique.

Table 2

COMPARATIVE AMMONIACAL NITROGEN

DETERMINATION (mg/l as NH3)

IC

UV

Electrode

(Std

Sample Scan Singlex Addition)

GE0-17 2,200 2,149 2,300 2,191

n-9

(3125) 3,300 3,449 3,600 3,596

Tar Sands 55 50 102 68

Coal Gasi-

fier Con

densate 4,000 4,199 4,200 4,127

Average

Difference 0.00% 5% 14% 14%

N 12 12 12 13

In summary, each of these methods has ad

vantages and disadvantages. The UV technique is

relatively insensitive to oils and surfactants

and requires a minimum of reagents and sample

pretreatment. This method is therefore promising

as the basis of a continuous field monitor. On

the other hand, no such monitor is available

commercially at the present time. In contrast,

the modified electrode technique requires the

least expensive equipment and the most labor.

This method also exhibits the poorest precision.

The ion chromatograph used for this analysis is

commercially available but costs significantly

more than an electrode system.
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FIGURE 1 THERMOSTATED CELL FOR MEASURING NH3 VAPOR OVER RETORT WATER
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Anions in Retort Water

In addition to the measurement of t-NH3 , ion

chromatography has proven to be a useful technique

for the measurement of anions in retort waters. Four

separate protocols have been developed for the major

and minor anions (except C03~/HC03") in retort waste

waters .

All analyses have been performed on a Dionex

(Sunnyvale, CA) Model 10 ion chromatograph equipped

with an electrical conductivity detector. Columns

selected for these analyses are the Dionex "fast
run"

pre-columns, and a resin-based anion suppressor

col umn .

The first analysis is designed to measure only

and SCN", which are the slowest eluting peaks

observed in retort waters. This analysis is accom

plished with 2 pre-columns using an eluent of .007

mol/1 Na2C03 +
.0005 mol /I SCN". Detectability of

these species under these conditions is approximately

3 mg/l, and the analysis is completed in approximately

25 minutes. While this protocol is best for

and SCN", earlier eluting compounds such as and

are not adequately separated.

The major anions SO^-, N03~, SCN", and

can be measured in a single run by combining two pre-

columns with an analytical column. At the start of

the analysis the two pre-columns are temporarily

switched in line in order to retain the SCN and

S203~, while and N03~, as well as any earlier

eluting compounds, are allowed to proceed to the

analytical column where they are separated and de

tected. The pre-columns are then switched back in

line as the analytical column is switched out of line,

thereby allowing and to proceed to the

detector. For this analysis .007 mol/1 Na2C03 is the

eluent.

The chroma togram shown in Figure 2A illustrates

several features of this analysis as applied to retort

water. (The number shown by each peak indicates re

tention time, not concentration.) As shown in this

figure, under these conditions is a rather dif

fuse peak. For this reason, is not reported at

concentrations below 10 mg/l. Also, compounds eluting

before are not adequately separated to permit

identification. For example, the first peak in Figure

2A could be either or acetate. As is normally

the case with retort waters, does not give a

detectable peak. However, N03 can be readily ob

served, if added to the sample as a separate peak

following SO^-. Other ions such as and

elute, albeit incompletely resolved, bet

ween and SO,", and a peak in this region

alerts the analyst to the possible need for a

more detailed separation.

The third ion chromatographic protocol uses

a weaker eluent (.003 mol/1 Na2C03) in order to

better separate the early first peaks such as

Cl", acetate, N02~, S03~, and SO^-. and

are trapped on a pre-column and periodi

cally flushed to waste. An example of this

separation is shown in Figure 2B. As suggested

by this figure, it is nevertheless difficult to

quantitate or earlier peaks because of base

line shifts at the beginning of the chromatogram.

A. INFLUENT TO STEAM STRIPPER. ELUENT = 7 mM No2C03

B. REFLUX SAMPLE FROM STEAM STRIPPER. SO^
AND

SCN"

ARE NOT SHOWN BUT WOULD ELUTE

LATER. ELUENT =3mM Na2C03

FIGURE 2. ION CHR0MATOGRAMS OF RETORT WASTEWATER
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The fourth analysis is for total S. Retort water

is oxidized with H202 to a fixed Eh, and then

analyzed for SOi* . Experiments in our laboratory

have shown that this procedure successfully converts

the various forms of S to S01+=.

Total Sulfur in Retort Gas

Total S in retort gas is of interest for two

reasons: First, it serves as a quality control

function in that the measurements of individual S

gases should sum to the total S measurement. Second,

total S removal is the "bottom
line"

in evaluating

a S pollution control system, since the remaining

S gas would be burned and converted to S02 before

emission.

The measurement of total S is most easily

accomplished by converting the various chemical forms

of S to a single species in a quantitative manner.

The total S analyzer developed for this study accom

plishes this end by metering a known volume of retort

gas into an air/methane flame, where the various

S species are converted, within experimental error,

to S02. The S02 is then measured using various

stack gas monitors which are commercially available.

Table 3 shows the response of this analyzer to

various S gases prepared as artificial standards in

both H2 and N2. As can be seen, the response is

constant within experimental error.

Table 3

RESPONSE OF TOTAL SULFUR ANALYZER TO

VARIOUS SULFUR GASES

Range Response

S-species (ppmv) (%)

S02 -- 100

H2S 280-34,000 1004

CH3SH 980-4,000 98-102

Thiophene 1,100-32,000 97-101

COS 3,200-26,000 97-100

CS2 2,900-7,250 95-98

A prototype of the total S analyzer has been

field tested for a two-week period at the 150-ton

retort operated by the Laramie Energy Technology

Center (LETC). Results for the total S measurement

were within the range calculated from the measure

ment of individual S species. However, addi

tional work is required on this system to permit

the introduction of hot, saturated, retort gas

and to minimize operator labor requirements.

Sulfur Species in Retort Gas

Although gas chromatography with a flame

photometric detector (GC/FPD) had been used for

many years to determine various S gases, it was

not clear how this technique could best be ap

plied to retort gas. Which columns, if any,

could separate the S compounds found in retort

gas without being damaged by the accompanying

moisture and oils? Hydrocarbons found in retort

gas were known to quench the signal from the FPD.

Would such quenching degrade the quality of the

results?

The effect of hydrocarbon quenching on a

Baseline (Lyons, CO) single-flame photometric

detector used in the normal mode is shown in

Figure 3. To relate this to retort gas consider

a 10 yl injection volume of gas containing 5,000

ppmv H2S and 1% co-el uting ethane. According to

the figure, the response of the detector would

be approximately 10% too low. Additional experi

ments have shown that quenching effects can be

minimized by reversing the introduction of H2

and air to the FPD so that air is introduced con

centric to the outer layer of H2. Quenching

effects are also kept within acceptable levels

by using peak height instead of peak area and by

minimizing the injection volume.

Of the various packed columns which were

evaluated, two have been selected for routine

use based on their insensitivity to water and

their ability to separate the major S gases sus

pected to be in retort gas. These columns are

the Carbopack BHT-100 from Supelco for H^S, COS,

CH3SH, CH3CH2SH, and CS2, and a Porapak QS, ace

tone washed, for H2S. Figure 4 shows a chroma to-

gram obtained with gas produced at the 150-ton

retort located at the LETC. Two injections were

used in order to stay within the dynamic range

of the flame photometric detector, the first

injection of 1 yl H2S, and the second injection

of 100 ul for the minor S gases.
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As shown in Figure 4, the Carbopak BHT-100 column

is adequate for separating H2S and some of the minor

S gases. This conclusion has also been supported by

injecting a variety of other S gases in order to as

certain their relative elution times. In conjunction

with an FPD being operated under the conditions dis

cussed in the previous paragraph, packed column gas

chromatography is thus an acceptable method for mea

suring a limited number of S species in retort gas.
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ABSTRACT

Biological treatment is usually effective for

the mineralization of only one half of the organic

carbon present in retort waters. Microbial growth

is supported primarily by polar organic constit

uents, especially fatty acids. Explanations for

the limitation to biooxidation are proposed, and

several physicochemical treatment methods including

sorption and chemical oxidation were evaluated for

their abilities to complement or enhance

biooxidation.

The use of spent shale or powdered activated

carbon (PAC) effected preferential sorption of the

less polar, biorefractory organic compounds from

retort water. The concurrent application of these

sorbents with biooxidation, however, did not

promote a synergistic removal. The construction

and application of a
"pilot-scale"

adiabatic

stainless steel and beaded-glass steam stripper for

removal of ammonia, hydrogen sulfide, and carbon

dioxide from oil shale process wastewaters is

discussed; emphasis is placed on the benefits steam

stripping would accord biooxidation. Ultraviolet

radiation had no significant effect on the

biorefractory organic solutes in retort water.

Extensive ozonation structurally altered 14 percent

of the recalcitrant dissolved organic carbon (DOC)

and thereby promoted enhanced microbial mineral

ization. Ozonation mediated by ultraviolet

radiation had a synergistic effect. More than 41

percent of the DOC, however, remained refractory to

successive treatments by primary biooxidation,

exhaustive chemical oxidation, and secondary

biotreatment . Potent chemical oxidants apparently

were incapable of effecting sufficient structural

alteration of the biorefractory compounds to

encourage renewed biooxidation. This implies that

oxidative enzyme systems also may be incapable of

promoting further alteration or mineralization of

these recalcitrant solutes. Physicochemical

methods that complement biotreatment may be

required to upgrade oil shale wastewaters for reuse

or codisposal.

INTRODUCTION

Successful treatment of oil shale wastewater

will undoubtedly require the application of more

than one method. A particular method may be

extremely effective for the removal of specific

classes of organic compounds, but, when applied to

a heterogeneous mixture such as retort water, it

may be able to remove only a fraction of the

contaminative solutes. Extensive treatment of

these waters will require a combination of methods

that yield complementary or enhanced performance

when used in sequential or simultaneous

applications. The integrated processes should be

evaluated carefully because the final degree of

treatment can be additive (i.e., the sum of the

individual processes), synergistic (i.e., greater

than the sum of the processes), antagonistic (e.g.,

lower than any of the processes), or combinations

thereof.

The success of biological wastewater treatment

totally depends on the ability of an acclimated

microbial community to mineralize the organic

contaminants. Microbial growth in Oxy-6 retort

water is eventually limited by bioavailable carbon

(Jones et al., 1982). Approximately 50 percent of

the organic carbon is amenable to biooxidation; the

remaining organic compounds are recalcitrant.

These refractory compounds are predominantly

nonpolar solutes such as nitrogen and oxygen

heterocycles and aromatic amines (Jones et al., 1982)
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In the work reported here, three physico-

chemical treatment methods were assessed as aids to

biooxidation of organic solutes in oil shale

process wastewater. (i) The removal of DOC by

spent shale or powdered activated carbon (PAC)

sorption in sequential and simultaneous

configuration with biological treatment was

evaluated. (ii) The potential applicability of

steam stripping for enhancement of microbial

mineralization was reviewed; a pilot-scale unit was

designed and constructed. (iii) The mineralization

and structural alteration of biorefractory

compounds by ultraviolet (UV) irradiation and

ozonation was investigated.

Complementary treatment performance can be

achieved merely by the physical removal of

biorefractory compounds. Treatment methods that

selectively remove organic constituents associated

with the nonpolar, lipophilic fraction (LpF)

(Daughton, Jones, and Sakaji, 1982) of the

dissolved organic carbon (DOC) would effect an

additive degree of treatment when integrated with

biooxidation. Sorbents such as spent shale or PAC

were evaluated for this purpose.

Enhancement of biotreatment can be attained by

the removal of constituents that prevent the

catabolism of other solutes because of toxicity or

repression of catabolic enzyme systems. The

presence of easily utilizable ammonia-nitrogen in

oil shale wastewaters can result either in the

repression of those enzyme systems that are capable

of extracting the ring-bound nitrogen of

heterocyclic compounds (Cook and Hiitter, 1981;

Jones et al., 1982; Watson and Cain, 1975) or in

the inhibition of biological oxidation. The

removal of ammonia by steam stripping would

minimize these effects.

Two other major factors that exacerbate the

refractory nature of the heterocycles in retort

water are (i) the presence of numerous homologs and

variants, each of which often requires a

specialized catabolic enzyme system, and (ii) the

low individual heterocycle concentrations, which

are sufficiently below the affinity or threshold

values for the requisite enzymes (Daughton, 1981).

The second factor could be negated by increasing

the apparent concentrations of both the diluted

solutes and the bacterial cells. Both spent shale

and PAC provide a sorptive surface that can

increase the relative concentration of solutes;

they were added to bacterial suspensions and

evaluated for their ability to enhance

biooxidation.

Ozonation and UV irradiation can possibly

augment or enhance biological treatment by

mineralization or oxidative alteration of

recalcitrant organic solutes and toxicants in oil

shale wastewaters. These two processes could also

hinder biooxidation by (i) producing toxicants,

(ii) polymerizing solutes that would ordinarily be

biodegradable, or (iii) amplifying the existing

problem of a multitude of solutes each present at

low concentration. The effects of ozonation and UV

irradiation may also model the maximum capacity of

aerobic biooxidation (Jones et al., May 1982) and

the effects of ponding these waters at the

relatively high elevations of the western oil shale

regions prior to treatment, reuse, or codisposal.

BACKGROUND

Microbial growth in 0xy-6 retort water is

initially limited by inorganic orthophosphate

(Jones et al., 1982). Paradoxically, the ensuing

limiting nutrient becomes carbon, even though

repeated studies have shown that about one half of

the DOC remains after exhaustive biological

treatment (Hicks et al., 1980; Jones et al.,

1982). The addition of other trace elements does

not elicit an increase in growth or DOC removal.

Further growth is observed, however, when these

same cultures are supplemented with an exogenous

source of easily degraded carbon, such as fatty

acids (Jones et al., 1982). Nitrogen and oxygen

heterocycles and aromatic amines have been strongly

implicated (Daughton et al., unpublished data) as

the major chemical classes responsible for the

extraordinary recalcitrance of organic carbon in

the extracellular fluid that remains after

exhaustive biooxidation of retort water (i.e.,

spent retort water). This hypothesis has been

strengthened by several reports on chemical

characterization of 0xy-6 retort water extracts

(e.g., Raphaelian and Harrison, 1981) that indicate

the presence of numerous aromatic amines and

nitrogen heterocycles at low part-per-million

concentrations.
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Even if the carbon that remains after

extensive biological treatment were not inherently

recalcitrant, the following points (Daughton,

unpublished observations) may explain the paradox

and illustrate the reasons for evaluating the

physicochemical methods reported here. (i) A large

portion of the recalcitrant carbon is composed of

nitrogen heterocycles and aromatic amines. (ii)

Substituted nitrogen heterocycles, especially

pyridines, are not necessarily resistant to

microbial metabolism, but the requisite enzymes are

apparently highly substrate specific. This would

perhaps necessitate the use of many acclimated

bacterial species. (iii) This carbon is shared

among numerous isomers, homologs, and variants of

organic nitrogen compounds; each compound may

therefore be present at a concentration below the

requisite enzyme affinity value. (iv) Enzyme

induction often may occur only when nitrogen

becomes a limiting nutrient.

Sorption

Spent shale is the solid waste by-product from

the retorting of oil shale. Previous investi

gations have shown that spent shales from different

retorting processes can effect the removal of DOC

or dissolved inorganic carbon (DIC) from retort

water (Fox, Jackson, and Sakaji, 1980; Sakaji,

Jones, and Daughton, 1981). The ability of spent

shales to act as sorbents is apparently dependent

on the conditions that the surface of the shale has

experienced during retorting. Spent shales that

result from low-temperature retorting, such as the

TOSCO II process, retain a residual char on the

surface and are effective for the sorption of

organic compounds (Fox et al., 1980). The char is

purported to act in a manner analogous to activated

carbon for the adsorption of solutes.

Wastewaters from a spectrum of industries have

been upgraded by contact with activated carbon.

Activated carbon is effective for adsorbing organic

solutes, especially those which impart color and

odor, from petroleum refinery sour waters. In

addition to sequential treatment, PAC has been used

in simultaneous application with biooxidation to

supposedly promote enhanced contaminant removal.

The feasibility of using either TOSCO II spent

shale or PAC as sole agents for upgrading Oxy-6

retort water has been assessed (Sakaji et al.,

1982). Fitting the data to the Freundlich equation

(q = mC ) revealed that neither spent shale

e e

nor PAC would be considered a favorable sorbent for

retort water solutes. These results can be

partially attributed to the nonspecif icity of DOC

as a measurement of solute concentrations.

Although spent shale and PAC are not the panacea

for retort water treatment, the possibility that

they may preferentially sorb nonbiodegradable

compounds motivated the present studies.

Steam Stripper

Steam stripping is commonly used by the

petroleum industry for the removal of carbon

dioxide, hydrogen sulfide, and ammonia from

refinery wastewaters. Ammonia can be effectively

removed by steam stripping because of the

concomitant reduction of the pK of the ammonium

a

ion-ammonia gas equilibrium and the solubility of

ammonia gas at elevated temperatures. The

stripping of these compounds by steam involves:

(i) the conversion of ionic species, such as

ammonium, bicarbonate, and carbonate, into their

neutral, gaseous forms, i.e., ammonia and carbon

dioxide, (ii) the diffusion of the dissolved gases

from the bulk solution to the liquid-steam

interface, and (iii) the transfer of the dissolved

gas through the liquid-steam interface into the

steam phase.

The complex interactions between dissolved

species in oil shale wastewaters complicate this

idealized model for steam stripping. Species such

as hydrogen sulfide and organic acids can pair with

the ammonium ion (Bomberger and Smith, 1977),

thereby decreasing the partial pressure of ammonia

in the gas phase and the propensity of the gas to

be removed from the liquid phase.

The stripping of ammonia from oil shale

wastewater has been evaluated by several

investigators. Murphy, Hines, and Poulson (1978)

report that hot air (93.2 C) saturated with water

removes up to 99.5 percent of the ammonia and

carbon dioxide from Omega-9 retort water.

Habenicht et al. (1980) report ammonia and carbon

dioxide removals from 150-Ton retort water of 54

and 57 percent, respectively, by steam stripping.

The batch stripping of heated 0xy-6 gas condensate

achieves 98 percent removal of ammonia (Hicks et

al., 1980). In a preliminary steam stripping
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study, ammonia and carbon dioxide removal from

0xy-6 gas condensate is reported greater than 90

percent (Pearson et al., 1981). The pilot-scale

steam stripper described in this report will be

evaluated both as a pretreatment for biooxidation

of oil shale wastewaters and as a polishing step

prior to reuse of these waters.

UV Irradiation and Ozonation

Preliminary experiments using short sequential

or combined exposures to low dosages of UV

radiation and ozone were designed to model possible

effects of environmental dosages of UV radiation on

retort water and to evaluate economical dosages of

either treatment method for use in conjunction with

biological treatment. Low dosages of UV radiation

or ozone for short exposure intervals were

insufficient to either mineralize or alter the

biorecalcitrant solutes in retort water (Jones et

al., May 1982).

Prolonged exposure to the chemical and

photochemical effects of UV irradiation and

ozonation were conducted to demonstrate the

extremely refractory nature of the organic solutes

in spent retort water and to predict the maximum

potential for microbial oxidation of the

biorefractory organic solutes that could possibly

be realized by the appropriate bacteria with

competent enzyme complements. An extensive

discussion of the background and results of this

work has been completed (Jones et al., May 1982).

MATERIALS, METHODS, and EXPERIMENTAL DESIGN

Materials

Oil shale wastewater from the pilot-scale

modified in-situ (MIS) retort burn #6 (Oxy-6;

Occidental Oil Shale, Inc., Logan Wash, CO) was

used in all experimental work. Samples of this

water were collected from the oil-water separator

(sample point #2) (Farrier, 1979), composited

(Daughton and Sakaji, 1980), and distributed for

interlaboratory comparison studies. In experiments

that used
"raw" Oxy-6 retort water, the wastewater

was not pretreated.
"Spent"

retort water, the

extracellular fluid that remains after exhaustive

biooxidation, was generated in 3-L batch cultures

(raw retort water) that were aerated (2.5 L/min),

mixed (500 rpm) ,
and maintained at 30 C in a

Pyrex fermentor (model MA-107, New Brunswick

Scienific Co., Inc., Edison, NJ). These cultures

were supplemented with 5.0 mL of concentrated

phosphoric acid (final concentration 26 mM) and

were inoculated with a highly acclimated microbial

seed derived from soil, sewage, and industrial

sources. At stationary phase (cessation of

microbial growth, at 48 h), the microbial cells

were separated from the extracellular fluid by

centrifugation (13,300 x g at 4 C for 30 min)

followed by filtration of the supernatant fluid

through 0.8-pm pore diameter polycarbonate

membranes.

Spent shale, obtained from the TOSCO II

surface retorting process (Colony Project,

Parachute, CO), was graded (60-80 mesh for batch

studies and 25-120 mesh for the continuous-flow

column study) using a Ro-Tap sieve shaker. This

spent shale had been retorted at 500 C and had

2
a surface area of 10.2 m /g (Fox et al., 1980).

The PAC (12-40 mesh) had a surface area of

2
500 m /g (I.C.I. Americas, Inc., Wilmington, DE).

A 450-W, medium-pressure, full-emission

mercury-arc lamp enclosed in a water-cooled quartz

immersion well was used to generate ultraviolet

light for the photooxidation investigations. The

immersion well was placed directly in contact with

approximately 900 mL of wastewater which was held

in a photoreactor (model #7840-185, Ace Glass,

Inc., Vineland, NJ) and stirred with a magnetic

bar. The design of the apparatus permitted 40 to

50 percent of total volume to be in the reactive

area. The photoreactor was also used as the

reaction vessel for the ozonation and UV/ozonation

experiments.

Ozone was produced by passing purified oxygen

3
at a flow rate of 100 cm /min (STP) through an

ozone generator (model 1-T, Aqueonics Division,

ARC0 Environmental, Inc., Dublin, CA) . The ozone

production rates were determined to be 6.36 and

6.53 mg/min for the ozonation and UV/ozonation

experiments, respectively. Ozone was introduced to

the wastewater through 1/16-in i.d. Teflon tubing

at the bottom of the reactor directly above the

magnetic stirrer.

Methods

Performance of treatment methods was estimated

by quantitating organic carbon concentrations in

filtrates from 0.4-um pore diameter polycar-
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bonate membranes (defined as dissolved organic

carbon; DOC). High-temperature combustion

(950 C) coupled with coulometric titration of

the evolved CO (Coulometrics , Inc., Wheat

Ridge, CO) was used to determine the DOC values for

the sorbent studies. For the photooxidation and

ozonation investigations, a low-temperature

UV-persulfate oxidation unit coupled with

coulometric titration (Langlois et al, 1982) was

used to quantitate DOC.

The separation of the polar and nonpolar

organic solutes in retort water was accomplished by

a miniaturized reverse-phase fractionation (RPF)

chromatographic technique (Daughton et al., 1982).

Polar organic solutes (the hydrophilic fraction;

HpF) of the DOC pass through a reverse-phase

cartridge and are collected with the aqueous

effluent. Less-polar compounds (the lipophilic

fraction; LpF) are retained by the packing material

and can be subsequently eluted by methanol and,

after evaporation of the methanol, reconstituted in

ASTM Type I water for further investigations or

analyses.

Ozone was measured using the starch/iodine

method (Standard Methods..., 1981). Ozone from the

generator and effluent (off-gas) from the batch

reactor were sparged through a measured volume of

0.12 N potassium iodide solution. Ozone

stoichiometrically oxidizes iodide to iodine.

Ozone in the gas stream was determined from the

volume of standardized thiosulfate solution

required to titrate the iodine. Ozone consumed in

the reactor was calculated by difference, assuming

a constant rate of production by the generator.

To characterize the color removal effected by

UV or ozone treatments, absorbance spectra from 200

to 850 nm were obtained in a 1-cm pathlength quartz

cuvette with a Bausch & Lomb 2000 UV-vis scanning

spectrophotometer .

Microbial biomass of experimental cultures was

approximated by determining the intracellular

protein concentration. The procedure involves cell

harvest, cell digestion (i.e., protein liberation),

and quantitation of whole cell protein by the Lowry

assay (Yu et al, 1981).

Experimental Design

Biooxidation. To evaluate the effectiveness

of a physicochemical treatment method to complement

or enhance biological mineralization of organic

solutes, either the method was applied

simultaneously with biotreatment (combined

sorbent-biotreatment experiment) or a pretreated

sample was subjected to microbial oxidation. The

retort water samples (15 mL) were diluted with

5.0 mL of 156 mM phosphate buffer, 9.5 mL of ASTM

Type I water, and 5.0 mL of a trace nutrient

solution (0.72 mM FeS0'7H0 and 99.7 mM

4 2

MgSO *7H_0). The culture media were inoculated

with 100 yL of a microbial community that had

been acclimated to 50-percent raw 0xy-6 retort

water and then incubated in either 125- or 250-mL

baffled Erlenmeyer flasks (Bellco Glass, Inc.,

Vineland, NJ) at 120 rpm and 30 C in a shaker

bath (model G76; New Brunswick Scientific Co.,

Inc., Edison, NJ). For the ozonation experiments,

any residual ozone was allowed to dissipate for 24

hours prior to inoculation. The flasks were

stoppered with cotton to minimize evaporation while

allowing oxygen transfer. The cultures were

maintained for 48 to 72 hours or until stationary

phase was confirmed by color-corrected nephelometry

(HF Instruments Limited, Bolton, Ontario, Canada).

Samples from the outgrown cultures were filtered

through 0.4-ym pore diameter polycarbonate

membranes (the samples from the combined

sorbent-biotreatment experiment were centrifuged

prior to filtration) and the filtrates were

analyzed for DOC concentration.

Sorption. The feasibility of using

sorbents as aids to biological removal of organic

contaminants from retort water was investigated

using three different experimental designs.

(i) Sequential treatment; treated retort water

effluent from a continuous-flow spent shale column

served as sole carbon and nitrogen sources for

microbial inocula. (ii) Distribution studies; the

removals of carbon from different RPF fractions of

retort water by sorption and biotreatment were

compared. (iii) Simultaneous treatment; the

combined effects of biotreatment and sorption by

either spent shale or PAC were evaluated. The

sorbent dosage and time required to achieve

equilibrium for the batch experiments were

determined from previous work with spent shale and

activated carbon (Sakaji et al., 1982).
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Continuous-flow column study. Retort

water was applied in an upflow mode at a surface

2
loading rate of 0.68 L/sec-m with a peristaltic

pump (model 375A, Sage Instruments Division, Orion

Research Inc., Cambridge, MA) to TOSCO II spent

shale held in a fixed-bed Plexiglas column (5.1-cm

i.d. x 914 cm). Time-course samples of the column

effluent were collected for DOC analyses and for

biological oxidation experiments.

Distribution study. The polar and

nonpolar solutes of retort water were separated by

RPF. The aqueous effluent of the chromatographic

cartridge, which contained the HpF, was used

directly; the LpF was eluted, brought to dryness

under nitrogen, and reconstituted with ASTM Type I

water. To determine if spent shale preferentially

sorbed the components from one fraction, 3 g of

spent shale was added to replicate 4-mL samples of

each retort water fraction. The fractions were

sampled periodically over 48 hours, and the DOC

concentration of the time-course samples was

compared with the initial DOC. The ability of each

of the two fractions of retort water organic

solutes to support microbial growth was

investigated in parallel experiments. Each

fraction was inoculated, incubated, and sampled

according to the procedure described above.

Combined sorbent-biotreatment study.

Three dosages of spent shale (10, 100, and

500 mg/mL) or PAC (0.13, 1.3, and 6.6 mg/mL) were

added to 30 mL of 50-percent, nutrient-supplemented

raw retort water. These dosages were chosen to

equalize the sorbent surface areas present in each

parallel treatment. The sorbent-retort water

mixtures were inoculated with acclimated bacteria

and maintained at 30 C, as described

previously. Biological control cultures consisted

of retort water media without sorbent additions.

The removal of DOC by the control culture was used

as the estimate of biological mineralization of

organic solutes in the experimental treatments,

assuming the sorbents did not inhibit microbial

growth. The decrease in DOC from each of the

sorbent-dosed experimental flasks after 1 h of

incubation was used as the estimate of removal by

sorption alone. The cultures were maintained for

48 hours (presumptive stationary phase), and the

DOC was determined. Enhancement, that is the

synergistic removal of organic solutes beyond that

accounted for by sorption and biooxidation, was

determined by subtracting the DOC removed by

sorption and by biooxidation from the total DOC

removed by the combined, simultaneous processes.

UV irradiation and ozonation. The

effects of intensive UV irradiation and ozonation

on the organic solutes in spent 0xy-6 retort water

were examined in three experiments. A sample was

exposed to either ozone or UV radiation for five

hours or to the combined effects of the two

treatments for six hours. The experiments were

conducted at ambient temperature (23 C) and

unaltered pH (9.7). During UV irradiation, the

temperature increased to 28-30 C. Following

extensive ozonation or UV/ozonation, the pH of the

effluent declined to 8.6. At hourly intervals,

25-mL samples were withdrawn and filtered for DOC

and absorbance measurements. From each time-course

sample, 15 mL was used for evaluation of biotreat

ment by serving as the sole source of carbon and

nitrogen.

RESULTS AND DISCUSSION

Sorption Studies

The feasibility of using sorbents to augment

or enhance biooxidation was evaluated in both

sequential and simultaneous configurations.

Continuous-flow column study. The

efficacy of using spent shale as an aid to

biooxidation was investigated by determining the

biological mineralization of organic solutes that

remained in shale-pretreated retort water. Of the

raw retort water DOC, 43 percent was removed from

the first pore-volume (233 mL) of effluent by the

column of spent shale (540 g). Substantial color

removal was also effected. Acclimated bacteria

incubated in shake-flask cultures containing

first-pore-volume effluent mineralized 64 percent

of the remaining organic solutes (37 percent or

951 mg/L on the basis of raw retort water). This

represents a total removal of 80 percent of the DOC

by the sequential application of spent shale and

biological oxidation. In addition, the cellular

yields (g protein/mol C removed) from the

shale-pretreated water were significantly higher

than in control cultures of raw retort water

(3.8 g/mol vs. 2.7 g/mol). This suggests that the
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spent shale may have reduced the osmolality or

removed some of the toxic components from retort

water thereby allowing the bacteria to expend less

energy on maintenance and more on biomass

production.

As predicted by equilibrium studies (Sakaji et

al., 1982), the DOC removals by the column of spent

shale were not sustained; only 21 percent of the

DOC was removed from the third pore volume.

Biooxidation of the third pore-volume of effluent

mineralized 56 percent of the residual DOC (44

percent or 1060 mg/L on the basis of raw retort

water); the overall DOC removal was 65 percent.

The cellular yield was depressed compared with the

yield from the first pore-volume of effluent

(3.5 g/mol vs. 3.8 g/mol).

Spent shale removed both refractory and

biodegradable compounds from the first pore-volume

of effluent. Biological mineralization of DOC by

control cultures was typically 1400 mg/L, whereas

the acclimated inoculum succeeded in degrading only

951 mg/L from the shale-pretreated water. The

remainder of the biologically available substrates

were sorbed by the spent shale. For the third

pore-volume of effluent, more of the biodegradable

components of raw retort water remained in

solution; 1060 mg/L of DOC was susceptible to

biooxidation. Whereas pretreatment by spent shale

allowed for higher cellular yields, it did not

enhance biooxidation.

Distribution study. The DOC contents

of the LpF and HpF were 55 and 45 percent,

respectively. As discussed previously, approx

imately 50 percent of the DOC of raw retort water

is consistently mineralized by exhaustive

biological treatment. We have proposed (Jones et

al., in press) that the majority of the

biorefractory compounds in 0xy-6 retort water would

be predominantly associated with the LpF and that

the HpF would be the major source of carbon and

energy for the microorganisms in unfractionated raw

water. We postulated that spent shale, however,

would preferentially sorb compounds from the LpF.

To substantiate the proposal that spent shale

and biooxidation generally remove different classes

of organic compounds, the ability of each treatment

process to remove DOC from either the LpF or HpF of

0xy-6 retort water was investigated. The majority

of the biorefractory solutes appeared to be

associated with the LpF, although each fraction

supported microbial growth and neither fraction was

totally degraded. Approximately three times more

carbon was utilized from the HpF than from the

LpF. This evidence supported our hypothesis that

the biorefractory constituents were solutes less

polar than fatty acids, such as nitrogen and oxygen

heterocycles.

The results from a parallel set of experiments

indicated that TOSCO II spent shale preferentially

sorbed organic compounds from the LpF and had a

very low sorptive affinity for the biodegradable

polar components. The sorption of the LpF carbon

was initially rapid; fifty-two percent of the LpF

DOC was removed (Fig. 1). In contrast, virtually

no sorption (3 to 4 percent) of the HpF occurred

within 24 hours. The removals of DOC from the HpF

were substantial, however, after 24 hours. This

delayed response was probably a result of

biodegradation by indigenous microbiota; aseptic

conditions cannot be established or maintained

without extensive physical or chemical modification

of the shale. These findings supported the

proposal that spent shale and biological oxidation

are complementary processes for the treatment of

0xy-6 retort water. This has also been verified by

the sequential application of the two processes;

the DOC removal attributable to the individual

o 100 $i-

12 24 75 100

Solid/Liquid Contact Time (h)

Figure 1. DOC Removal from Reverse-Phase Fractions

of Oxy-6 Retort Water by TOSCO II Spent Shale;

60-80 mesh; 750 mg/mL
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treatments is additive, regardless of the process

sequence (Jones et al., 1982).

Combined sorbent-biotreatment study. The

possibility of enhanced organic solute removal

(i.e., the removal of DOC in excess of the sum of

the individual DOC removals) by the simultaneous

application of biological and sorbent (spent shale

or PAC) treatments was investigated. Zimpro, Inc.

(Anon., 1977) and other PAC manufacturers (see

DeJohn and Black, 1980) have claimed that the

addition of PAC will enhance the performance of

activated sludge beyond that attributable to the

sum of the treatments. Several mechanisms have

been proposed to account for this synergistic

effect. (i) The elimination of toxic constituents

by adsorption would encourage development of a more

prolific, diverse microbial community that can

effect more extensive mineralization of the

bioavailable compounds than the existing community

(Lee and Johnson, 1979). (ii) The addition of

carbon promotes the adsorption of organic

substrates and permits the use of higher sludge

ages in continuous-flow reactors. These combined

effects may encourage more extensive conversion of

refractory compounds (Lee and Johnson, 1979). As a

corollary to this, compounds that are present in

low concentrations may be sorbed to such a degree

that the localized concentrations exceed the enzyme

affinity constants and the previously unavailable

organic compounds can be degraded. (iii) Microbial

removal of adsorbed organic compounds from the

surfaces of the organic carbon can effectively

regenerate the surface and allow for further

sorption (Grieves et al., 1977). (iv) The sorbent

may provide attachment sites for microbial species

that cannot survive in suspension but which may

have exceptional abilities to degrade solutes that

are unavailable to freely suspended cells. Based

on these proposed mechanisms for combined sorbent-

biological treatment, we investigated the effects

of both powdered activated carbon and spent shale

on the performance of biotreatment.

Contrary to predictions, a synergistic effect

between sorbent and biooxidation was not observed

(Fig. 2). Except for the highest shale dosage, the

amount of DOC removed by combined sorbent-

biological treatment was equal to the sum of the

DOC removals from each individual process. The

increase in the degree of treatment with dosage

appeared to be solely the result of increased

available surface area. In contrast to industry's

claims, other workers have observed this same

result (DeWalle, Chian, and Small, 1977; Scaramelli

and DiGiano, 1973). When two independent sets of

data that purportedly support a synergistic effect

between PAC and biotreatment (Kalinske, 1972; Lee

and Johnson, 1979) are carefully examined, it

becomes clear that the data fail to support the

hypothesis. This confusion is a result of

semantics, insufficient controls, and improper data

manipulation. Many authors undiscerningly use the

term
"enhancement"

to refer simply to the organic

solutes removed by PAC addition to activated sludge

and not to a synergistic removal afforded by an

interaction between the two processes. Secondly,

biological treatment often is directly compared

with bio-PAC treatment without accounting for the

independent sorptive effects of PAC (e.g., Grieves

et al., 1977). Finally, care must be taker, when

percentages are compared. Grieves et al. (1977)

concluded that PAC enhanced biotreatment by 50 to

60 percent when percentage removals by sequential

and simultaneous treatments were compared. A

reanalysis of the data, however, reveals only 22 to
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Figure 2. DOC Removal from 0xy-6 Retort Water:

Separate and Combined Treatment by Sorption

(TOSCO II Spent Shale and PAC) and Biooxidation;

spent shale 60-80 mesh; PAC 12-40 mesh
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26 percent enhancement. Although theories about

the enhanced effects of combined treatment are

prevalent in industrial literature, few data are

presented to document these claims. The lack of

enhancement from the combined application of either

spent shale or PAC and retort water, therefore,

should not have been surprising since there is

little evidence that this proposed phenomenon

indeed exists.

Steam Stripper

A
"pilot-scale"

unit has been designed for

evaluating steam stripping of dissolved gases from

oil shale process waters under isothermal and

adiabatic conditions. A primary design criterion

was the ability to perform accurate material

balances around the entire system. The evaluation

of both process efficiency and the effect of steam

stripping on subsequent treatments were major

objectives. A reboiler configuration was not

considered because intensive boiling of the bottoms

could significantly modify the treated wastewater

so that the results from subsequent treatment steps

would be suspect. Steam stripping was preferred to

air stripping because the stripping medium, water

vapor, can be condensed and thereby separated from

the noncondensable stripped gases (Sherwood,

Pigford, and Wilke, 1975). Since steam stripping

research within the petroleum industry indicates

that the optimum operating temperature is 110 C

(Manual on Disposal of Refinery Wastes, 1969), a

pressurized system was essential. A schematic of

this newly designed steam stripper is shown in

Figure 3.

The major components are constructed of 316

stainless steel. The stripping column is a

4.88-m x 5.08-cm i.d. Pyrex beaded-glass tube

SCALE (VESSELS ONLY):
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Figure 3. "Pilot-Scale"
Steam Stripper: Schematic Diagram
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packed with 0.64-cm Intalox ceramic saddles (Norton

Ind., Irvine, CA). Wet steam is generated by a

6-kW flash evaporation unit and dried and

superheated in a 6-kW steam drier. The dry steam is

injected at the bottom of the packed bed. The

temperature of the effluent gas streams,

superheated steam, and wastewater influent are

monitored and controlled remotely. The temperature

gradient between the superheated steam in the

column and the overheads condenser can be preset,

and this gradient governs the flow rate of steam.

The wastewater feed is preheated before injection

at the top of the column to minimize the

temperature difference between the liquid and steam

phases. This configuration results in

countercurrent flow of the steam and liquid

streams. The treated wastewater is pooled in a

bottoms collector, and the steam and stripped gases

are collected in the overheads condenser.

The wall effects in the reactor column were

minimized by choosing a ratio of packing material

diameter to inside column diameter of a least 1 to

8. The length of the packed bed was chosen to

minimize
"end"

effects caused by the dispersion of

flow at the entrance and exit and to give a

sufficient number of transfer units; the system was

also designed to allow for variable bed heights.

Condensation of the gas phase in the packed bed was

minimized by wrapping the column with heating tape

and fiberglass insulation. This was the only

practical means of approaching isothermal and

adiabatic operating conditions.

The ratio of steam to liquid flow rates

governs the removal of the dissolved gases from the

wastewater stream. While holding the liquid flow

rate and packed bed height constant, the rate of

dissolved gas stripping is ultimately determined by

the temperature differential between the steam and

overheads condenser. Increasing the steam to

liquid ratio will increase the absolute removals,

but efficient operation will necessarily require

lower ratios. Optimized conditions will maximize

the transfer efficiencies of contaminative solutes

from the liquid to the steam phase (i.e., mole

solute removed per mole steam) while allowing the

bottoms to overheads ratio to approach the ideal

(i.e., ensure complete separation and collection of

the two phases). Isothermal and adiabatic

operating conditions are required to meet the

latter goal.

UV/Ozonation Studies

Ozonation and UV irradiation were evaluated

for treatment of biorefractory organic solutes in

Oxy-6 retort water. Direct mineralization of DOC

was determined for each method and for combined

UV/ozonation, but emphasis was placed on the use of

these methods to effect structural alterations

which would promote subsequent biooxidation.

UV irradiation. Short exposure to

intense UV radiation was insufficient to mineralize

or alter the recalcitrant compounds in raw or spent

retort water. The results of extensive UV

irradiation of spent Oxy-6 retort water followed by

biological treatment are presented in Figure 4.

The lower graph is the cumulative UV energy

supplied to the photoreactor. Each pair of bars

1500 -

1000 -

500 -

12 3 4

Duration of UV-lrradlatlon, h

Figure 4. Biooxidation of UV-Pretreated Spent

0xy-6 Retort Water
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represents a sample withdrawn from the reactor at

hourly intervals. For each pair, the first bar is

the DOC concentration that remained after UV

irradiation, and the second bar is the DOC

concentration after subsequent biological

treatment. The solid portion of each bar is the

DOC concentration of the HpF. Five hours of

intensive ultraviolet irradiation of spent retort

water did not mineralize a significant amount of

DOC (2 percent), remove the chromophoric substances

that give retort water its characteristic color, or

change the relative polarities of the organic

constituents. Furthermore, UV radiation did not

appear to structurally alter the biorefractory

organic compounds. Biooxidation subsequent to

photochemical pretreatment did not mineralize

additional carbon compared with nonirradiated

reinoculated control cultures (i.e., the difference

in DOC for each pair of bars was equivalent to the

control) .

The degradation of organic solutes by exposure

to UV radiation is accomplished by (i) absorption

of sufficient UV radiation to cleave intra

molecular bonds, producing lower-molecular-weight

fragments, (ii) generation of organic free

radicals, (iii) interaction of free radicals with

oxygen to produce peroxy and hydroperoxy radicals,

which are capable of subsequent reactions including

the abstraction of hydrogen from organic substances

and the generation of radical chain reactions

(Crosby, 1972; Manny, Miller, and Wetzel, 1971;

Plimmer, 1972), and (iv) photochemical excitation

of molecular oxygen to produce the highly reactive

singlet oxygen specie (Crosby, 1972). Ultraviolet

irradiation of retort water may have been

ineffective because of the presence of photo-

oxidation inhibitors (see Larson, 1978).

Particulate and colloidal carbonates can protect

organic solutes from the effects of UV irradiation

(Manny et al., 1971); the high concentration of

carbonates in retort water may have prevented

photoaltera tion.

Ozonation. Ozone applied to raw or

spent retort water in low dosages for short periods

was incapable of mineralizing a significant portion

of the DOC or altering the structures of the

biorefractory organic solutes. The effects of

extensive ozonation of spent retort water are

represented (Fig. 5) in a manner analogous to

Figure 4 except that the lower graph represents the

cumulative amount of ozone consumed. The hourly

ozone demand corrected for volume changes was also

determined (Fig. 6). The ozone demand was greatest

initially, steadily declined until the four-hour

sample, and then appeared to increase slightly in

the five-hour sample. This apparent increase may

have been the result of an analytical error,

incomplete mixing, or variations in the oxidative

reaction rates. Although five hours of ozonation

at 7.1 mg/L-min resulted in the consumption and

solubilization of more than 1.6 g/L of ozone, only

a slight amount of DOC mineralization (4 percent)

was effected. The small fraction of compounds that

were mineralized or altered by ozonation was

responsible, however, for the majority of the color

of spent retort water. The decrease in absorbance

with treatment was most pronounced at 297 nm

(Fig. 7).
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Figure 5. Biooxidation of Ozone-Pretreated Spent

Oxy-6 Retort Water
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Figure 7. Effect of Ozonation and Combined

UV-Irradiation/Ozonation on UV Absorbance of

Spent Oxy-6 Retort Water

In contrast to small dosages of ozone used in

the preliminary experiments, extensive ozonation of

spent retort water altered a significant portion of

the residual organic solutes; 14 percent of the DOC

that was previously recalcitrant became amenable to

microbial mineralization. Of the 380 mg/L of the

DOC that was converted to structures that could be

biologically oxidized, approximately 320 mg/L was

at the expense of carbon in the HpF which was

created by either ozonation of LpF carbon or

alteration of refractory HpF carbon. Although the

enhancement of biological mineralization was nearly

exclusively at the expense of HpF carbon, the

concentration of DOC in the HpF after biological

oxidation of the five-hour sample was higher than

that of the time zero, unozonated, biologically

treated sample; a portion of the more highly

oxidized products became less degradable.

We have repeatedly noted that foaming is a

major drawback to ozonation of raw retort water.

This intense foaming was not evident, however, when

spent retort water was ozonated. This change

probably resulted from the microbial mineralization

of aliphatic carboxylic acids, which can act as

surfactants. In addition, the possibility of

excessive consumption of ozone or free radicals by

unprotonated ammonia or carbonate ions was

minimized by (i) stripping ammonia from raw retort

water by vigorous aeration during primary

incubation in the fermentor (the ammonia

concentration after 100 hours of incubation was

reduced from 86 mM to less than 2 mM) , and (ii)

conducting the experiments at the unaltered pH of

retort water, which is below 9.0.

In an aqueous medium, the oxidative ability of

ozone appears to be dependent on pH, alkalinity,
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and the organic and inorganic solutes. For acidic

and neutral solutions (pH less than 9.0), ozone

reacts predominantly as the parent ozone molecule;

these reactions are relatively slow and highly

specific, depending on the class of organic

compound and bonding structure. In contrast, ozone

in basic solutions (pH greater than 10.0) is

catalytically decomposed by hydroxide ion to

hydroxyl radical (OH*), the most reactive and

effective oxidant known to occur in aqueous

solutions (Hoigne and Bader, 1978; Larson, 1978),

and superoxide ion (Bailey, 1982; Hoigne and

Bader, 1976; Weber, 1972). The alteration of the

refractory organic compounds and the elimination of

the chromophoric substances were most likely a

result of direct oxidation by the parent ozone

molecule; the solution pH probably precluded the

decomposition of ozone by OH into its highly

reactive radicals. The susceptible solutes were

gradually modified until the solution was devoid of

these compounds; at that point ozone was no longer

an effective oxidant.

Combined UV irradiation/ozonation.

The organic solutes in raw or spent retort water

were resistant to mineralizaton by short exposures

to low dosages of ozone in conjunction with UV

radiation. Subsequent biooxidation was not

improved by this pretreatment. In contrast, six

hours of simultaneous ozonation and UV irradiation

of spent retort water mineralized 20 percent of the

organic carbon beyond the amount that initially

could be biodegraded and appeared to significantly

alter the remaining biorefractory compounds. The

effects of extensive UV/ozonation of spent retort

water are represented (Fig. 8) in a manner

analogous to Figure 4 except that the lower graph

represents both the cumulative amount of ozone

consumed and UV energy supplied.

Extensive UV/ozone treatment initially either

mineralized the LpF organic solutes or transformed

them into HpF solutes; oxidation of compounds would

be expected to increase their polarity. After

three hours of treatment, the LpF carbon continued

to be mineralized, but further conversion to the

HpF carbon pool was not observed. The intense

color of the spent retort water was almost entirely

eliminated. The decrease in absorbance at 297 nm

as a result of UV/ozonation occurred more quickly

and was more pronounced than with ozonation alone

(Fig. 6). In addition, the persistent, distinctive

odor of the water was reduced to almost

undetectable levels.

Three hours of intensive ozonation coupled

with UV irradiation also effected considerable

structural alterations of the organic solutes in

spent retort water. An acclimated microbial seed

was capable of utilizing approximately 400 mg/L of

DOC that was normally unavailable in completely

spent retort water prior to physicochemical

treatment. This auxilary biooxidation was entirely

at the expense of newly created HpF organic

compounds. Biodegradability of retort waters seems

to correlate with increasing content of HpF organic

carbon (Daughton et al., 1982). The composition of

the water following the serial application of

biooxiation, three hours of UV/ozonation, and

exhaustive secondary biological treatment was

similar to that of spent water after five hours of

ozonation followed by biotreatment.
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Figure 8. Biooxidation of UV/Ozone-Pretreated

Spent 0xy-6 Retort Water
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Simultaneous UV/ozone treatment of spent water

beyond three hours of exposure resulted in a

reversal of the trend of increasing biodegrad-

ability with increasing dosage. New HpF carbon was

not being generated, and the HpF that remained

appeared to become more refractory to the microbial

inoculum. After six hours of combined UV/ozone

treatment, only one percent of the DOC was

susceptible to microbial attack, yet the majority

of the solutes that remained after biooxidation was

HpF carbon. In fact, for the six-hour sample, the

portion of HpF was larger after biological

treatment; the bacteria were growing at the expense

of the LpF carbon and altering a portion of this

carbon to refractory HpF compounds. Microbial

incompetence may not have been the only factor

limiting the degradation of the remaining solutes;

increased toxicity or the lack of a specific

nutrient or cofactor essential for the

decomposition of the newly created solutes may have

limited further mineralization of the DOC.

Ozone consumption appeared to decline more

rapidly for the simultaneous UV/ozone treatment

process (Fig. 6) compared with unassisted

ozonation. After three hours, however, the ozone

demand suddenly increased, and after six hours

reached a level equal to the one-hour demand. This

initial decline, followed by an increasing demand,

may have been a function of several features of

ozone chemistry. Ultraviolet radiation catalyzes

the decomposition of ozone into
OH*

(Bailey,

1982; Prengle and Mauk, 1978; Sierka and Cowen,

1980) and superoxide ion, and promotes the

production of free organic radicals (Prengle et

al., 1975). A possible explanation for the

fluctuating ozone demand is that the initial

reactions resulted from oxidation by the parent

ozone molecule because UV radiation could not

sufficiently penetrate the solution to decompose

the ozone into its radical components. After three

hours, the color of the solution was significantly

reduced, and UV radiant energy might then have been

able to interact with ozone to create hydroxyl

radical, which rapidly and nonspecif ically altered

the remaining compounds. This explanation could

account for both the increase in ozone demand and

the qualitative changes that were observed in the

residual solutes.

Combined UV irradiation/ozonation has been

reported to be superior to either of the individual

treatments for the elimination of refractory

organic impurites from water and for the treatment

of industrial wastewaters (Bailey, 1982; Hoigne

and Bader, 1976; Kuo, Chian, and Chang, 1977).

Perhaps the major drawback to this approach as a

pretreatment for biooxidation of oil shale

wastewaters is that both ozonation and UV

irradiation/ozonation create multiple products from

each oxidizable compound (Hoigne and Bader,

1976; Kolonko et al., 1979). This plethora of

oxidation products is especially significant for

oil shale wastewaters, which are characterized by

large numbers of substituted heterocycles present

in extremely low individual concentrations.

Although UV irradiation/ozonation may generate more

degradable solutes, it may actually exacerbate the

existing problem of enzyme specificity and

threshold concentration effects (Daughton,

unpublished observations).

Extensive UV irradiation combined with

ozonation effected mineralization of a substantial

portion of the DOC after six hours, but further

biological treatment was unsuccessful. Although

color and odor could be nearly eliminated, 41

percent of the DOC of raw retort water remained

after exhaustive serial treatment by primary

biooxidation, UV/ozonation, and secondary

biooxidation. The organic solutes that remained

appeared to be refractory to both chemical and

microbial oxidative alteration or mineralization;

physicochemical methods that effect complementary

treatment will be required to upgrade oil shale

wastewaters for reuse or codisposal.

SUMMARY

DOC removals by spent shale and PAC

complemented the effects of biological degradation

of the organic solutes in Oxy-6 retort water.

Sequential treatment by spent shale followed by

biotreatment offered up to 80 percent reduction in

DOC concentration. Enhanced treatment by the

simultaneous application of sorbent and

biooxidation was not observed.

Steam stripping of oil shale process waters

may enhance biological treatment by reducing

ammonia toxicity and by relieving enzyme
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inhibition. A pilot-scale unit has been designed

to evalute steam stripping of dissolved gases from

these wastewaters under isothermal and adiabatic

conditions.

UV irradiation was an ineffective oxidant;

following five hours of irradiation, organic

solutes in spent retort water remained unavailable

to acclimated bacteria. In contrast, extensive

ozonation mineralized four percent of the DOC and

altered 14 percent of the remaining organic

solutes. It was postulated that the observed

alterations were a result of the highly specific

parent ozone molecule. The effect of ozone on

spent retort water solutes appeared to be enhanced

and accelerated by UV radiation; this was probably

the result of UV-catalyzed disproportionation of

ozone into highly reactive decomposition products.

More than 41 percent of the DOC remained, however,

following primary biooxidation, UV/ozonation, and

exhaustive secondary biotreatment.
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