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ABSTRACT

An oil -shale mine and experimental retort were

operated near Rulison, Colorado by the U.S. Bureau

of Mines from 1926 to 1929. Samples from seven

drill cores from a retorted oil-shale waste pile

were analyzed to determine 1) the chemical and

mineral composition of the retorted oil shale and

2) variations in the composition that could be

attributed to weathering. Unweathered, freshly-

mined samples of oil shale from the Mahogany zone

of the Green River Formation and slope wash

collected away from the waste pile were also

analyzed for comparison. The waste pile is

composed of oil shale retorted under either low-

temperature (400-500 C) or high-temperature (750

C) conditions. The spent shale produced by the

high-temperature retort is identified by the

minerals akermanite and diopside, products formed

from the reaction of silicate minerals with calcium

and magnesium carbonates.
'

The results of the analyses show that the

spent shale within the waste pile contains higher

concentrations of most elements relative to

unretorted oil shale. The mineral and chemical

characteristics of the waste pile have remained

essentially unchanged for the 50 years that the

pile has been exposed to weathering. Little

redistribution of elements has occurred within the

pile and there has been no detectable

migration of elements from the waste pile into

underlying slope wash. These results have

implications for the long-term chemical stability

of spent-shale waste piles.

INTRODUCTION

In evaluating the nature and degree of

environmental impacts resulting from the surface

disposal of retorted oil shale, one must consider

the effects of weathering on these wastes. The

high temperature of retorting results in a matrix

out of equilibrium with the storage environment.

By studying changes in the mineralogy and chemistry

of a 50-year old oil-shale waste pile, we may

estimate the rate at which these wastes equilibrate

with the weathering environment and predict the

release of elements during this equilibration

process.

From 1926 to 1929, the U.S. Bureau of Mines

operated a mine and experimental retort with the

purpose of evaluating the economics of shale-oil

production from the Green River Formation (Gavin

and Desmond, 1930). The experimental retorting site

is located at Rulison, Colorado in the southern

portion of the Piceance basin. The Rulison waste

pile was chosen for study because of 1) the

availability of detailed documentation of the

retort operations in Gavin and Desmond (1930); 2)

the uniqueness of the waste pile with respect to

its size and age; 3) the accessibility of the

site; and 4) the similarity of the retorting

processes used at Rulison to those used in modern

above-ground retorting.

Oil shale from the Mahogany zone of the

Tertiary Green River Formation was mined from the

Roan Cliffs above the retort site, transported by

cable cars, retorted in either a low temperature

(400-500 C), indirect heated or a high temperature

(750 C), direct heated retort, and the wastes

dumped into a pile (temperatures cited from

Russell, 1980). Figure 1 is a photograph of the

experimental retort site taken in May, 1982. The

waste pile rests on a east-facing slope which is

covered by colluvium (slope wash) of Quaternary age

which in turn rests on the Wasatch Formation of

Tertiary age (fig. 2).

The climate at the Rulison site is semi-

arid. The average annual precipitation is 28 cm

with a portion of that amount due to an average of
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Figure 1. Photograph of U.S. Bureau of Mines experimental retort facility, Rulison, Colorado,

showing the a waste pile, remnants of the retorts, and the pack trail leading to

the mine. (Note the van in the right corner for scale.)
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Figure 2. E-W cross section through the waste pile at U.S. Bureau of Mines experimental retort

facility, Rulison,Colorado.
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1 m of snow (Colorado Climate Center, Fort Collins,

Colo., written communication). These dry

conditions are expected to retard weathering of the

spent shale in the waste pile.

Our research objectives were aimed at

determining 1) what chemical and mineral

alteration has occurred within the spent-shale

wastes due to weathering, and 2) if migration of

chemical species from the spent-shale pile into the

underlying slope wash or away from the site

altogether has occurred.

METHODS

Seven drill cores obtained from the waste pile

were used to sample the spent shale and slope wash

beneath the pile. The drilled holes were not deep

enough to reach bedrock. Samples of slope wash

away from the waste pile (hereinafter referred to

as unaltered slope wash) were obtained from an

eighth drill core for comparison with slope wash

directly beneath the pile (hereinafter referred to

as underlying slope wash). Oil shale samples were

collected from the mine and quarry walls through

the Mahogany zone in order to obtain a

representative suite of samples of the oil shale

used in the retorts.

Details of the sampling and analytical

techniques together with a description of the site

and drill holes are given in Tuttle and others

(1983). Whole-rock mineralogy was determined using

a Picker X-ray diffTactometer (XRD) with Ni-

filtered, Cu-K a radiation. Concentrations of

silicon, aluminum, iron, magnesium, calcium,

sodium, potassium, titanium, phosphorus, and

manganese were determined by quantitative X-ray

fluorescence and reported as oxides. Semi

quantitative, induction-coupled, argon-plasma,

optical-emission spectroscopy was used to analyze

for arsenic, boron, barium, beryllium, cadmium,

cerium, cobalt, chromium, copper, lead, lanthanum,

lithium, manganese, molybdenum, neodynium, niobium,

nickel, scandium, strontium, thorium, vanadium,

yttrium, zinc, and zirconium. Loss on ignition

(LOI) was determined by weight loss at
925

C, and

is a measure of loss of water and carbon dioxide

from oxidation of organic carbon and decomposition

of carbonate minerals. The accuracy of these

methods was monitored by randomly inserting

standards in duplicate into the sample suite prior

to analyses. Precision of the data was evaluated

from the results of an analysis-of-variance

statistical test. The significance of the results

of this test are discussed in the Results section.

RESULTS

Results of mineral (XRD) and geochemical

analyses of 136 samples of oil shale, spent shale,

and slope wash are tabulated in Tuttle and others

(1983). The tabulated mineral data and depth

profiles of relative concentrations of minerals (an

example of which is shown in figure 3) were used to

distinguish three categories of materials collected

from the waste pile cores (high- and low-

temperature spent shale and slope wash material).

The minerals akermanite (Ca2MgSi20y) and diopside

(CaMg^iOoU) are not reported to occur in any of

the formations in the Piceance basin, but are the

result of high-temperature (up to 1200 C)

alteration of calcium and magnesium carbonates plus

silicates (Deer and others, 1962). Smith and

others (1978) reported similar aluminosilicate

products when Mahogany-zone oil shale was heated to

800 C. These experimental studies by Smith and

others (1978) also indicated that above 900 C

potassium and sodium feldspars are destroyed and

anorthoclase ((Na,K)AlSi308) forms. Traces of

anorthoclase were identified in a few of our

samples, but for the most part it appears that

temperatures in the Rulison retorts did not exceed

900 C.

The minerals akermanite and diopside where

used as indicators of high-temperature spent

shale. Layers in the waste pile that did not

contain these two minerals but contained large

amounts of carbonates were considered to be low-

temperature spent shale. Samples from the bottom

of each core containing the minerals chlorite, and

abundant quartz were classified as underlying slope

wash; these minerals and their abundance are

characteristic of the Wasatch Formation, the parent

material for the slope wash.

We used three different procedures for

examining similarities and differences in chemical

and mineral composition among the samples from the

waste pile. The first procedure was an analysis-

of-variance (A0V) statistical technique which

objectively summarizes the data. The A0V examines

the significance of the variation in the data among

user-defined levels. We arranged our waste-pile

samples into a five-level, nested A0V design. The
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Figure 3. Depth profiles of relative concentrations (expressed as X-ray

diffraction peak heights) of selected minerals used to identify

the type of material within drill hole 6. Akerman, ackermanite;

Sp. Sh., spent shale; T., temperature.

total variance within the chemical data is

partitioned among these five levels 1) cores,

2) materials within cores (high- and low-

temperature spent shale, and underlying slope

wash), 3) layers of like material within a core,

4) samples within specific layers, and 5)

analytical replicates. The results of this

technique are given in Table 1. Elements having

greater than 50 percent of their variability at the

analytical level were difficult to analyze using

this technique.

The second two techniques are graphical. They

simply involve examination of the depth profiles of

mineral and chemical composition (see fig. 4 for an

example) and bar graphs which compare the

composition of high- and low-temperature spent oil

shale to unretorted oil shale from the mine (fig.

5).

DISCUSSION

The AOV results (Table 1) show that there is

no difference among the cores and that the

materials in them are similar in chemical

composition. Exceptions are differences in MgO,

As, Ba, Cu, Mo, and Sr concentrations among the

types of materials. Most of the data variability

is within layers of like material and among samples

within the layers.

Figure 5 demonstrates that the spent shale is

enriched in most elements relative to unretorted

oil shale. The element enrichment results from the

removal of volatiles and is therefore, only a

relative enrichment. Exceptions to this enrichment

are sulfur and calcium. Some sulfur is removed

with the oil and retort gases (Fox and others,

1979), however, the cause for the decrease in

calcium is not known. The ranges of concentrations
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Table 1.Total variance and variance components, as percentage of the

total variance for chemical composition of spent-shale

waste and underlying material from drill holes in

the spent-shale waste pile, Rulison, Colorado

[LOI, loss on ignition at 925 degrees Celsius]

Variance component as percentage of total variance

Element or

mineral Total Among Among Among Among Among
variance holes material layers samples analyses

Major oxides

A1203-

CaO

Fe23-

K20

MgO

MnO

Na20-

p25-

Si02~

Ti02-

LOI

8.955 0

54.93 0

.6169 0

.2144 0

7.601 0

.0001 0

.7182 0

.0135 0

97.85 0

.0149 0

38.17 3

0

41

0

0

L55

15

44

21

16

0

0

L76

L46

l52
L35

L35

38

l36
10

L62
l79
[46

24

13

47

65

10

46

19

66

22

20

51

Trace
elements'

As-

B-

Ba-

Be-

Cd-

Ce-

Co-

Cr-

Cu-

La-

Li-

Mn-

Mo-

Nb-

Nd-

Ni-

Pb-

Sc-

Sr-

Th-

V

Y

Zn-

Ir-

0539 0

0214 1

0208 2

0228 0

0263 1

0183 0

0110 0

0298 5

0326 0

0066 0

0427 0

0379 0

1416 0

0301 0

0471 0

0242 1

0290 0

0307 0

0590 0

0615 0

0123 0

0157 0

0773 0

0405 0

L64

L23
20

0

16

29

15

39

28

L65
0

20

5

25

'53

11

6

2

19

0

^

l25

26

13

L27
21

l29

39

L29
L24

L50
0

Ml

!
x37
0

J48
x60

i7J

12

L32

58

L35
43

L15

25

0

13

15

15

31

4

6

5

12

0

32

L24
17

11

17

22

17

20

49

43

33

67

10

41

7

12

7

44

75

41

75

29

3

89

14

14

64

15

^Significantly different at 0.05 probability level.

2Total logarithmic variance.
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in the spent shales are generally larger than for

the unretorted oil shale possibly reflecting

variability in the completeness of retorting during

the experimental runs.

The bar graphs also indicate that the major-

element composition of the high- and low-

temperature retorted shales are essentially the

same. Differences in the trace-element compositons

appear to be small except Ba, Cr, Ni , Pb. and S.

Low-temperature retorted shale has lower

concentrations of these elements compared to high-

temperature retorted shale, however, according to

the AOV results, only Ba concentrations are

significantly different.

Unfortunately, no samples of unweathered spent

shale from the Rulison retorts were available for

comparison with the weathered spent shale within

the pile. As mentioned previously, the Rulison

retorting processes were similar to modern above-

ground processes. The Rulison low-temperature

process is similar to the TOSCO process (480 C,

indirectly heated) and the Rulison high-temperature

process is most similar to the Paraho process (600

C, directly heated). Concentrations of freshly-

retorted spent shale from the two modern processes

(Fox and others 1980; Wildeman and others, 1980)

were compared to concentrations in the Rulison

spent shales. The concentrations of the freshly-

retorted spent shales were within the ranges

reported for the Rulison spent shales except sulfur

and cobalt. The difference in cobalt's

concentration was attributed to higher

concentrations in the Paraho feedstock compared to

the Rulison feedstock. Sulfur concentrations were

higher in the freshly-retorted spent shales even

though there was little difference between the

feedstocks. These data suggest that 1) the

composition of the Rulison spent shale is the same

for most elements as the composition of freshly-

retorted spent shale and 2) sulfur concentrations

are different and may be useful in assessing

weathering effects within the waste pile.

Another problem in interpreting the data is

due to spent shale types (high- and low-

temperature). The problem was minimized by

concentrating on data from drill core 2. The

mineral composition of samples from this core (fig.

4) indicate that all samples except one are high-

temperature spent shale.
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Depth profiles for selected elements of

environmental concern (As, B, F, Mo, and S) in

samples from core 2 do not exhibit any consistent

down-core trends. All concentrations decrease in

the underlying slope wash to concentrations

observed in unaltered slope wash (indicated by the

arrow, fig. 4) suggesting that no migration of

these elements from the waste pile into the

underlying slope wash has occurred. The

concentrations of other elements vary similarly.

Because sulfur appeared to be an element which

may have been effected by weathering processes, we

chose a subset of samples of spent shale from drill

core 2. The sulfur species within these samples

were determined using a modified version of a

separation scheme described in Zhabina and Volkov

(1978). Figure 6 is a depth profile of sulfur

within drill core 2 overlain with the sulfur

speciation data of selected samples.
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Figure 6. Depth profile of sulfur in drill core 2 with sulfur

speciation data of selected samples.

Pyritic sulfur concentrations remain

essentially constant throughout the profile

increasing slightly near the slope wash. Organic

sulfur is also essentially constant except for a

lower concentration in the near-surface sample.

Sulfate sulfur exhibits the greatest variability,

with the highest concentration in the zone

containing gypsum. Acid volatile sulfide (probably

pyrrhotite) was only detected in the lowest spent

shale sample. The distribution of sulfate could

simply reflect variability in completeness of

retorting. This seems unlikely due to the uniform

concentrations of the pyritic and organic sulfur.

Another possible explanation is that redistribution

of sulfate sulfur has occurred since disposal of

the spent shale. The following model for sulfate

mobility is consistent with the data. As

precipitation enters the waste pile, penetration is

restricted to the upper half meter to meter where

leaching of primary sulfates and alteration of

organic sulfur occurs producing additional

sulfate. At times of greater precipitation and

deeper penetration, sulfate is mobilized and

penetrates the pile to greater depths (possibly as

deep as 3.5 m). As the pile begins to dry,

capillary action draws the weathering solutions

upward and, during evaporation, precipitation of

secondary salts occurs in the zone where gypsum is

reported. Fransway and Wagenet (1981) noted that

at low-water contents, extensive upward salt

migration in spent shale during evaporative periods

did not occur, and that salt precipition occurred

at depth within the spent shale. These researchers

also report the sulfate associated with Paraho

spent shale to occur as magnesium and sodium

sulfate coatings on the spent-shale particles.

These salts are highly soluble and would be easily

mobilized. These experimental results support our

mobility model .

CONCLUSIONS

Except for elements associated with highly

soluble sulfate salts, little redistribution of

elements has occurred within the Rulison waste

pile. No evidence for the migration of chemical

species out of the pile was indicated by our

data. In other words, the Rulison spent-shale pile

has remained a geochemical ly closed system over 50

years of weathering.
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These results imply that geochemical

degradation of the Rulison spent-shale wastes is a

very slow process in the present environment.

Spent-shale waste piles in this region, are likely

to remain virtually unchanged for many, many years.
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