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ABSTRACT

Since 1937, heavy crude oil has been produced from the 
Laymance and Rice leases in the McKittrick oil field, Kern County, 
California. Historically, wells on the property have produced at rates 
between 1 and 15 barrels of oil per day on primary production. One of 
several horizons which contributes to the oil production is the WW 
zone. This zone is a diatomaceous formation containing approximately 
16 million barrels of viscous crude oil. During the last twenty years 
the WW zone has produced less than 2 percent of its oil-in-place. 
Consequently, this report is an engineering and geological study 
evaluating the feasibility of enhancing WW zone oil production with 
supplemental recovery methods.

Coreflood experiments were conducted using a WW zone core to 
test the response this diatomite could have to different recovery 
methods. Results from the test showed that the core was imperme
able to injected liquids such as hot water and steam. However, due to 
facies changes within the WW zone, the core used in the flood experi
ments is not representative of the whole reservoir. There are areas on 
the leases where a sandy diatomaceous facies is found. The Rice #2 
well, which is completed in this sandy facies, currently has the high
est oil production rate of any well on the property. It is in this area 
where a supplemental recovery pilot test may work.
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Steamflooding the sandy facies of the WW zone may be the best 
way to enhance oil production. An evaluation of a prospective WW zone 
steamflood showed that a pilot test could be economically successful at 
an oil price of above $17.50 per barrel. It is recommended, however, 
that the first phase of a WW development program be to drill one new 
well. This well will be used to further evaluate the zone's potential for 
enhanced oil recovery and reservoir characteristics.
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INTRODUCTION

The Laymance and Rice leases in the McKittrick oil field of Kern 
County, California, are the subject of this engineering evaluation. In 
this report, recommendations will be presented outlining an 
engineering strategy to develop the WW zone. These recommenda
tions are based on the evaluation of WW zone reservoir characteristics 
and an investigation of how the zone may respond to different supple
mental production methods. In addition, this report contains details 
about the field’s history, geology, and current lease operations.

The McKittrick oil field is located 40 miles west of Bakersfield, 
California, in the southern San Joaquin valley (Fig. 2). Relative to other 
major oil fields, the South Belridge and Lost Hills fields are north of 
McKittrick while the Elk Hills and Midway-Sunset fields are to the 
south (Fig. 2). Within the McKittrick oil field, the Laymance and Rice 
leases are situated on 120 acres near the southeastern part of the field 
in Section 20, T.30 South, R.22 East, M.D.B.M. (Fig. 3). Currently, 
there are 85 wells on both leases with the first well drilled in 1938 
and the latest well drilled in 1985. The leases are equipped with 
production facilities (Fig. 4) and a cogeneration plant for steam 
purposes (Fig. 5).

This evaluation of the Laymance and Rice leases began in March 
1989. At that time, old well records and past field operations were
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Fig. 2. Location Map Showing the McKittrick and Surrounding 
Oil Fields.

Hwy58
Bakersfield

Elk HillsMcKittrick
119

Midway. 
Sunset

South 
Belridge

X. Buena Vista 
Taft

y
% 
A s»
m 
O1

4
CD CD

Lostx H1Us42

0 miles 12

California

San 
Francisco



ER-3929 3

Fig. 3. The Laymance and Rice Leases.
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Fig. 4. Photograph of the Laymance Production Facility.

Fig. 5. Photograph of the Rice Cogeneration Plant.
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reviewed in an attempt to find oil zones with producing potential. By 
examining these records, preliminary conclusions about the leases 
were developed. These conclusions are:

1 ) Wells on the leases generally produce viscous oil at low rates. 
These production rates range between 1 and 15 barrels of oil 
per day.

2) Inadequate well completions and poor production practices by 
past operators contributed to the low oil productivity on the 
leases.

3) Past thermal stimulation projects on the leases are assessed as 
being unsuccessful and costly compared to similar endeavors in 
neighboring fields.

Review of old well records also revealed an oil-saturated zone 
which was usually not completed. This zone was first recognized in a 
mudlog run by W.W. Holmes in 1964 as he was exploring for the deep 
Stevens sands. A good oil show was found in the Laymance #55x-20 
well between the depths of 1250' and 1380' (Fig. 6). When correlating 
electric logs between wells on the property, it was discovered that 
this interval was usually not tested. The few wells that are completed 
in this zone have continuous gravel-packed slotted-liners that also
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Fig. 6. The Mudlog from the Laymance #55x-20 Well.
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expose shallower oil sands. Consequently, the productivity of this zone 
cannot be tested.

Closer examination of well records kept by W.W. Holmes shows 
that past operators tried to produce oil from this zone. In 1937, the 
first well drilled on the property, the Laymance #1, was completed in 
this interval. This well was abandoned 3 months after being complet
ed. Another well, the Laymance #3, was completed through the inter
val. This well had an initial production rate of 142 barrels of oil per 
day (BO/D) which declined to 20 BO/D after 30 days. In both of these 
wells, records show that the zone was called the "Maricopa Shale 
Pebble Conglomerate". In this report the zone will be called the WW 
zone in honor of the late W.W. Holmes who ran the mudlog in the 
Laymance #55-20 well and gave his well records to the author's father.

Further investigation into lease operations has provided more 
evidence for the potential of the WW zone. In Fig. 7 oil production for 
the last 3 years that the leases were continuously operated, 1980 to 
1982, is split into two categories. One category is production that 
came from wells completed in both the WW zone and shallower oil 
sands. The other category takes into account wells completed only in 
the shallower oil sands. For each of the 3 years more oil was pro
duced from wells completed in both the WW zone and shallower oil 
sands. This is true even though more wells were being drilled and 
completed in the shallow oil sands between 1981 and 1982. Thus, 
the production difference is inferred to have come from the WW zone.
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SUMMARY AND CONCLUSIONS

1 ) This study was conducted to evaluate the feasibility of enhancing 
the oil recovery from WW zone. It is estimated that there are 
15,929,276 stock-tank barrels of 16° API oil-in-place within the 
reservoir. Less than 2 percent of this oil has been recovered.

2 ) The Pliocene WW zone is the basal member of the Tulare forma
tion. It is primarily an unconsolidated, oil-saturated diatomite 
with pebble conglomerate and silty sand.

3) Diatomite is an aggregate of fossilized skeletons from microscop
ic, single-cell, aquatic plants called diatoms. High porosity and 
low grain density are two distinguishing characteristics 
associated with diatomite. The WW zone has an average porosity 
and grain density of 49.8 percent and 2.46 grams/cc, 
respectively.

4) Facies within the WW zone range from a pebbly, diatomaceous 
section to an interval with sandy oil-saturated stringers. One 
well, the Rice #2, is completed in the sandy WW facies and 
currently produces between 12 and 15 barrels of oil per day. 
This well has the highest production rates of any well on the 
property.
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5) The diatomite in the WW zone was derived from Miocene 
diatomite found on the hangingwall of the McKittrick Thrust 
Fault. Consequently, the WW zone is a reworked diatomite and 
may be more geologically complex when compared to the 
diatomites of the South Belridge and Lost Hills oil fields.

6) Well log analysis, laboratory studies and field observations were 
used to evaluated the WW zone's reservoir characteristics. A 
summary of these characteristics can be found in Table 1.

7) A WW zone core taken from the Rice #10-6 well was observed as 
being impermeable to injected liquids such as hot water and 
steam. This phenomenon was determined by liquid permeability 
and coreflood experiments conducted in the laboratory.

8) Due to facies changes within the WW zone, the core extracted 
from the Rice #10-6 well is not representative of the whole 
reservoir. Sandier facies within the WW zone may have different 
reservoir characteristics than what has been observed. Thus, 
these sandier facies must be further evaluated.

9) The net present worth of the Laymance and Rice leases under 
primary production is between $250,000 and $1,000,000 at an 
oil price of $22.00. This present worth range was obtained from 
an economic evaluation of different decline curve production
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forecasts. These figures are also calculated at a 10 percent rate 
of return and a project life between 6 and 10 years.

10) To develop the sandier WW zone facies, different secondary 
recovery methods were screened. Recovery techniques 
examined include steamflooding, cyclic steam stimulation, and 
hot-water flooding. It is concluded that steamflooding the WW 
zone may be the best way to economically enhance oil recovery.

11) An evaluation of a WW steamflood showed that a pilot project 
could be economically successful at an oil price of over $17.50 
per barrel. A 2.5 acre, 5-spot steamflood pilot could have a net 
present worth of up to $775,000 at an oil price of $22.00 per 
barrel. This present worth was calculated using a 10 percent 
rate of return and 3.5 year project life.

12) There is potential for further expansion of the steamflood 
project if the pilot test is successful. Besides further devel
opment near the Rice #2 well, the WW zone in the vicinity of the 
Laymance #P-4 and #56x-20 wells has potential.
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Table 1. Summary of the WW Zone Reservoir Characteristics.

Reservoir
Parameter

Observed 
Minimum 

Value

Most
Likely 

Estimate

Observed 
Maximum 

Value

Porosity
(fraction)

0.34 0.498 0.55

Air
Permeability (md)

12 200 820

Current
Water Saturation (%)

50 65 85

Residual
Oil Saturation (%)

5 26 - 32 49

Initial
Water Saturation (%)

38 63 63

Oil Viscosity at 
Reservoir Temp. (110 °F)

260 cp

Oil Viscosity at 
200 °F

24 cp

Oil Gravity 
at 60 °F ("API)

15.8

Current 
Reservoir 
Pressure (psia)

180 250 - 270 443

Shale
Volume (%)

0 0 - 20 50

Grain Density
(grams/ cc)

2.46

Matrix 
Sorting

Clay Very Fine 
Sand- Silt

Pebbles
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RECOMMENDATIONS

In order to develop the WW zone, a project with two phases is 
recommended. The different phases are as follow:

Phase I

1) When the oil price stabilizes above $17.50, drill one well, named 
the Rice #5, 510 ft west and 420 ft south of the northeast 
comer of the Rice lease. The Rice #5 will be used to evaluate 
the reservoir characteristics and productivity of the WW zone's 
sandier facies.

2) Drill the Rice #5 to a total depth of 1530 ft and evaluate with 
induction, neutron-density, and EPT logs as well as sidewall 
cores. Logs will be used to evaluate the porosity, shale volume, 
and water saturation through the WW zone. Porosity, air and 
liquid permeability, oil and water saturation, and grain density 
will be measured, from the sidewall cores. It is also recommend
ed that a clay analysis be conducted on the sidewall samples.

3) Complete the Rice #5 as a producer exposing only the WW zone. 
Use 8-5/8" casing and gravel-pack the zone with 8x12 gravel. 
Hang a 6-5/8" liner through the gravel-packed interval. The
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total cost to drill, complete, and evaluate is expected to be less 
than $175,000.

4) In order to continue the project to Phase II, a steamflood pilot 
test, certain criteria should be met. These criteria are:

a) The productivity of the Rice #5 on primary production is 
similar to that of the Rice #2 which produces over 10 
barrels of oil per day.

b) The WW zone in the Rice #5 contains the same sandy 
diatomite stringers as the Rice #1 and Rice #2.

c) Rice #5 sidewall cores are not impermeable to injected 
liquids and air permeabilities are over 250 millidarcies.

d) WW zone water saturations calculated with well-log 
information are comparable to those found in the 
diatomites of the Lost Hills and South Belridge fields.

e) The oil price is stable at $17.50 per barrel or greater.

Phase II

1 ) Drill one new well, the Rice #6, 510 ft west and 420 ft south of 
the northeast comer of the Rice lease. This well will be drilled 
to a total depth not exceeding the base of the WW zone.
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2 ) Evaluate the Rice #6 with sidewall cores and the same suite of 
logs run in the Rice #5 well. The same tests run on the Rice #5 
sidewall cores will be run on the Rice #6 samples.

3) Complete the Rice #6 as an injection well which only exposes 
the WW zone. Use 5-1/2" casing cemented with high tempera
ture cement in a 8-3/4" hole. Perforate the casing with a 
limited number of 0.25" jet shots at desired locations. Inject 
steam through 2-7/8" tubing set on a thermal packer above the 
interval. To test injection rates into the WW zone, steam from 
the cogeneration plant could be used. One turbine in the facility 
can produce 816 barrels of 80 percent quality, 300 psi steam 
each day.

4) Monitor production from the Rice #1, Rice #2, and Rice #5 wells 
as steam is injected into the Rice #6 well. If production rates 
increase and the economics are favorable, drill another new 
well, the Rice #7, to fill out the 5-spot pattern. This well will be 
located 650 ft west and 290 ft south of the northeast comer of 
the Rice lease and be completed in a same manner as the 
Rice #5.
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Future Considerations

1 ) If the pilot steamflood test is economically successful, it is 
recommended that the project be expanded. More 5-spot 
patterns could be drilled in the vicinity of the Rice #2. Also a 
further examination the WW zone near the Laymance #P-4 and 
the 56x-20 should be conducted.

2 ) Other studies concerning the WW zone which should be con
ducted in the future include:

a) An investigation of the physical properties of the diato
mite. This study could focus on why the silty facies of the 
WW zone found in the Rice #10-6 were impermeable to 
injected liquids.

b) The production performance of the WW zone when it is 
fractured. Fracturing has a very successful stimulation 
treatment for diatomites in the South Belridge and Lost 
Hills fields. A discussion of this treatment was not includ
ed in this report because the WW zone was considered to 
be too permeable to frac. Results from the coreflood 
experiments, however, show that the certain facies within 
the zone may have low enough permeabilities for the 
treatment to be applicable.
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HISTORY

Oil along the west side of the San Joaquin Valley has been recog
nized and used by people for centuries. The Yokut Indians, who were 
the first culture to inhabit the valley, recognized the benefits of surface 
oil (Rintoul 1980). Cementing bundles of yucca fibers for paintbrush
es, coating baskets, and cementing chipped scrapers and cutting tools 
are just a few of the Yokut's uses for the valley's oil (Rintoul 1980). 
Settlers to the area first recorded the presence of oil seeps in the 
1850's. Occasionally, settlers would see the foothills burning in the 
distance. When investigated, the hills contained "pitch " seeps.

At no other place on the valley's west side were oil sands 
so largely exposed as in the vicinity of what is now the 
town of McKittrick, 35 miles west of Bakersfield. There 
beds of asphalt lay visible, oozing crude petroleum (Rintoul 
1980) (Figs. 8 and 9).

"Pitch" or "coal tar " was recognized to be a substitute for axle grease 
on wagons, and, thus, people began collecting buckets of oil off the 
surface. Prospecting for oil in the McKittrick area, and possibly on the 
Laymance and Rice leases, had begun.

Rotary drilling on the Laymance and Rice leases began in 1937 
when the Rocima Oil Company continuously cored the Laymance #1 to 
a total depth of 3122 ft. As mentioned, this well was completed in the 
WW zone but was abandoned in early 1938. By 1941, four other wells
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Fig. 8. Photograph of Laymance Oil Seeps.

Fig. 9. Photograph of Oil Seeps in the Getty Diatomite Mine.
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were drilled on the Laymance lease including the Laymance #3 which 
was previously mentioned. Of these wells, the Laymance #2 was com
pleted in the top of the WW zone and had an initial production of 80 
BO/D. The Laymance #4 was also completed in the WW zone but well 
records are not available.

In 1961 E. Brogdon bought the wells on the Laymance and Rice 
leases. His goal was to increase production, and he did this by drilling 
11 wells through the 1960's and 1970's. Each of these wells con
tained gravel-packed slotted-liners that ran through the WW zone as 
well as the shallower heavy-oil zones. On average these wells pro
duced 8 BO/D of 13 to 16 degree API oil and 1 to 2 barrels of water 
per day (BW/D). Brogdon also conducted cyclic steam tests on some of 
these wells in the mid 1960's. Oil rates in excess of 50 BO/D were 
observed but, after a few weeks, records indicate that the wells had 
pump failures due to excessive sand production.

In 1980 Brogdon formed a limited partnership to raise $5 
million for a drilling program. His goal was to drill 45 wells and start 
a cyclic steam program. A majority of the newly drilled wells did not 
penetrate the WW zone. They were completed through the shallower 
oil sands with gravel-packed slotted-liners. Usually these liners 
exposed oil sands, water sands, shale stringers, and desaturated (air) 
zones. By 1982, most of these wells were on primary production. In 
that year, 29,000 barrels of oil were produced from 50 wells. Brogdon 
also conducted a series of cyclic steam tests but the results were not 
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encouraging. These cyclic steam tests were the last operations 
conducted by Brogdon as the limited partnership put the leases up for 
sale.

In 1983, Angus Petroleum, of Golden, Colorado, purchased both 
leases and began operations. Part of the contract made with Brogdon 
and the limited partnership called for Angus to drill 20 new wells and 
rework 20 existing wells. Angus’s goal was to initiate a thermal 
recovery project in the shallow oil sands. To accomplish this, 5 new 
cogeneration turbines were built on the property for $14 million in 
order to supply steam and electricity (Falcon 1990). During this time, 
the 20 new wells were drilled but only 3 existing wells were 
reworked. Angus eventually shut-in operations in 1987 and put the 
leases up for sale.

Resource Technology Partners (RTP) bought the leases from 
Angus in 1987 for $5 million. Their goal was to continue the heavy
oil, thermal recovery program. From December 1987 to February 
1988, 14 wells were steam stimulated. Within 3 months, 212,077 
barrels of steam were injected and 3,868 barrels of oil recovered. An 
RTP project report stated that only a very limited oil response was ob
tained from the project. The company went bankrupt in 1988 and 
both leases reverted to Union Bank of California which financed the 
RTP project.
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Nahama and Weagant Energy Company of Bakersfield initiated 
operations in March of 1989 after both leases were idle for over a year. 
Wells on the leases were tested before purchasing the property in 
order to evaluate their potential. The property was eventually pur
chased by Nahama and Weagant on December 29, 1989.
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GEOLOGY

California's central valley became a deep basin and receptacle for 
large volumes of sediment in the Early to Late Miocene (Graham 
1986). This occurred as the area's tectonics changed from a subduc
tion complex to the San Andreas transform fault system. Miocene 
sequences were deposited over a large area as thick, biogenous sedi
ments.

"The Middle Miocene consists of calcareous mudstones 
rich in foraminifera...whereas the Upper Miocene-Lower 
Pliocene is noted for its biosiliceous, diatomaceous charac
ter" (Graham 1986).

These sediments, known collectively as the Monterey Formation, are 
responsible for generating billions of barrels of oil throughout the 
western San Joaquin Valley.

As the San Andreas transform system matured in the Pliocene 
and Pleistocene, compressional wrench tectonics became dominant in 
the San Joaquin Valley (Graham 1986). This tectonic regime first 
created the Temblor mountain range 5 miles west of McKittrick 
(Graham 1986). As the range developed, sediments were eroded off 
and deposited in the San Joaquin basin to the east. During this time, 
Monterey rocks were being thrusted over these reworked sediments 
(Graham 1986). This provided a pathway for oil to migrate from 
Monterey rocks to Plio-Pleistocene sediments (Graham 1986).



ER-3929 23

Continued thrusting in the area folded the Plio-Pleistocene sediments 
creating structural traps for migrating oil.

Stratigraphy
The following section provides a general description of for

mations important to the development of the WW zone. Each unit 
named can be found in the stratigraphic column presented in Fig. 10.

The Olig sand is fine to coarse grain, poorly sorted with abun
dant micas and pebbles (Weddle 1965). It is considered Late Miocene 
and is a member of the Monterey Formation. This sand is an excellent 
reservoir rock where preserved and a notable oil producer in the main 
and northeast part of the field (Zulberti 1956). Within the boundaries 
of the Rice and Laymance leases, the Olig is not saturated with hydro
carbons. Pertaining to operations on the leases, the Olig is a possible 
source rock for water needed in a flood project or a proven water dis
posal zone.

Correlating to other fields in the area, the Olig was deposited at 
the same time as the Belridge diatomite found in the South Belridge 
field (California Division of Oil and Gas 1975). This helps date the WW 
zone as being younger than the Belridge Diatomite. The Olig is also 
preserved at Elk Hills and is equivalent to the Potter sandstone at 
Midway-Sunset (California Division of Oil and Gas 1975).

The Etchegoin formation is of Pliocene age and unconformably 
overlies the Olig sand. This formation is predominantly gray to green
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Fig. 10. Stratigraphic Column of Formations Beneath the 
Laymance and Rice Leases.
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sandy claystone with streaks of fine-grained, gray sandstone and silt
stone (Zulberti 1956). Etchegoin characteristics of poorly sorted sand 
and the marine fossils assemblages indicate a shallow marine to 
nearshore marine deposition (Barbat 1934).

Overlying the Etchegoin is the San Joaquin Clay formation of 
Plio-Pleistocene age. This formation is made up of green-gray clay
stone (Zulberti 1956) which was deposited in a brackish-water envi
ronment (Barbat 1934). Oil production from this zone is seen at Elk 
Hills and Midway-Sunset while gas is produced at the Paloma and 
Buttonwillow fields (California Division of Oil and Gas 1975).

The Pleistocene Tulare formation unconformably overlies the 
San Joaquin Clay. It is described as having fine to coarse buff sand, 
powdery gray sand and silt, green to rust colored clay, peaty clay, and 
thin limestones (Barbat 1934). These sediments were deposited in a 
fluvial system which originated in the Temblor Range (Barbat 1934). 
Abundant tar beds throughout the interval have been the target of 
thermal projects in major fields of the area. On the Laymance and 
Rice leases, it is noted that the Tulare has been the predominant zone 
of interest.

One of two members found in the Tulare formation is the upper 
Tulare sands. It is characterized by its thin tar sands and desaturated 
zones. Tars found in this member are very viscous with gravities rang
ing from 9° to 13° API. Associated desaturated zones are relatively 
thick sands filled mostly with air. These zones can be recognized by 
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the large "cross-over” found on neutron-density logs (Fig. 10). Farley 
(1990) theorized that when the water table in the area was lowered, 
tar migrated from anticlinal highs to synclinal lows leaving sands filled 
with air.

The second of the two Tulare members, the lower Tulare, is 
characterized in electric logs by its sandy oil stringers and associated 
silty clay deposits (Fig. 10). Compared to the upper Tulare, these 
sands contain oils which are less viscous and have gravities between 
13° and 15° API. Oil production from the lower Tulare can range from 
1 to 15 BO/D. A well on the east side of the Rice lease, the Rice #13- 
7A, contains thick lower Tulare oil sands which currently produce 13 
BO/D and 65 BW/D.

The WW zone is the primary focus of this study. It is believed to 
be Pliocene in age (Farley 1990) and the basal member of the Tulare 
Formation (Eacmen et al. 1983). Generally, this interval is described 
as unconsolidated, oil-saturated, poorly-sorted, pebble conglomerate 
with abundant silty sand (see page 147 in Appendix A). Surface and 
subsurface descriptions of the zone have been found in the literature. 
The surface study in the area describes a Quaternary Tulare breccia 
with similar characteristics as the WW zone:
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This unit consists of clasts of angular to subrounded fine 
sand to cobble-sized diatomaceous, siliceous, and cherty 
rocks which may be supported by either a brown diatoma
ceous or gray-green-blue silty clay to sand size matrix. The 
diatomaceous matrix ... suggests a local slump or slide of 
diatomaceous rocks. The clayey matrix type contains 
dolomite, detrital illite and quartz, and hematite and 
limonite staining. Porosities can range up to 50% in the 
more diatomaceous [breccia] QTbx.... Parent rocks are gen
erally local diatomite, siliceous shale, and chert (Eacmen 
et al. 1983).

The subsurface study described the following:

A distinctive Pliocene interval, informally named the San 
Joaquin pebble conglomerate [is] composed of angular 
Antelope shale pebbles imbedded in a poorly sorted, 
muddy sand matrix that typically exhibits high porosity 
(45%) on the neutron-density log as well as a slight 'cross
over' of the neutron-density curves (Farley 1990).

The pebble conglomerate described in WW cores indicates that the 
zone was deposited relatively close to the sediment source. It is 
concluded that the diatomaceous matrix was derived from Miocene 
diatomite found on the hangingwall of the McKittrick Thrust Fault. 
Consequently, the WW zone is a reworked diatomite and may be more 
geologically complex when compared to the diatomites in nearby oil 
fields.

Diatomite is an aggregate of fossilized tests (skeletons) from 
microscopic, single-cell, aquatic plants called diatoms. Sediments of 
this type are found extensively along the west side of the San Joaquin 
Valley. As seen in the South Belridge and Lost Hills fields, diatomite 
can contain large volumes of oil. Usually aggregates of the siliceous 
diatomite tests are observed as silt and clay sized particles. For the 
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most part, these particles have been recrystallized and sometimes the 
diatom tests are only recognized as amorphous quartz (Eacmen et al. 
1983). Descriptions of cores and sidewall plugs taken from the WW 
zone confirm the presence of diatomite. The amount of diatomite in 
the WW zone, though, is not known at the present time. Only a few 
diatom tests were found in a paleontological examination of WW zone 
sediments (see page 149 in Appendix A). It is concluded that these 
siliceous tests may have been recrystallized and, thus, are not 
recognizable under a microscope.

Two indicators that establish the presence of diatomite in the 
WW zone are the high porosity and low grain density of the sediments. 
Discussed more thoroughly in the reservoir characteristics section is 
that within the WW zone the average porosity and grain density 
appears to be 49.8 percent and 2.46 grams/cc, respectively. Diato
mite found at South Belridge typically has porosities ranging from 50 
to 70 percent and grain densities between 2.2 and 2.5 grams/cc 
(Schwartz 1988). At Lost Hills, the average porosity and grain density 
over a 600-foot interval of diatomite is 49.5 percent and 2.48 
grams/cc, respectively (Stosur and David 1976). When compared to 
the Belridge diatomite, the WW zone and the Lost Hills diatomite have 
lower porosities and higher grain densities. Schwartz (1988) 
explained that grain density increases and porosity decreases as more 
clastic material is found in the diatomite. Stosur and David (1976) 
also came to this conclusion at Lost Hills. WW lithology, with its mix of 
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pebbles, sand, silt, and diatomite, supports the observations of 
Schwartz (1988) and Stosur and David (1976).

Local facies changes from the predominantly pebbley, diatoma
ceous section are found on the leases. In the northeast section of the 
Rice lease the WW zone has sandy oil stringers with interbeds of clayey 
silts. This facies is specifically found in the Rice #1, Rice #2, and Rice 
#85 wells. To the northeast of both leases the WW changes to clayey 
silt and is considered non-productive. Laterally the zone continues to 
the northwest and southeast off the lease boundaries (Plate I). South
west of the leases the WW zone extends into the McKittrick Thrust 
Fault (Plate I).

Structure

Within the area of interest two major structural features are 
seen, the McKittrick Thrust Fault and the Tulare fold belt (Farley 
1990). Due to the complexity of the McKittrick Thrust Fault, no 
attempt will be presented herein to resolve the fault's origin or nature. 
Movement along the fault, however, deformed sediments creating a 
series of anticlines and synclines which trend northwest-southeast. 
These structures are part of the Tulare fold belt and can be found in 
Plio-Pleistocene sediments throughout the west side of the San 
Joaquin Valley (Farley 1990). A structure contour map on the top of 
the WW zone illustrates anticlines and synclines associated with this
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fold belt (Plate I). Also, related to this folding is a normal fault cutting 
through the leases (Plate I). This fault is down thrown to the north and 
may be an impermeable barrier within the WW zone.

Three structure sections were constructed to present the 
author's interpretation of the WW zone geology. The locations of these 
section lines through the leases are found in Plate I.

Structure Section A-A' (Plate II) is an east-west structure section 
presented to illustrate the McKittrick Thrust Fault and the Tulare fold 
belt (Farley 1990). To the west the low angle McKittrick Thrust Fault 
and steeply dipping beds are found. Going east, an anticlinal high 
within the WW zone is located by the Chevron "Cai-Standard" #14. 
This well is a producing gas well and is completed in the WW zone. In 
the Laymance #P-1 a normal fault which cuts through the fold belt is 
found. This fault has approximately 75 ft of displacement and is 
down thrown to the north. Just east of the normal fault is a series of 
anticlines and synclines in the WW zone. These structures are part of 
the Tulare fold belt.

Other features seen in this section include unconformities and 
local facies changes. A major unconformity can be found on the top of 
the Olig sand. Near the McKittrick Thrust Fault this unconformity has 
eroded enough section to nearly place the Pliocene WW zone on top of 
this Miocene rock. At the base of the WW zone and the upper Tulare 
sands, more unconformities can be found cutting into underlying 
strata. Local facies changes are observed in the lower Tulare near the
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Rice #13-7A. Thick oil sands in this well become stringers of oil 
sands and clayey silt in the Rice #11-7A to the west.

Structure Section B-B* (Plate III) trends southwest-northeast, 
and illustrates features similar to those found in section A-A. It was 
constructed to show the sub-surface location of the WW zone in the 
Rice #10-6, a well which was cored in February 1990. As seen, the 
WW zone in the Rice #10-6 is downdip to the Laymance #65-20z well.

Structure Section C-C (Plate IV) is a southwest-northeast 
trending section which highlights the sandy oil stringers within the 
WW zone as well as the zone pinching out to the northeast. The WW 
zone found in the Rice #85 has a much sandier interval compared to 
the more fine-grained diatomaceous section in the southwest. This 
sandier interval is productive in other wells. The Rice #2 well, which 
twins the Rice #85 (Fig. 3), is completed in this sandy facies. 
Currently the Rice #2 produces between 12 and 15 BO/D. Northwest 
of the Rice #85 the WW zone is seen to become thinner. The WW zone 
in the Chevron "BP" #3 well is represented only by a 20-foot sandy 
interval.
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FIELD OPERATIONS

Renewed operations on the Laymance and Rice leases began in 
March 1989 with the intention of immediately producing oil on the 
leases. It was decided that wells completed with lower Tulare sands 
and/or the WW zone were to be tested first. To be placed on 
production, a well had to either have a reasonably high past production 
rate or a high static fluid level relative to other wells on the property. 
Of the 41 wells that were produced in 1982, only 9 wells individually 
produced over 1000 barrels of oil for the year. Of those 9 wells, 8 
were completed in both the WW zone and lower Tulare sands. The 
other well was completed only in the lower Tulare. When tested, 7 of 
the 9 wells also had relatively high static fluid levels. In addition to 
these 9 wells, 10 lower Tulare wells were observed as having relatively 
high static fluid levels. In the past, these 10 lower Tulare wells were 
not recorded as having high production rates.

The 19 wells mentioned above were all placed on production in 
January 1990. In February and March of 1990, each well was tested 
for daily oil and water production over a 2 to 5-day period. Results 
from these tests are presented in Table 2. By summing the product
ion from each well tested, an oil rate for both leases was calculated. 
In February 1990, this rate was 63 BO/D and in March it was 73 BO/D. 
It appears, however, that measured rates in the field are higher than 
production rates calculated from oil volumes sold. Table 3 presents
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Table 2. Wells Tested for Production During February and 
March of 1990.

Wells

Rice Lease

March 1990 February 1990 WW
Well*BO/D BW/D BO/D BW/D

Rice #1 3.5 5.5 4.0 7.0 X

Rice #2 14.9 2.8 12.5 4.0 X

11-7A 0.4 0.4 0.4 0.4
13-7A 13.0 65 4.9 30.0
13-8 1.0 2.0 0.0 0.0

* Column distinguishes wells completed in both the WW zone and 
lower Tulare. All other wells were completed only in the lower 
Tulare.

Laymance Lease
P-2 5.7 0.6 5.7 0.6
P-3 5.0 0.5 5.0 0.5 X

P-4 5.0 0.8 6.0 0.6 X

B-l 7.0 1.0 0.1 0.1 X

#5 3.8 4.7 3.0 9.0 X

S-l 0.5 4.2 1.0 4.0 X

T-l 0.2 1.9 0.8 31.0 X

6-3 4.0 0.7 4.0 0.4
6-4A 2.2 0.2 4.0 0.4
6-9 1.3 0.2 2.3 2.3
7-4 3.8 0.9 6.0 1.0
8-5 0.5 1.0 0.3 0.0
9-4 1.0 1.0 1.0 1.0
9-6 0.0 4.0 2.0 0.2
Totals 72.8 97.4 63.0 92.5
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Table 3. Tabulated Production and Calculated Daily Oil Rates for 
the Laymance and Rice Leases from March 1989 to 
July 1990.

Month
Days 
On

Sales Volumes 
Of Oil Sold 
(Barrels)

Calculated
Daily Rates 

(BO/D)

Number
Of Wells 

On
March '89 18 299 16.6 5
April '89 30 864 28.8 5
May '89 31 802 25.9 5
June '89 30 522 17.4 3
July 89 31 508 16.4 3
August '89 31 263 8.5 3
Sept. '89 30 388 12.9 3
Oct. '89 31 428 13.8 3
Nov. '89 14 154 11.0 3
Dec. '89 11 118 11.0 2
Jan. '90 0 0 0 0
Feb. '90 25 1,456 58.0 17
March '90 31 1,855 60.0 17
April '90 30 1,227 41.0 19
May '90 31 1,228 40.0 19
June '90 30 1,249 41.6 19
July '90 31 1,878 60.5 19

Total Oil Produced (Barrels): 13,239

Average Daily Rate, February '90 to July '90*: 50 BO/D

* February and July 1990, are months where the leases were actively 
being developed.
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the volume of oil sold from the leases for each month since March 
1989. Oil rates were calculated for each month by dividing the oil 
production sold by the number of days the leases were producing. 
During the same months that production tests were conducted in the 
field, February and March 1990, rates of 58 and 60 BO/D, respectively, 
were calculated from sales volumes.

Production tests of wells on the leases exposed two problems in 
current operations. These problems are:

1 ) The productivity of the WW zone alone has not been established.
Currently production from the WW zone could either be mixed 
with and/or lost to other exposed zones. This is due to the type 
of completions found in the wells.

2 ) Produced oil is being lost in the surface facilities. Leaks from 
old corroded pipes are common on the leases.

In an effort to evaluate the productivity and reservoir character
istics of the WW zone, the Rice #10-6 was redrilled and the WW zone 
cored in February 1990. There are two reasons the Rice #10-6 was 
chosen to core. First, the depth of the WW zone was accurately known 
from log information. Second, the WW zone had been plugged off with 
cement when the well was first drilled in 1980 and, therefore, never 
tested. The drilling operation consisted of pulling out the slotted- 
liner and kicking the bit off to go around the cement plug. When the 
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depth of the WW zone was reached, it was observed that live, popping 
oil became increasingly abundant in the mud pit. At this time a core 
barrel was run into the hole. Of the 30 feet of core cut in the well, 
less than 10 feet, from 1413 to 1421 ft, was recovered. After coring, 
drilling resumed but the old cement plug was tagged. Cement was 
seen to contaminate the drilling mud and the bit and two drill collars 
became differentially stuck. Operations on the well were suspended 
and the drill string was left in the hole.

Lease operations thus far have yielded some conclusions about 
the potential of the property in regards to WW zone development. 
Currently most of the equipment on the property (i.e. pumping units, 
production facilities, cogeneration plant, etc.) is in good condition and 
could be used in a development program. Also, energy that is needed 
to operate pumping units or heat stock tanks can be provided by 
produced lease gas. The facilities are already using lease gas and the 
operator saves an average of $3,000 per month by not buying it from 
the public utility company. Due to the multiple zone completions it is 
not known whether the gas is coming from the WW zone or another 
horizon.

There are some liabilities associated with developing the WW 
zone. One liability is the poor downhole completions in many of the 
wells. As mentioned, these completions expose the WW zone as well 
as other permeable sands. Thus, injected or produced fluids going 
through these wells may be lost to different sands. Also, these wells
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should not be used as injectors for a thermal recovery program due to 
the fact that casing and tubing failures may occur. Since most of the 
wells are fairly old, they may not withstand the high temperatures of 
the injected fluids.

An unstable price of oil is also an economic liability to the leases. 
As oil prices fluctuate, an operator may initiate a project while the 
prices are high but lose money when the price drops a few months 
later. This scenario recently occurred in McKittrick as oil prices have 
varied between $9.33 and $16.74 per barrel during the last six 
months (Table 4). Nahama and Weagant Energy Co. started to actively 
develop the Laymance and Rice leases in February 1990 in order to 
take advantage of the high oil price. Table 4 shows that after the work 
was completed, the price of oil fell over the next four months. During 
this time, the cost to produce a barrel of oil on the property also 
declined. Unfortunately, oil prices dropped so low that the leases 
were either losing money or just breaking even.

In late July 1990, operations on the leases were shut-in due to 
rapidly dropping oil prices and relatively high operating costs. By the 
middle of August 1990, heavy crude prices in the area skyrocketed 
due to the crisis created by Iraq's takeover of Kuwait. In three weeks 
oil prices went from $9.93 per barrel to $22.00 per barrel. Conse
quently, operations on the Laymance and Rice leases have resumed.
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Table 4. Comparison of the Oil Price vs the Cost to Produce a 
Barrel of Oil from February 1990 to July 1990.

Month
Oil Price 

($)
Oil Sold 
(BBLs)

Monthly 
Operating 
Costs ($)

Cost 
Per 

Barrel*  ** 
($)

Grossf 
Revenue 
($/BBL)

Feb. '90 16.74 1,456 35,000 24.04 (7.29)
March '90 15.16 1,855 48,200 25.98 (10.82)
April 90 11.97 1,227 25,900 21.11 (9.14)
May '90 10.88 1,228 21,100 17.18 (6.30)
June '90 9.93 1,249 18,182 14.-56 (5.23)
July '90 9.93 1,878 13,633 7.26 2.67

99 nnZiUgUbl C/U ■ uv -------------------------- 11/ d

* Cost to produce one barrel of oil = Operating Costs + Oil Sold
t Gross revenue per barrel of oil produced = Oil Price - Cost Per Barrel
** Wells on leases shut-in before oil price increase.
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EVALUATION OF WW ZONE RESERVOIR CHARACTERISTICS

This section presents an assessment of WW zone reservoir char
acteristics. Well log analysis, laboratory studies, and field observations 
were used to evaluate reservoir parameters. Each area of study will be 
presented in terms of the method of analysis used and results 
obtained.

Well Log Analysis
Analysis on the Rice #10-6 well logs was performed in order to 

estimate the porosity, volume of shale, and water saturation within the 
WW zone. Logs from this well were chosen for the analysis because it 
is one of only 3 wells to have a neutron-density log run through the 
WW zone. Also, a core taken in the top part of the zone is available for 
comparison. Porosity, resistivity, and gamma ray curves were digitized 
and the analysis was performed on the ES-Log system at the Colorado 
School of Mines.

Porosity Evaluation

The WW zone interval in the Rice #10-6 can be determined by 
locating the depth at which the neutron and density curves slightly 
"cross-over" at comparatively high porosity values (Farley 1990). This 
interval is between 1382 ft and 1540 ft. Within this interval, digitized 
neutron and density porosity values at every 2 ft were averaged. The 
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average neutron porosity was found to be 48.41 percent (standard 
deviation = 3.4 percent) while the average density porosity was 49.34 
percent (standard deviation = 3.2 percent). A density-neutron 
crossplot which displays data from 30-foot intervals through the WW 
zone is presented in Fig. 11. Many points are observed as being near 
the 45-degree line. However, a majority of points can be found to the 
left of the 45-degree line illustrating that neutron porosities are less 
than density porosities (Fig 11). This reduction of the neutron 
porosity may be caused by gas which exists in the zone (Schlumberger 
1989).

In order to analyze the continuity of porosity throughout the WW 
zone, log porosity values from two other wells in the area were com
pared to values from the Rice #10-6. These wells are the Rice #2 and 
the Chevron "South End" #3-1. At intervals of every 5 ft, beginning at 
the top of each WW zone, neutron and density porosities for the Rice 
#10-6 are compared to those found in the other wells. A crossplot of 
neutron porosities shows that the data is shifted to the left of the 45- 
degree line (Fig. 12). This means that neutron porosities logged in 
the Rice #2 and "South End" #3-1 wells are higher than those mea
sured in the Rice #10-6. A density porosity crossplot, however, shows 
that the data is distributed near the 45-degree line (Fig. 13). This 
indicates fairly consistent density porosity readings between the wells.

COLO"'- ; ; VJNES
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from the Rice #10-6 Well.
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Fig. 12. Crossplot of Neutron Porosities, 
Rice #2 and "South End" #3-1 vs Rice #10-6.
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In Figs. 11 and 13, density porosities were calculated using a 
standard sandstone grain density of 2.65 grains/cc. It is noted that 
the measured WW zone grain density of 2.46 grams/cc could have also 
been used in the calculations. For this report, however, density 
porosities will be calculated with 2.65 grams/cc because the results 
better approximate core porosities. Discussed later in the laboratory 
analysis section is the fact that core porosities and density porosities, 
calculated with 2.65 grams/cc, both average 50 percent. When log 
calculations are made for the same interval using 2.46 grams/cc, the 
average porosity is 40.6 percent.

Since core porosities were measured at surface conditions, it 
can be argued that a large change in porosity could occur if the cores 
were subjected to overburden pressure. Thus, a better estimate of the 
WW zone reservoir porosity may come from the density log when a 
grain density of 2.46 grams/cc is used in the calculations. Stosur and 
David (1976) showed, however, that at depths between 1100 and 
1600 feet the overburden pressure will reduce diatomite porosity by 3 
porosity units. Thus, the WW zone, which is found between 1100 and 
1600 feet, may have an average reservoir porosity of 47 percent in
stead of 50 percent. This reduced porosity is still reasonably approxi
mated by the density log when a grain density of 2.65 grams/cc is used 
in the porosity calculations. Nevertheless, this discussion exposes the 
fact that the relationship between grain densities, density logs, and 
diatomite is not entirely clear, and further study is recommended.
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Shale Volume Evaluation
Density-neutron crossplots are also used to evaluate the WW 

shale volume in the Rice #10-6, the Rice #2, and the Chevron "South 
End" #3-1 wells. To determine the shale volume, lines of constant 
shale percentage are constructed on crossplots (Hilchie 1989). As 
mentioned, the majority of the WW zone data from the Rice #10-6 
plots on or to the left of the clean sand line (Fig. 14). The rest of the 
data, those which plot to the right of the clean sand line, represent 
shaley intervals. These intervals can contain between 1 and 20 
percent shale (Fig 14). Only a few intervals have between 40 and 50 
percent shale. In the Rice #2 and "South End" #3-1, less of a gas 
effect is seen in the data as more points plot between the clean sand 
and 20 percent shale lines (Fig. 15). Compared to the Rice #10-6, 
these two wells have more intervals with a shale content between 20 
and 50 percent.

Water Saturation Evaluation
To begin this evaluation, an estimate of the WW zone formation 

water resistivity (Rw) was made. A range of Rw values between 0.215 
and 0.713 ohm-m was calcualted from the Rice #10-6 well logs (Ap
pendix C). Also an Rw of 0.546 ohm-m was measured from a sample of 
lease water obtained from the Laymance wash tank. Since 0.546 ohm- 
m value falls within the calculated range, it is assumed that this Rw is 
representative of the WW zone and, thus, will be used in this study.



Fig. 14. Rice #10-6 Density-Neutron Crossplot
Illustrating the Shale Volume in the WW Zone.
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Fig. 15. Rice #2 and "South End" #3-1 Density-Neutron Crossplot
Illustrating the Shale Volume in the WW Zone.
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Pickett plots were used to determine the water saturation of the 
WW zone. This technique was also used to evaluate the diatomite at 
Lost Hills (Stosur and David 1976). A Pickett plot is a log-log plot of a 
formation’s resistivity versus its porosity. The basic foundation behind 
the usefulness of a Pickett plot is the Archie equation:

Sw^ = & * Rw
0m * Rt 

where:
Sw = water saturation - (fraction)
a = Archie equation constant
Rw = formation water resistivity - (ohm-m)

0 = porosity - (fraction)
m = Archie cementation exponent

Rt = resistivity of formation containing hydrocarbons and water - 
(ohm-m)

By assuming an Sw of 100 percent, this equation can be rearranged 
and simplified to:

log Rt = (- m log 0) + log (a * Rw)

On log-log paper this equation is a straight line, "y = mx + b” (Hilchie 
1989).
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In this report, Pickett plots are constructed in the following 
manner (also see Appendix C):

1) Porosities were taken from the Rice #10-6 density log while 
formation resistivities were taken from deep resistivity mea
surements found on the Rice #10-6 induction log. Stosur and 
David (1976) also used density porosities and deep resistivities 
in their Pickett plots of the diatomite at Lost Hills.

2) The depth interval presented on the plots is from 1250 ft to 
1550 ft. This interval includes the lower Tulare sands. Data 
from the lower Tulare was presented for two reasons:

a) Intervals above the WW zone are known from logs and 
sidewall cores as being 100 percent saturated with water.

b) Provides more data points through which saturation lines 
can be drawn.

3) The WW zone in the Rice #10-6 well can be found between the 
depths of 1382 ft and 1540 ft. On the plots, the top of the WW 
zone is shown as green and the bottom as purple.

The first step of the Pickett plot process is to construct the 100 
percent water saturation line across the left margin of all plotted 
points (Schlumberger 1989). The slope of this line is the value "m", 
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the cementation exponent, and the intercept at 100 percent porosity 
is the quantity (”a"*Rw). Two WW zone Pickett plots are presented in 
Figs. 16 and 17 to show different interpretations of where the 100 
percent water saturation line lies. For one interpretation for the 100 
percent water saturation line, "m" is 1.4, ("a" * Rw) is 0.35, and "a", 
assuming Rw is 0.564 ohm-m, is 0.62 (Fig. 16). The other 
interpretation for the 100 percent water saturation line shows that 
"m" is 1.8, ("a" * Rw) is 0.25, and "a" is 0.44 (Fig. 17).

From the previous information, two observations can be made 
about the "m" and "a" values obtained. First, the "m" values of 1.4 and 
1.8 are unusually low compared to published values. The "m" value is 
frequently presented as 2.0 or 2.15 (Schlumberger 1989). It has been 
hypothesized that lower "m" value could be observed in a diatomite 
(Hilchie 1989). A petrophysical evaluation of the Lost Hills diatomite 
confirms this theory. An "m” value of 1.46 was found by Stosur and 
David (1976) using Pickett plots. Another observation concerns the 
"a" value. Assuming the Rw of 0.564 ohm-m is representative, the "a" 
variable ranges from 0.44 (Fig. 17) to 0.62 (Fig. 16). A published value 
of "a" for sandstones is 0.62 (Schlumberger 1989).

When evaluating the hydrocarbon-bearing data which falls to the 
right of the 100 percent water saturation line, it is concluded that the 
WW zone has a water saturation near 65%. In Fig. 18, a water
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Fig. 16. Pickett Plot Showing A 100% Water Saturation Line 
that has an "a” value of 0.62 and an "m" value of 1.4.
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Fig. 17. Pickett Plot Showing A 100% Water Saturation Line 
that has an "a" value of 0.44 and an "m" value of 1.8.
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Fig. 18. Pickett Plot Showing A 65% Water Saturation Line that 
has an "a" value of 0.62 and an "m" value of 1.4.

2-Plot; Well Man*; 16-6 53-JUL-90 98:41

D
en

sit
y 

Po
ro

sit
y

&

65%

100%

ie

DEPTH

1 ?-

0.1
Depth Intervol: 1250 to 1540



ER-3929 54

saturation line of 65 percent (the red line) was fit through the WW 
data using an "a" and "m" of 0.62 and 1.4, respectively. Furthermore, 
another 65 percent water saturation line was constructed through the 
data with an "a" value of 0.44 and an "m" value of 1.8 (Fig. 19). In both 
of these plots the Archie saturation exponent "n" is assumed to be a 
constant value of 2.0 (Schlumberger 1989).

Since the WW zone can have from 0 to 50 percent shale in its 
matrix, the Dual Water model was used as another method of deter
mining water saturations. Bound water found in clays, and possibly 
diatomites (Stosur and David 1976), can affect resistivity log measure
ments. The Archie equation assumes that the formation water is the 
only electrically conductive material in the zone (Schlumberger 1989). 
Consequently, the conductivity of the bound water is not considered in 
the previous Pickett plots. Thus, the Dual Water model was used to 
"accommodate the existence of another conductive material in the 
formation" (Schlumberger 1989).

With the "a" and "m" variables determined from the Pickett 
plots, ES-Log generated output for the Rice #10-6 was plotted in a log 
format. Variables plotted include gamma ray (GR), shale volume 
(VSHL), water saturation (SW), total porosity (PHIZ), effective porosity 
(PHIE), and bulk volume water (BVW).

Results from using the Dual Water model show that water satura
tions in the WW zone may be between 60 and 70 percent. In Fig. 20,
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Hg. 19. Pickett Plot Showing A 65% Water Saturation Line that 
has an "a" value of 0.44 and an "m" value of 1.8.
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Fig. 20. Log Presentation of Results from the Dual Water Model. 
The "m ' and "a" values used are 1.4 and 0.62, 
respectively.
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a case run using the value of "m" as 1.4 and "a" as 0.62 shows that the 
water saturation averages between 60 and 70 percent but can be as 
low as 50 percent. The total and effective porosities computed by the 
model overlap through almost the whole interval. The bulk volume 
water curve shows that over half of the pore spaces are filled with 
water. Running a case with "m" and "a" equal to 1.8 and 0.44, respec
tively, also yields an average water saturation of between 60 and 70 
percent with a low of 50 percent (Fig. 21). The total and effective 
porosities, again, overlap through almost the whole interval. Further
more, the bulk volume water curve still shows that over half of the 
pore spaces are filled with water.

Results from using Pickett plots and the Dual Water model are 
seen to be comparable, even when a range of Archie variables are used. 
The Pickett plot water saturation values of 65 percent fall within the 
60 to 70 percent range calculated by the Dual Water model. This situ
ation occurred with both sets of "a" and "m" values used. The lowest 
water saturation observed, 50 percent, was calculated using the Dual 
Water model. This water saturation, though, was observed only over a 
limited portion of the WW zone.

Even with the log analysis work presented thus far, it is con
cluded that more information is needed to estimate representative 
water saturations for the WW zone. In the future it is suggested that 
EPT logs be run in addition to induction logs and neutron-density logs. 
The tool is regarded as ideal for shallow heavy-oil zones where



ER-3929 58

15B0

•GR--------------150

)

f ']

Fig. 21. Log Presentation of Results from the Dual Water Model 
The "m" and "a" values used are 1.8 and 0.44, 
respectively.

1 PMiz -a 
VS HL--------------"C 1----------------BVU------------------ B

-SU-----------------0 1--------------- PHIE---------------- B

t

0.75 0 5 0.25 0.75 0.5 0.25

W
W

 Zone



ER-3929 59

formation waters are relatively fresh (Schlumberger 1989). By using 
electromagnetic waves, this tool can distinguish between fresh water 
and oil in formations (Schlumberger 1989). Thus, the tool can 
measure the relative amounts of both fluids and make an estimate of 
the water saturation.

Petrophysical Comparisons Between the WW Zone and Other 
Diatomites

Low formation resistivity measured by induction logs is one 
characteristic common to diatomites. At South Belridge the resistivity 
of the diatomite ranges between 0.8 and 2.4 ohm-meters (Schwartz 
1988). Likewise, at Lost Hills the resistivity can range between 2.0 to 
4.0 ohm-meters (Stosur and David 1976). Comparable resistivity 
ranges also exist in the WW zone. Taking the Rice #10-6 as an exam
ple, the average resistivity through the WW zone is 1.7 ohm-meters 
with a standard deviation of 0.32 ohm-meters.

High porosity is another measurable log property which is 
characteristic of diatomites. This point has been presented before in 
the geology section and is reiterated Just briefly. The neutron and 
density porosity values for the WW zone have been presented as 48.4 
and 49.3 percent, respectively. Similarly, South Belridge porosities 
range between 50 and 70 percent (Schwartz 1988), and Lost Hills has 
porosities between 45 and 61 percent (Stosur and David 1976).
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The petrophysical properties of diatomite also influence water 
saturation calculated from logs. The Archie equation states that 
formation resistivity is inversely proportional to the square of water 
saturation. Thus, low diatomite resistivities should mean high water 
saturations. The Archie equation also shows that the value "0m" is 
inversely proportional to the square of water saturation. Previous 
investigations into both of these parameters show that diatomite 
porosities are high while their "m's" are low. As shown in Table 5, this 
situation results in relatively lower water saturations calculated from 
the Archie equation. Two similar calculations can be made with a 
more "typical" "0m" value and a diatomite "0m" value. The water 
saturation calculated for the "typical" case was over 100 percent while 
the saturation calculated for the diatomite was 69 percent.

Calculated WW zone water saturations are also comparable to 
water saturations found in other diatomites. Laboratory tests and log 
analysis of the diatomite at Lost Hills indicate that the water saturation 
averages 59 percent (Stosur and David 1976). Bowersox (1990) 
reports that water saturations in the South Belridge diatomite are 
between 50 and 70 percent. These saturations match up favorably 
with what has been concluded in the WW zone.

Laboratory Analysis
Laboratory tests were performed on the Rice #10-6 core as well 

as a sample of crude oil from the Laymance P-4 in order to evaluate
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Table 5. Sample Calculations Showing How Diatomite 
Properties Influence the Results from the Archie 
Equation.

The Archie Equation:
Sw2 = — Rw

0m * Rt

Assume: a = 0.62. Rw = 0.564 ohm-m. and Rt - 2.0 ohm-m.

Case A: Assume a "typical” porosity of 0.30 and 
an "m" of 2.15 (Schlumberger 1989).

Sw2 = 062 * 0.564
0.3 215 * 2.0

Sw > 100%

Case B: Assume a diatomite porosity of 0.498 and 
an "m" of 1.40 found from the Pickett plots.

Sw2 = 0.62 * 0.564
0.498 14 * 2.0

Sw 69%
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WW zone reservoir characteristics. Tests include measuring WW zone 
rock properties and crude oil gravities and viscosities. Also, a 
laboratory coreflood experiment was conducted. Data, such as relative 
permeabilities, which were not measured in the laboratory but are 
essential for this study were estimated using other sources. This 
information is presented in the permeability section.

Core Porosity and Grain Density
Porosities and grain densities from Rice #10-6 core plugs were 

measured by Goode Core Analysis Service Inc. of Bakersfield and are 
presented in Table 6. The average core porosity is 49.8 percent 
(standard deviation = 3.5 percent) and the average grain density is 
2.46 grams/cc (standard deviation = 0.037 grams/cc). These 
porosities were determined using Boyle's Law method with helium as 
the gaseous medium (Bell 1990). The author also conducted porosity 
tests on three of the core plugs used in Goode's analysis (Table 6). 
Bulk and grain volume measurements were found by using the mercury 
porometer and air pycnometer, respectively. It is concluded that the 
author's results were similar to Goode's results.

A comparison was also made between core porosities and 
neutron-density log porosities from the Rice #10-6. A list of WW core 
porosities, density porosities, and neutron porosities at corresponding 
depths is presented in Table 7. Density and neutron values are also 
plotted against the core data in Fig. 22. Through the interval, density
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Goode Core Service Measurements:

Table 6. Porosity and Grain Density Measurements from the 
Rice #10-6 Core.

Plug Depth Porosity Grain Density
Number (feet) (%) (gm/cc)

1 1413.1 51.2 2.50
2 1413.6 52.6 2.48
3 1413.9 49.4 2.51
4 1414.1 50.6 2.48
5 1414.6 55.4 2.46
6 1415.1 50.8 2.46
7 1415.6 52.6 2.40
8 1416.1 52.2 2.44
9 1416.6 47.7 2.47

10 1417.1 43.8 2.48
11 1417.6 45.8 2.51
12 1418.1 43.9 2.47
13 1418.6 46.2 2.46
14 1419.1 52.6 2.38
15 1419.6 48.6 2.50
16 1420.1 48.7 2.48
17 1420.6 45.4 2.41
18 1421.1 46.4 2.44

Mean 49.8 2.46
Standard Deviation 3.37 0.037

Author’s Measurements:
Plug 

Number
Depth 
(feet)

Porosity 
(%)

8 1416.1 53.7
12 1418.1 45.9
13 1418.6 42.8
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Table 7. Core, Density, and Neutron Porosities from the 
Rice #10-6 Well.

Depth 
(ft)

1413.5

Core 
Porosity 

(%)
52.6

Density 
Porosity 

(%)
50.3

Neutron 
Porosity 

(%)
42.1

1414 50.0 50.5 42.1
1414.5 55.4 50.7 42.5
1415 50.8 51.1 44.7
1415.5 52.6 51.5 45.7
1416 52.2 51.2 47.1
1416.5 47.7 50.6 48.1
1417 43.8 49.7 48.8
1417.5 45.8 49.1 49.8
1418 43.9 48.7 49.3
1418.5 46.2 47.0 45.8
1419 52.6 47.1 43.6
1419.5 48.6 48.3 43.8
1420 48.7 49.4 45.4
1420.5 45.4 49.9 45.2
1421 46.4 49.9 43.5
Mean 49.8 49.7 45.5
Standard Dev. 3.5 1.4 2.5
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and core porosity values are comparable as the plotted data is closely 
distributed about the 45-degree line (Fig 22). Neutron porosities, 
however, are lower than core porosities making the plotted data shift 
to the left of the 45-degree line (Fig 22). WW porosities were also 
measured in sidewall cores taken from other wells. These porosities 
are presented in Table 8 and are seen to be comparable to the values 
measured in the Rice #10-6 core.

Permeability
Air permeability measurements were conducted by both the 

author and Goode Core Service on the same plugs that porosities were 
measured (Table 9). Fig. 23 is a plot that compares the author's and 
Goode's results. Since the data falls near the 45-degree line, it is con
cluded that the results correlate. To get these results, an air perme
ameter was used. Goode used a confining pressure on the core of 250 
psig (Bell 1990), while the author did not use a confining pressure. 
The only other permeability measurements taken in the WW zone are 
from sidewall cores in other wells (Table 8). By averaging the 
permeability data observed on the Rice #10-6 core with the values 
found in Table 8, an average permeability of approximately 200 
millidarcies was obtained.

An attempt was made to estimate the liquid permeabilities of the 
Rice #10-6 core after air permeabilities were measured. Three 
individual plugs were saturated with either kerosene or water and
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Table 8. Laboratory Results from WW Zone Sidewall Cores Taken 
in the Rice #2, Rice #3, and Rice #10-6 Wells.

The Rice #2 Well

Depth 
(feet)

Porosity 
(%)

Permeability 
(md)

Oil 
Saturation 

(%)

Water 
Saturation 

(%)

Diatomite* 
Described

1482 34.6 47 21.3 64.7 X
i486 36.5 820 19.4 66.4
1501 38.8 640 36.4 49.7
1506 44.5 780 25.0 60.6 X
1514 43.0 240 27.5 55.9 X
1519 40.9 73 23.8 60.9 X
1545 34.1 73 24.6 61.5

The Rice

Depth 
(feet)

#3 Well

Porosity 
(%)

Permeability 
(md)

Oil 
Saturation 

(%)

Water 
Saturation 

(%)

Diatomite* 
Described

1509 48.4 350 14.1 68.5
1533 48.9 620 35.7 52.0 X
1581 45.9 240 19.2 60.9 X

The Rice

Depth 
(feet)

#10-6 Wellf

Porosity Permeability 
(%) (md)

Oil 
Saturation 

(%)

Water 
Saturation 

(%)

Diatomite* 
Described

1396 48.6 24 14.9 72.6 X
1430 43.5 220 15.5 67.2 X
1480 46.9 280 22.7 62.3 X
1506 42.9 290 25.8 58.7 X

* If the description of the sidewall core included diatomite then 
an"x" is present in this column.

t This is data from the original hole drilled in August 1980, not the 
redrill of February 1990.
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Table 9. Air Permeability Results from the Rice #10-6 Core

Plug 
Number

Depth 
(Feet)

Author's Results 
(md)

Goode's Results 
(md)

2 1413.6 53.6 66.7
3 1413.9 35.9 30.1
4 1414.1 90.1 97.1
5 1414.6 108.9 149.3
6 1415.1 68.2 55.6
7 1415.6 364.0 380.7
8 1416.1 90.0 93.2
9 1416.6 91.1 85.5

10 1417.1 20.6 37.1
11 1417.6 12.8 24.4
12 1418.1 14.6 20.2
13 1418.6 28.6 51.5
14 1419.1 40.3 41.7
15 1419.6 29.5 55.9
16 1420.1 20.1 31.0
17 1420.6 153.7 142.3
18 1421.1 31.5 29.3

Mean 73.7 81.8
Standard Deviation 84.6 86.3
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placed in a liquid permeameter. Results from the tests were 
discouraging as permeabilities of 5 darcies or greater were observed. 
Tests were continuously run until the core plugs became deformed or 
broke. The reason the permeabilities were over 5 darcies is that fluid 
flowed around the lead sleeves on the plugs and not through the 
sediments. Lead sleeves with 100 mesh screens at the ends were put 
on the core because of the unconsolidated nature of the sediments.

Due to the problems encountered while conducting the liquid 
permeability tests, oil-water relative permeability measurements could 
not be obtained in the laboratory. Therefore, three estimates of rela
tive permeabilities from other sources were used in this report. One 
source measured relative permeabilities from diatomaceous rocks at 
Lost Hills, California (Owens 1990). Another source developed empir
ical equations to estimate oil-water relative permeabilities in a con
solidated, water-wet rock (Honarpour 1982). A third source, Gomaa 
(1980), obtained a set of oil-water relative permeability curves by 
history matching field data from a steamflood at Kern River.

To compare the different relative permeabilities from the three 
sources, plots of relative permeability versus water saturation were 
constructed. Figs. 24 and 25 show that Gomaa's oil and water relative 
permeabilities are optimistic when compared to the equations from 
Honarpour (Appendix C) or data from Lost Hills. Further comparisons 
can be made by plotting water relative permeabilities divided by oil
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relative permeabilities (Krw/Kro) on a semi-log scale versus water 
saturation (Fig, 26). It is observed that at low water saturations, 
Krw/Kro values calculated using Honarpour's equations are optimistic 
when compared to data from Lost Hills and Gomaa. Honarpour's 
divisor, Kro, is comparatively higher and, therefore, the Krw/Kro ratio 
is lower. At higher water saturations the Gomaa data is more opti
mistic than data from the other two sources.

Water and Oil Saturations
When the Rice #10-6 core was brought in from the field, water 

and oil saturations were measured in the laboratory by Goode Core 
Service. Results of their measurements show that oil saturations are 
between 4.8 and 24.3 percent and water saturations are between 75 
and 94 percent (Table 10). Another list of water and oil saturations 
measured in sidewall cores from other wells is presented in Table 8. 
These oil saturations range between 14 and 36 percent, while water 
saturations range from 49 and 72 percent It is interesting to note 
that the Rice #10-6 was drilled through the WW zone once before 
(Table 8). Consequently, oil saturations could be low because the WW 
zone in this well has been twice flushed with drilling fluids.

Coreflood Tests
Coreflood experiments were conducted on the Rice #10-6 to 

observe the response the WW zone would have to injected liquids. All
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#10-6 Core in the Laboratory.
Table 10. Water and Oil Saturations Measured from the Rice

Plug 
Number

Depth
(feet)

Oil 
Saturation 

(%)

Water 
Saturation 

(%)
1 1413.1 12.3 82.1
2 1413.6 4.8 94.6
3 1413.9 5.5 91.0
4 1414.1 7.8 90.4
5 1414.6 10.2 89.0
6 1415.1 14.6 82.3
7 1415.6 12.4 86.7
8 1416.1 13.6 81.5
9 1416.6 12.5 - 82.8

10 1417.1 11.2 85.5
11 1417.6 11.1 88.2
12 1418.1 11.3 85.6
13 1418.6 24.3 75.3
14 1419.1 9.1 87.3
15 1419.6 16.3 76.5
16 1420.1 12.5 78.8
17 1420.6 5.8 90.5
18 1421.1 8.7 79.7

Mean 11.3 84.9
Standard Deviation 4.5 5.4
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tests were performed by ProTreat Technology of Golden, Colorado, 
during July and August 1990. WW core sand packs were saturated 
with 20 percent lease crude, by weight, and placed in the coreflood 
apparatus. The coreflood equipment included a Par steam generator, a 
high pressure metering pump, a heated core holder (1" diameter and 
27" long), and a back-pressure regulator. The sand packs were heated 
to 230 °F prior to each run and then either hot water or steam was 
injected at 200 cc per hour.

Results from these coreflood experiments showed that the Rice 
#10-6 core material was impermeable to injected liquids. Details 
about each run are presented in Table 11. In the only run where oil 
was recovered, the WW core was packed veiy loosely and 70 °F water 
was injected at 50 psi.

Some sand pack samples were saved after the tests and sent to 
Goode Core Analysis Service in Bakersfield. Porosity and air perme
ability measurements were conducted on each of these samples (Table 
11). The porosities of the samples were over 50 percent while the air 
permeabilities were between 69 and 267 millidarcies. One sample 
was prepared for the coreflood test but was not run. This sample had 
an air permeability of 106 millidarcies and a porosity of 54 percent. A 
comparison of these results versus what was found in the original air 
permeability and porosity tests shows that the rock had not been 
significantly changed. From Table 6 it is observed that the average 
porosity was 49.8 percent (standard deviation = 3.5 percent) while
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Table 11. Results of Coreflood Tests.

Run #1 Summary: Tightly packed core. 70% quality steam at 
680 psi.

Results: No fluids recovered from core after two hours.
Pressure on core was up to 1000 psi.

Air Permeability of sample after test: 68.7 md 
Porosity of sample after test: 51.4%

Run #2 Summary: Same as Run # 1. Chemicals were added to 
the steam.

Results: Same as Run #1.

Run #3 Summary: Same as Run # 1. Oil Saturation increased 
from 20% to 30%.

Results: Same as Run #1.

Run #4 Summary: Same as Run #1. Core was very loosely 
packed.

Results: Same as Run # 1.

Run #5 Summary: Same as Run #1. 200 °F water injected 
instead of steam.

Results: Same as Run #1.

(continued)
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Table 11. (Continued)

Run #6 Summary: Core loosely packed. 70 °F water was 
injected.

Results: 350 ml. of water passed through the core.
Estimated oil recovery was 10% of original 
saturation. Injection pressure was 50 psi.

Air Permeability of sample after test: 267 md
Porosity of sample after test: 57.2%

Run #7 Summary: Same as Run #6. Tightly packed core. 
Results: Same as Run #1.

Air Permeability of sample after test: 163 md
Porosity of sample after test: 54.3%

Run #8 Summary: Same as Run #7. 100 °F water injected.
Results: Same as Run # 1.
Air Permeability of sample after test: 159.8 md
Porosity of sample after test: 50.6%

Sample which was prepared for the test but was not run.
Air Permeability: 106 md
Porosity: 54%
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from Table 9 the average air permeability was 74 millidarcies 
(standard deviation = 85 millidarcies).

It is unclear why the WW core was impermeable to injected 
liquids but had air permeabilities between 100 and 270 millidarcies 
both before and after the coreflood experiment. It is hypothesized by 
the author that the physical properties of the diatomite changed when 
the sediments were saturated with liquids. This change, however, is 
not attributed to clay in the formation for the following reasons:

1 ) The air permeability of the core was not reduced after the 
experiment was conducted. If swelling or migrating clays such 
as montmorillinite or illite changed the physical properties of 
the diatomite, then the measured air permeability should have 
been reduced.

2 ) Large quantities of clay are not present in the WW zone. If clay 
was abundant in the formation, the WW zone grain density would 
be larger than 2.46 grams/cc. Clay such as montmorillinite and 
illite have densities of 2.66 and 2.60 grams/cc, respectively.

It is recommended that a future study be conducted to explain this 
phenomenon. The results of this study may show that other recovery 
methods, such as fracturing the diatomite, could work in this facies.

It is noted that liquid permeability tests also showed that the 
Rice #10-6 core was impermeable to injected fluids. As mentioned,
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injected fluids flowed around the lead sleeves on the core plugs and 
not through the sediments. These liquid permeability tests are an 
inexpensive way to determine if the zone is impermeable to injected 
fluids and, thus, should be used on WW cores or sidewall samples 
obtained in the future.

Capillary Pressure Tests and Sieve Analysis
Capillary pressure tests were performed to estimate the initial 

water saturation and the residual oil saturation within the WW zone. 
Three core plugs, #8, #12, and #13, were each split in two and used 
for the test. These are the same plugs that the author used to measure 
WW zone porosities (Table 6). All of the core plugs were cleaned in a 
toluene bath, dried in an oven, and then inserted into a mercury 
injection, capillary pressure apparatus. The volume of mercury 
injected into and retracted from the core was recorded at different 
pressures. A maximum pressure of approximately 2000 psia was 
placed on each core plug.

The purpose of these tests was to generate drainage and imbibi
tion curves for the core plugs. For these measurements, air is re
ferred to as the wetting phase and mercury the non-wetting phase. 
Drainage curve data represents the non-wetting phase fluid migrating 
into the rock and displacing the wetting phase fluid. Displacement 
occurs until the wetting phase reaches an irreducible saturation. Im
bibition curve data represents the production of the non-wetting 
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phase fluid from the rock to a residual saturation while the wetting 
phase saturation increases as it is imbibed into the rock.

Results from tests are presented in Figs. 27, 28, and 29. 
Measurements on core plug #8 indicate that the initial wetting phase 
saturation is 64 percent and the residual non-wetting phase saturation 
is close to 31 percent (Fig. 27). Similarly, core plug #12 has an initial 
wetting phase saturation of 63 percent and a residual non-wetting 
phase saturation of 28 percent (Fig. 28). Core plug #13 had results 
which were quite different from those observed in plugs #8 and #12. 
The initial wetting phase saturation for this core was 38 percent while 
the non-wetting phase residual saturation was 48 percent (Fig. 29). 
This plug is also noted as having the highest oil saturation and lowest 
water saturation of all the Rice #10-6 core plugs measured in the 
laboratory (Table 10). Furthermore, the imbibition curve for core plug 
#13 has a large gap of data missing between the non-wetting phase 
saturations of 49 and 51 percent (Fig. 29).

A sieve analysis was performed on parts of core plugs #8 and #13 
to estimate different grain size distributions. A plot of cumulative 
weight percent versus grain size is presented for both core plugs in 
Fig. 30. Core plug #8 is seen to have a large weight percent of coarse 
and fine sands while plug #13 has an abundance of fine sand and silts. 
As mentioned, the silty plug, #13, has a lower initial water saturation 
and a higher oil saturation than plug #8. This phenomenon is contrary
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Fig. 30 Plot of Cumulative Weight Percent vs Grain Size.
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to what is expected as plug #8 should have a higher oil saturation due 
to its sandy matrix. The author has no explanation for this occur
rence, although, changes in wettability or mineralogy may be factors 
which contributed to this phenomenon.

X-Ray Diffraction Analysis
X-ray diffraction techniques were used on Rice #10-6 core plugs 

to measure the weight percent of individual elements within the WW 
matrix. Core plugs #2 and #18, from depths of 1413.6 ft and 
1421.1 ft, respectively, were used for the analysis. Table 12 lists the 
weight percent of each element that was detected using x-ray diffrac
tion. In the WW matrix the most prominent element found is silica. 
The weight percent of silica in both plugs is between 76 and 77 
percent. Small percentages of iron, 8 to 9 percent, aluminum, 6 to 7 
percent, and potassium, 3 to 4 percent, were also found.

The high weight percent of elemental silica may be evidence for 
the presence of recrystalized diatomite in the WW zone. Diatomite, in 
any state, has basically the same element composition as quartz 
(Schwartz 1988). Since there is elemental iron, aluminum, and potas
sium present, it is assumed that some of the silica could be found in 
clay minerals. One clay mineral which may exist in the WW zone is 
illite. Detrital illite was found in WW-like breccia which outcrops to 
the southwest of both leases (Eacmen et al. 1983).
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Table 12. The Weight Percent of Individual Elements Found 
in the WW Zone Rock Matrix using X-Ray 
Diffraction.

Plug #2 Plug #18
Weight Percent Weight Percent

Of Individual Of Individual
Element Elements Elements

Magnesium 0.00 0.00
Aluminum 7.23 6.00

Silica 76.21 77.62
Sulfur 0.50 1.28

Chlorine 0.84 1.10
Potassium 4.09 3.86

Calcium 0.93 1.27
Titanium 0.42 0.85

Manganese 0.60 0.00
Iron 9.19 8.02
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Oil Viscosity
A saybolt viscosity experiment was performed on a sample of 

lease crude oil at different temperatures. The dead oil sample came 
from the Laymance P-4 which is completed in the WW zone. It is 
observed that this well produced relatively light oil compared to other 
wells (Helton 1990) and is inferred to be representative of the oil 
found in the WW zone. Fig. 31 is a log-log plot of viscosity versus 
temperature. The viscosity of the oil is approximately. 260 centipoise 
at the reservoir temperature of 110 °F. At 200 °F the viscosity of the 
oil is approximately 24 centipoise. In addition to the viscosity analy
sis, the API gravity of the oil at different temperatures was recorded. 
This information is presented in Fig. 32.

Field Observations: WW Zone Reservoir Pressure
Static fluid levels measured in some wells were used to estimate 

the reservoir pressure within different producing horizons. When 
using static fluid levels to calculate the reservoir pressure, two 
problems were encountered. The first problem was that the different 
proportions of oil and water in the fluid columns were not known. 
Thus one calculation was made assuming all the fluid in the well was 
oil. The other calculation was made assuming all the fluid was water. 
The specific gravity of oil for each well is assumed to be 0.94. This 
value is taken from an API oil gravity of 18.8 °API which was measured
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Fig. 32. Plot of API Oil Gravity vs Temperature 
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on Laymance #P-4 oil at a reservoir temperature of 110 °F (Fig. 32). 
The specific gravity of the formation water was assumed to be 1.0.

The other problem encountered is that the zone or zones from 
which oil or water is produced is unknown. For these calculations it is 
assumed that the fluid came from the WW zone. In a well where the 
WW zone is not exposed, it is assumed that the fluid came from the 
lower Tulare sands. To generate an average reservoir pressure, the 
fluid column height used for the calculation was considered to be from 
the midpoint of the zone of interest to the top of the fluid column.

Tables 13 and 14 show estimates of reservoir pressure for 
different wells. The average pressure of the WW zone may be 253 psia 
assuming that the only fluid in the wellbore is oil (Table 13). The 
average pressure calculated for the lower Tulare is 170 psia under the 
same conditions (Table 13). Assuming that water is the only fluid in 
the borehole, the WW zone and lower Tulare have average reservoir 
pressures of 267 psia and 179 psia, respectively (Table 14).
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1.) Wells completed in the WW zone and the lower Tulare sands.

Table 13. Reservoir Pressures Calculated Assuming Only Oil is 
in the Wellbore.

Well
Midpoint 

WW Zone 
(ft)

Specific 
Gravity 
Oil (frac.)

Static
Fluid

Column (ft)
Pressure* 

(PSIA)
P-3 1330 0.94 400 179
P-4 1331 0.94 603 262
B-l 1046 0.94 442 196
S-l 1260 0.94 547 238
T-l 1262 0.94 596 259
Rice #1 1515 0.94 988 422
Rice #2 1537 0.94 498 213

Average Pressure 253

2.) Wells completed only in the lower Tulare sands.

Well
Midpoint Of 

Lower Tulare 
(ft)

Specific
Gravity 
Oil (frac.)

Static
Fluid
Column (ft)

Pressure* 
(PSIA)

6-3 1198 0.94 501 220
6-4A 1100 0.94 232 110
7-4 1199 0.94 471 208
8-5 1205 0.94 337 153
9-6 1200 0.94 425 189
11-7A 1060 0.94 239 113
13-7A 1365 0.94 451 200

Average Pressure 170

* Pressure = (15 psia) + (0.433 psi/ft)*(0.94)*(Fluid Column in ft).
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1.) Wells completed in the WW zone and the lower Tulare sands.

Table 14. Reservoir Pressures Calculated Assuming Only Water 
is in the Wellbore.

Well
Midpoint 

WW Zone 
(ft)

Specific 
Gravity 
Oil (frac.)

Static
Fluid

Column (ft)
Pressure* 
(PSIA)

P-3 1330 1.0 400 188
P-4 1331 1.0 603 276
B-l 1046 1.0 442 206
S-l 1260 1.0 547 252
T-l 1262 1.0 596 273
Rice #1 1515 1.0 988 443
Rice #2 1537 1.0 498 231

Average Pressure 267

2.) Wells completed only in the lower Tulare sands.

Well
Midpoint Of Specific

Lower Tulare Gravity
(ft) Oil (frac.)

Static
Fluid
Column (ft)

Pressure* 
(PSIA)

6-3 1198 1.0 501 232
6-4A 1100 1.0 232 115
7-4 1199 1.0 471 219
8-5 1205 1.0 337 161
9-6 1200 1.0 425 199
11-7A 1060 1.0 239 117
13-7A ■ 1365 1.0 451 210

Average Pressure 179

* Pressure = (15 psia) + (0.433 psi/ft) *( 1.0) * (Fluid Column in ft).
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EVALUATION OF PRIMARY AND SUPPLEMENTAL RECOVERY 
FROM THE WW ZONE

Primary Recovery

Oil-In-Place
A most likely estimate of the oil-in-place within the WW zone is 

15,929,276 stock-tank barrels. A standard deviation of 2,927,324 
stock-tank barrels of oil was calculated for the most likely estimate of 
oil-in-place using Monte Carlo simulation techniques. Thus, there is 
approximately a 68 percent probability (Megill 1977) that the oil in 
place within the WW zone ranges from 13,001,952 and 18,856,600 
stock-tank barrels. All values were calculated using the following 
equation:

Oil-In-Place = Z.758 * A * H * 0 * (1- Sw]
Bo

Where:
A = Area - (acres)
H = Thickness - (ft)
0 = Porosity - (fraction)
Sw = Water Saturation - (fraction)
Bo = Oil Formation-Volume Factor - 

(Reservoir Barrels/Stock-Tank Barrels)
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To arrive at the oil-in-place values presented above, the follow
ing information was used:

1 ) An isopach map of the WW zone (Plate V) was made to estimate 
the volume of rock within the interval. This map was planime- 
tered and a volume of 12,075 acre-ft was obtained using the 
trapezoidal and pyramidal formulas presented in Craft and 
Hawkins (1959) (Appendix C).

2 ) The most likely value of oil-in-place was found using a porosity 
and a water saturation of 49.8 and 65 percent, respectively 
(Table 1).

3 ) The standard deviation was calculated with a Monte Carlo simu
lator using triangular probability distributions. The distributions 
were constructed using the minimum, most likely, and maxi
mum values for porosity and water saturation from Table 1 (Ap
pendix C). Oil-in-place estimates were calculated 1000 times 
using porosities and water saturations chosen randomly across 
the range of the distributions. The standard deviation was then 
calculated from the 1000 values of oil-in-place.

4 ) An oil formation-volume factor (Bo) of 1.025 (bbls/STB) was 

found using Standing's correlation (Prats 1986). Input data into 
the correlation included a reservoir temperature of 110 °F, an 
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assumed gas gravity of 0.7, a reservoir pressure of 250 psia, and 
an oil gravity of 18.8 °API at reservoir temperature (Fig. 32).

5 ) The previous calculations assumed that there is no gas saturation 
within the WW zone. Although gas is produced on the leases, the 
horizon from which it comes is not known. More information is 
needed to determine the gas saturation within the WW zone.

Primary Production Recovery Efficiency
An estimate of the recovery efficiency from the WW zone was 

calculated using the cumulative oil production on the leases. Oil pro
duction from 1961 to July 1990, is 322,811 barrels of oil (Table 15). 
By assuming that all of this oil came from the WW zone, an upper limit 
can be placed on the reservoir's recovery efficiency. Taking the 
322,811 barrels of oil produced and dividing it by the most likely 
estimate for oil-in-place, 15,988,600 stock tank barrels, a recovery 
efficiency of 2 percent is calculated. However, due to the multiple 
zone completions of the wells, the WW zone did not produce all of the 
322,811 barrels. Thus, the recovery efficiency of the WW zone is less 
than 2 percent of the oil-in-place based on this approach.

Material balance equations were used to relate pressure decline 
in the WW zone to recovery efficiency and producing gas-oil ratios. 
This calculation technique, called the Tamer method, was developed 
to estimate the performance of solution gas-drive reservoirs (Craft and
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Table 15.

Year

Laymance and Rice Production History from 1961 to 
1990.

Cumulative 
Production 

OU (BBLs/yr)

Average 
Daily Rate 

(BO/D/well)

Cumulative
Production

Water (BBLs/yr)
1961 683 4.5 113
1962 3,175 8.7 1,411
1963 3,877 10.6 1,523
1964 3,462 9.5 1,917
1965 3,375 9.2 2,811
1966 7,409 20.3 10,401
1967 9,422 25.8 2,996
1968 3,187 8.7 1,777
1969 8,834 24.2 4,777
1970 10,609 29.1 2,807
1971 16,430 45.0 4,118
1972 21,323 58.4 2,587
1973 19,744 54.1 7,414
1974 19,393 53.1 7,518
1975 19,838 54.4 6,958
1976 21,420 58.7 6,622
1977 20,153 55.2 —
1978 8,633 23.7 8,512
1979 19,873 54.4 —
1980 17,389 47.6 8,197
1981 26,780 73.4 2,707
1982 28,680 78.6 7,680
’84, ’85, & ’86 15,886 14.5 123,859
1989 (10 mos.) 4,346 14.3 —
1990 (6 mos.) 8,893 50.0
Total 322,811 216,705



ER-3929 98

Hawkins 1959) (Appendix C). For these calculations, it is assumed 
that the WW zone is a solution gas-drive reservoir. The original reser
voir pressure was estimated to be hydrostatic pressure or near 500 
psia. This pressure was also assumed to be the bubble-point pressure 
of the reservoir. Oil formation-volume factors and solution gas-oil 
ratios were found using Standing's correlations (Prats 1986). WW zone 
gas-oil relative permeabilities (Kg/Ko) were approximated by the mini
mum and maximum curves from Craft and Hawkins (1959) and Lost 
Hills diatomite data (Owens 1990) (see page 216 in Appendix C).

One other assumption is that the critical gas saturation (Sgc) of 
the WW zone is zero. This assumption is based mainly on the fact that 
the Lost Hills diatomite has an Sgc of zero in the laboratory. It is noted 
that the minimum and maximum Kg/Ko curves from Craft and Haw
kins have Sgc values of 4 and 10 percent, respectively. These Sgc 
values, however, are not considered to be representative of the WW 
zone. Tamer calculations using Craft and Hawkins data with Sgc values 
equal to 4 and 10 percent show that producing gas-oil ratios would be 
equal to solution gas-oil ratios of 46 SCF/STB during most of the reser
voir's life. Also, the gas saturation of the reservoir would not reach the 
Sgc value. Since relatively high gas production rates have come from 
WW zone wells in the past and the current producing gas-oil ratio on 
the leases averages 800 SCF/STB, it is concluded that the WW zone 
has produced a large quantity of free gas and solution gas over time. 
Consequently, Tamer calculations can approximate the free gas
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production seen in the field when the WW zone Sgc value is similar to 
the Lost Hills Sgc value of zero. Thus, for this report, the minimum 
and maximum Kg/Ko curves from Craft and Hawkins have been shifted 
so that the Sgc value is zero.

Recovery efficiencies from the Tarner method are similar to 2 
percent which was found by dividing cumulative oil production by the 
most likely value for oil-in-place. When the Lost Hills Kg/Ko data is 
used in the calculations, the recovery efficiency is 3.8 percent (Fig. 
33). Using the minimum and maximum shifted Kg/Ko curves from 
Craft and Hawkins (1959), the recovery efficiencies are between 2.3 
and 3.1 percent (Fig. 34). It is noted that the recovery efficiencies 
calculated with the Tarner method are higher than 2 percent. This 
discrepancy may be due to: 1) The recovery efficiency of 2 percent 
being off because the oil-in-place estimate may be off, 2) many input 
parameters used in the Tamer calculations may not be representative 
of the WW zone or 3) the Tamer method does not consider the effects 
of water production and gravity segregation on recovery. Since these 
phenomena probably occur within the WW zone, Tamer results may 
not be accurate. In summary, it appears that less than 4 percent of 
the oil-in-place has been produced from the WW zone.
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Fig. 33. Plot of Pressure and Producing Gas-Oil Ratio vs 
Recovery Efficiency Calculated from the Tamer Method 
Using Kg/Ko Data from Lost Hills.
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Economic Evaluation
To assess the property value of the Laymance and Rice leases 

under primary production, forecasts of future production were made. 
Using the daily average oil production rates found in Table 15, a 
decline curve was constructed (Fig. 35). Two different cases were 
used to forecast future production. Case A assumes that production 
onthe leases will average 50 BO/D for the next 10 years. This assump
tion is based on the fact that between 1972 and 1980, the property 
had a steady production rate of just over 50 BO/D. Also, the average 
production rate on the leases from February to July 1990, is 50 BO/D 
(Table 3). Low production rates for the years 1983 to 1988 are at
tributed to the fact that operators had shut-in the wells. The pro
duction forecast of Case B shows a 8 percent production decline per 
year from the peak oil rate of 1982 through current production levels 
(Fig. 35). Both forecasts are extended to the year 2000 and assume 
that current well completions will not change.

After forecasting the future production on the leases, an 
economic model was made to estimate the property's present worth 
(Appendix C). In this economic model, three assumptions were made. 
The first assumption is that the price of oil will be unescalated during 
the life of the project. The second assumption is that no capital 
investment will be needed to initiate the project. The last assumption 
is that operating costs will average $18,200 per month over the next 
10 years. This figure is the operating cost for nineteen wells



Fig. 35. Production Decline Curve For the Laymance and Rice Leases.
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producing in June 1990 (Table 3). There are two reasons why an 
operating cost of $18,200 per month was chosen:

1 ) This cost is comparable to the average operating costs recorded 
at six San Joaquin Valley oil fields. Each month an average of 
$16,833 is needed to operate nineteen Tulare wells (Kern 
County Assessor's Office 1988).

2 ) This operating cost may be more realistic than costs recorded 
from February to May 1989 (Table 3). Operating costs from 
these months were high because lease operations had just 
started. The July 1990 operating cost may be a low estimate 
because operations were suspended at the end of the month.

The present worth of the Laymance and Rice leases under 
primary production is illustrated at different oil prices in Figs. 36 and 
37. Fig. 36 shows the economic evaluation of the production forecast 
from Case A. At an oil price of $14.00 per barrel, the project is worth 
nearly $230,000 with a 10 percent rate of return. At an oil price of 
$22.00 per barrel the property is worth approximately $1 million at 
the same interest rate. Using the production forecast of Case B and an 
oil price of $14.00 per barrel, the property is worth less than $15,000 
at a 10 percent rate of return (Fig. 37). Also, with a $22.00 per barrel 
oil price, the present worth of the property is $250,000 at the same 
interest rate.



Fig. 36. Net Present Worth of the Laymance and Rice Leases
Using Primary Production, Case A.
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Steamflooding

Project Screening
Thermal methods of oil recovery have successfully produced 

viscous oil from shallow reservoirs in the southern San Joaquin Valley. 
Of the different thermal recovery techniques, steamflooding has been 
proven as an efficient and frequently economic method of oil recovery. 
Fields such as Kern River, South Belridge, and Midway-Sunset have 
steamflood projects which started in the 1960's and 1970's and are 
still active today. Currently, each of these fields are among the highest 
volume-producing fields in the United States (Gill 1990). The South 
Belridge field, for example, produces 151,000 barrel of heavy oil per 
day as a result of continuously steaming the Tulare sands (Gill 1990). 
These projects have shown that, compared to primary production, 
steamfloods can make significantly more money and recover more oil.

Since the WW zone also contains heavy oil, the reservoir was 
screened as a potential candidate for a steamflood. To screen the 
formation, WW reservoir characteristics were compared to published 
screening criteria set forth by Boberg (1988). These screening 
criteria are intended to provide practical limits of certain key 
reservoir variables needed for a successful steamflood (Boberg 1988). 
Table 16 presents these criteria as well as associated WW zone reser
voir characteristics. Almost all of the WW zone reservoir characterist
ics are within Boberg's limits. Two properties did not match entirely.
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Table 16. A Comparison of Steam Drive Screening Criteria and 
WW Zone Reservoir Characteristics.

Reservoir 
Parameters

Screening*  
Criteria

Value Range

WW Zone**  
Most Likely 

Estimate

Oil Gravity, °API 10 - 34 15.8 @ 60°F

Oil Viscosity, cp < 1500 260 @ 110°F

Depth, ft < 3000 1100 - 1600

Zone Thickness, ft > 20 > 90

Porosity, frac. > 0.20 0.498

Permeability, md > 250 200

Transmissibility, md-ft/cp > 5 69
Reservoir Pressure, psia < 1500 250

Minimum oil content at 
process start (0*So),  frac. 0.13 0.1741
Rock type Sandstone Sandy Diatomite

* * WW zone reservoir characteristics are taken from Table 1.

f A porosity of 0.498 and an oil saturation of 0.35 were used in the 
calculation of (0*So).

* Screening criteria from Boberg (1988).
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The WW zone permeability is lower than the practical limit and the 
zone is composed of sandy diatomite, not sandstone.

Another key reservoir variable important to the success of a 
steamflood is the liquid permeability of the rock. As mentioned, the 
WW zone core from the Rice #10-6 was impermeable to injected 
liquids. Coreflood and liquid permeability experiments both illustrate 
this phenomenon. This evidence shows that the silty, diatomaceous 
facies in the WW Zone may not respond to a recovery program which 
uses injected fluids to displace oil. Consequently, any future project in 
the WW should begin with a further evaluation of the zone's reservoir 
characteristics.

Even with the results observed in the coreflood and liquid 
permeability experiments, it is suggested that an evaluation of a WW 
steamflood be conducted. Certain areas on the leases could respond 
favorably to a WW steamflood. Areas where the WW zone is relatively 
sandy may have different permeability characteristics from those found 
in the vicinity of the Rice #10-6. The Rice #2 is currently completed 
in a sandy WW facies that has permeabilities up to 800 millidarcies 
(Table 8). Furthermore, the Rice #2 produces between 12 and 15 
barrels of oil per day which is the highest rate of any well on the 
property (Table 2).
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WW Steamflood Performance Forecast
Data from South Belridge steamflood projects in the Tulare 

sands is used as one way to estimate the performance of a WW zone 
steamflood. This data represents the results from two 5-spot steam
flood projects (Burtchaell 1990). One project started in 1976 and 
lasted for 3.5 years (Fig. 38). The other started in 1977 and lasted 
just over 2 years (Fig. 38). The parameter used to evaluate these 
steam projects is the cumulative oil-steam ratio. At different stages of 
the project, this ratio represents the cumulative barrels of oil pro
duced divided by the cumulative barrels of steam injected. Thus, the 
cumulative oil produced for a specific time period can be calculated by 
knowing how much steam has been injected (Appendix C).

It is assumed that a steamflood initiated in the WW zone will not 
perform as well as a South Belridge flood. Consequently, amount of oil 
produced from a WW steamflood may be lower than the oil produced 
from a South Belridge flood. This assumption is made because the WW 
zone has lower permeabilities and oil saturations than the Tulare sands 
at South Belridge. How much less productive, though, will a WW 
steamflood be? For this report a WW steamflood was evaluated using 
three different cases:

Case A) A WW steamflood has cumulative oil-steam ratios similar to 
those observed in the 1976 and 1977 South Belridge 
projects.



Fig. 38. Plot of Cumulative Oil-Steam Ratio 
vs Time for Two South Belridge 
Steamflood Projects*.
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Case B) A WW steamflood performs 75 percent as well as the 1976 
and 1977 South Belridge projects. In other words, the oil
steam ratios observed for the South Belridge projects are 
multiplied by 75 percent.

Case C) A WW steamflood performed 50 percent as well as the 1976 
and 1977 South Belridge projects. The oil-steam ratios 
observed at South Belridge are now multiplied by 50 
percent.

Burtchaell (1990) suggested that if a steamflood is less than 50 per
cent as productive as a South Belridge flood, then the project may not 
be economically attractive.

The ultimate goal of this evaluation is to find the lowest oil price 
where a project in the WW zone may be successful. Results from the 
evaluation could be too optimistic from Case A and too pessimistic 
from Case C. The intermediate case, Case B, was therefore used in 
this report as a most likely estimate for the performance of a WW 
steamflood. An example of each case is plotted in Fig. 39 and Fig. 40 
using the 1976 and 1977 South Belridge data.

The performance of a WW steamflood was also predicted using 
correlations developed by Gomaa (1980). This model was picked 
because its results were within the practical limits of what is observed 
in the field. Usually the best steamflood projects at South Belridge
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and Kern River have cumulative oil-steam ratios which peak at values 
between 0.28 and 0.3 (Bursell and Pittman 1975, Burtchaell 1990). 
Thus, to be consistent with what is seen in the field, cumulative oil
steam ratios calculated from analytical models should be lower than 
0.28 and 0.3. Using the most likely WW reservoir characteristics 
(Table 1) with the Gomaa model, a maximum cumulative oil-steam 
ratio of 0.21 was calculated. Other maximum cumulative oil-steam 
ratios calculated from models developed by Jones (1981), Myhill and 
Stegemeier (1978), and Williams et al. (1980) were much higher than 
those observed in the field. As seen in Fig. 41, these three models, 
when using the WW zone data, had calculated oil-steam ratios which 
are almost always higher than 0.3.

To develop his model, Gomaa used field data and the results of 
numerical simulation to predict the performance of a steamflood 
analytically. Different steamflood cases were simulated varying reser
voir and operational parameters. Gomaa, though, did not vary all of the 
reservoir parameters, thus, there are some weaknesses in his model. 
Among the parameters not varied are absolute permeability, relative 
permeability, and oil gravity. He used an absolute horizontal permea
bility of 1,900 millidarcies and a stock-tank oil gravity of 14° API. The 
relative permeabilities to oil and water that Gomaa used were present
ed earlier (Fig. 26). These fixed parameters will affect the calculated 
results if the reservoir in question does not have similar characters-



Fig. 41. Plot Of Cumulative Oil-Steam Ratios vs
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tics. In this report Gomaa's model was used because the results were 
conservative compared to other analytical models (Fig. 41).

Economic Evaluation
An economic evaluation of a WW steamflood was made using 

information presented in the last section and the following 
assumptions:

1) The cost to drill each new well is $120,000 (Kern County 
Assessor's Office 1988). An additional cost of $50,000 is needed 
to start operations after drilling the wells (Nahama 1990).

2 ) The yearly operating costs for each well in a steamflood are 
$27,000 (Kern County Assessor's Office 1988).

3) The cost of natural gas for fuel is $3.50 per MMBTU (Nahama 
1990). The cost to operate a steam generator or cogeneration 
plant is $0.10 per barrel of steam produced (Kern County 
Assessor's Office 1988).

4) Steam can be produced from one turbine in the cogeneration 
plant at a rate of 816 barrels of steam per day (Falcon 1990). 
Also, 0.6471 MMBTU are need to produce one barrel of 300 
psia, 80 percent quality steam.
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When estimating the economic value of a WW steamflood, the 
different cumulative oil-steam ratio cases, Case A, Case B, and Case C 
were used. For each scenario, the value of a project at different 
unescalated oil prices was determined over a range of interest rates. 
The net present value at a 10 percent interest rate is presented to 
show the project value at a low rate of return. The discounted cash 
flow rate of return (DCFROR) is used to show the highest interest rate 
the project may achieve. The break-even point of the project occurs 
when the DCFROR is zero.

A plot of DCFROR versus oil price is shown in Fig. 42 to illustrate 
break-even oil price ranges from Cases A, B, and C. Since both the 
1976 and 1977 South Belridge steamflood were used, the difference 
between the two projects allows for the observed oil price ranges. A 
WW zone steamflood pilot is estimated as breaking even between an oil 
price of $16.50 and $21.75, utilizing a 2.5-acre, 5-spot pattern. This 
range is taken from the economic evaluation of Case B, the most likely 
estimate of a WW steamflood performance. The range of break-even 
oil prices for Case A is between $12.25 and $16.50. For Case C the 
break-even oil price range is between $24.60 and $32.60. Results 
from the Gomaa model, which are also included in Fig. 42, indicates 
that the project would break even at $21.75.

A plot of the net present value at a 10 percent interest rate 
versus oil price was prepared from the economic evaluation of Case B. 
Fig. 43 shows that, at an oil price of $16.50, the pattern would not
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make a 10 percent rate of return on the investment. Only when the 
oil price is closer to $17.50 per barrel, could a 10 percent rate of 
return be realized on the investment. Consequently, this may be the 
lowest oil price that a WW steamflood project could be economically 
successful. At an oil price of $22.00, the pattern could be worth up to 
$775,000. If a WW steamflood performs 75 percent as well as the 
1977 South Belridge project, then the pattern will not realize a 10 
percent rate of return until the price of oil is over $23.00.

Cyclic Steam Stimulation
One thermal recovery technique which has been used on the 

property’s heavy-oil reservoirs without success is cyclic steam stimula
tion. This topic was addressed because steam stimulation is a popular 
recovery method in the San Joaquin Valley. Furthermore, steam 
stimulation is usually performed as a forerunner to a steamflood pro
ject. Four different cyclic steam projects have been conducted on 
either the Laymance and Rice leases or a neighboring lease. Thus, 
enough information is available to conclude that cyclic steam stimula
tion will not significantly enhance oil production from the WW zone.

The first cyclic steam project of record was conducted by E. 
Brogdon in 1966 (see Appendix B. 1). Two wells which are completed 
in the WW zone were used in the test. After injecting an unknown 
amount of steam into the Laymance #1 and B-1, oil production rates 
were initially recorded at 50 BO/D for each well. In one month, these 
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rates dropped to 7.5 BO/D per well and kept declining. Both wells are 
recorded as having excess sand production starting after the stimula
tion test and continuing for the next 4 years.

Chevron conducted steam stimulation tests in 6 of their wells on 
the South End lease (Fig. 3) from 1977 to 1987 (see Appendix B.2). 
These wells were all completed in the upper and lower Tulare sands. 
One well, the Chevron "South End" #3-1, is completed in both the WW 
zone and the Tulare. Records show that the "South End" #2-1, #2-2, 
and #4-1, never attained high production rates after the steam was 
injected. During the initial cycle, oil rates in these wells would start 
out between 10 and 20 BO/D and then decline rapidly. Subsequent 
steam cycles did not raise the production as rates stayed between zero 
and 5 BO/D. The 3 remaining Chevron wells, the "South End" #3-1, 
#3-3, and #4-2 had better results when tested. After steam stimula
tion, oil rates would be between 20 and 70 BO/D. The "South End" 
#3-1 was even recorded as having a 90 BO/D rate after the primary 
cycle. These high rates in each well declined to below 10 BO/D within 
a few months.

During the 1980's, two different operators conducted separate 
stimulation tests on Laymance and Rice wells. The Brogdon limited 
partnership tested wells in 1982 and found that steam stimulation did 
not greatly enhance oil production on the leases (see Appendix B.3). 
Initial oil production rates after the steam was injected were generally 
between one and 20 BO/D. Only the Rice #13-7A and Laymance #9-4 
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had interesting results. The Rice #13-7A is recorded as producing 
195 BO/D initially while the Laymance #9-4 produced up to 90 BO/D. 
RTP, the other operator which conducted cyclic steam tests, also did 
not have successful results (see Appendix B.4). Initial oil rates after 
steam injection were between 0 and 35 BO/D.

Poor cyclic steam results in the Tulare are not Just isolated to 
McKittrick. Tests in the nearby Midway-Sunset oil field have been 
disappointing and are classified as failures by Bums (1969). He cites 
the following as reasons for the poor tests.

1 ) Low reservoir pressure at the start of the project.

2) Relatively low oil saturation per acre-ft.

3) High shale content; too many thin sands.

4) Presence of steam thief sands (desaturated zones).

5) Low permeability.

Each of these conditions are detrimental to a cyclic steam project. 
Bums recommends that cyclic steam tests are not well advised in 
reservoirs with these characteristics. Cyclic steam tests in the Tulare 
sands of South Belridge also had results which were reminiscent of 
those seen at McKittrick. Initial results were "spectacular" but the 
production decline was rapid thereafter (Gates and Brewer 1975).
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With the information presented above, it is recommended that 
steam stimulation not be used on the WW zone. Besides the fact that 
most of the steam tests on the leases were unsuccessful, the WW has a 
low reservoir pressure and low permeability. Even if steam did reduce 
the viscosity of the oil around the wellbore, there is not enough 
reservoir energy to displace the oil out of the formation for an extend
ed period of time. Also, if cyclic steam tests were conducted on the 
existing wells, steam could be lost to the desaturated zones.

Hot-Water Flooding
In regard to how widely used hot-water flooding is in the oil 

industry, Prats (1988) stated:

Hot-water flooding has not been a popular thermal recov
ery process. Only a few field pilots and commercial-size 
operations have been described or alluded to.

Presently, hot-water flood technology is limited. Of the information 
which is available, there is published work comparing laboratory 
results of hot-water floods and steamfloods. A pilot hot-water flood 
test conducted at the Kem River oil field has also been described in 
the literature. This Kern River pilot is the only hot-water flood test 
recorded in the San Joaquin Valley. In addition to the laboratory and 
field data, there is a calculation procedure that estimates the perfor
mance of a hot-water flood (Boberg 1988). These calculations were 
used in this report (Appendix C).
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Laboratory studies comparing the hot-water flood and steamflood 
processes have shown that the steamflood process can recover more 
oil. Quettier and Corre (1988) conducted hot-water and steam tests 
on the same core material. The core material was classified as silty 
and the oil which saturated the core had a viscosity of 80 cp at 88 °F. 
Also, these tests were conducted in an apparatus which could simulate 
the pressure and temperature conditions found in the reservoir. 
Results showed that oil recovery from the hot-water flood averaged 
49.7 percent of the oil-in-place within the cores. An average oil 
recovery of 84.5 percent of the oil-in-place was recovered by the 
steamflood at the same temperature (464 °F). The incremental pro
duction of 34.8 percent was attributed solely to the steamdrive effects.

Similar to the laboratory results, field pilot tests have also shown 
that hot-water floods do not perform as well as steamfloods. In 1962, 
a hot-water flood pilot test was conducted at the Kern River oil field in 
the San Joaquin Valley. In an effort to mobilize the 4,000 cp oil found 
in the Kern River Formation, 2.2 million barrels of 300 °F water were 
injected during the course of a year and a half (Bursell 1966). Results 
observed by Bursell (1966) are as follows:

1) Within the 2.5 acre, 5-spot pattern, 17.2 percent of the oil-in- 
place was recovered.
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2) The cumulative producing water-oil ratio was recorded as 12.8 
(barrels water/barrels oil).

3) A tracer program indicated that the volumetric sweep efficiency 
of the flood was "very low" and that "severe" channeling had 
occurred.

Operators at Kern River stopped hot-water injection in 1963 because 
the process was uneconomic.

In 1964 another pilot was started in the Kern River Formation 
and this time 40 percent quality steam at 450 °F was continuously 
injected instead of hot water. Again the pilot was conducted on 2.5 
acres using a 5-spot pattern. Results provided by Bursell (1966) 
showed that, in a period of two years, 18.3 percent of the oil-in-place 
was recovered. Although the recovery efficiency of the hot-water and 
steam tests were comparable, there are some major differences which 
made the steamflood an economic project. One difference was that, in 
two years, 560,600 barrels of steam were injected into the ground. 
This is only 25 percent of the water needed for the hot-water pilot. 
Also, the cumulative produced water-oil ratio for the steam pilot was 
1.90. Compared to the water-oil ratio of 12.8 from the hot-water pilot, 
this is a great improvement.

It is recognized, though, that the cost to make one barrel of hot 
water is less expensive than making one barrel of steam at the same 
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temperature. Table 17 illustrates 400 °F hot water could cost $0.41 
per barrel to produce while steam, at the same temperature, could 
cost $2.26 per barrel. Unfortunately, it has been observed that a hot- 
water flood requires much more water to recover almost the same 
amount of oil as a steamflood. As seen at Kern River, the amount of 
water needed for a hot-water flood could be four times greater than 
what is needed for a steamflood. Kern River data also shows 
producing water cuts could be relatively higher for a hot-water flood. 
This means that different operation procedures or an upgraded pro
duction facility may be needed to handle the volume of produced 
fluids. To reduce the cost of steam production, the property's 
cogeneration plant could be used. If electricity were sold from the 
plant, 417 °F steam may cost only $0.82 (Table 17).

Calculations were made using Boberg's (1988) analytical model 
to show the response a hot-water flood may have in the WW zone. 
Since Boberg's model is dependent on the relative permeabilities, two 
estimates, Lost Hills and Honarpour (Fig 26), were chosen. Optimistic 
estimates for the WW oil saturation, 45 percent, and injected water 
temperature, 500 °F, were also used. Results from the calculations are 
presented in Table 18. If all the oil displaced in the reservoir is pro
duced, i.e. - areal and vertical sweep efficiencies are 100%, the flood 
could recover between 237,370 and 308,100 barrels of oil in 4 years.

To assess the present worth of a WW hot-water flood, an 
economic evaluation of the flood's performance was conducted. All
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Table 17. Sample Calculations Comparing the Cost to Make 
Steam and Hot Water.

Cost to Make Steam: 
Cogeneration Plant uses 0.6471 MMBTU per bar
rel of steam at 417 °F (Falcon 1990). and the fuel 
cost is $3.50/MMBTU.

Cost = (0.6471) * (3.5) = $2.26 / bbl of steam

Cost to Make Hot Water:
Use 393.85 BTU/per Ibm water at 417 °F (Prats 
1986), a water density of 52.9 lbm/cu-ft at 417 °F 
(Prats 1986), a fuel cost of $3.50/MMBTU, and a 
conversion factor of 5.615 cu-ft/barrel.

Cost = (393.85) * (3.5) * (52.9) * (5.615) = $0.41/ bbl of steam 
1,000,000 BTU/MMBTU

Cost to Make Steam When Selling Co generated Electricity: 
Use 36 Kilowatt-Hours generated per barrel of 
steam produced (Falcon 1990) and $0.04 per 
Kilowatt-Hours (Nahama 1990) in addition to the 
values used in the first calculation.

Cost = $2.26/bbl steam - [(36) * (0.04)] = $0.82/ bbl of steam 
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economic assumptions that were utilized for the steamflood evaluation 
are used here. The only assumption that has changed is the cost to 
heat a barrel of water to 500 °F. The cost used was $0.47 per barrel of 
hot water produced. One problem with evaluating a hot-water flood is 
that the recovery efficiency of the flood is not known. Boberg's 
calculations optimistically assume that 100 percent of the oil dis
placed in the reservoir will be produced. The economic evaluation for 
this report considered the project's value for different fractions of oil 
displaced in the reservoir that is produced.

Fig. 44 shows a plot of the recovery efficiency of a hot-water 
flood versus break-even oil prices found when the DCFROR is zero. 
The curves presented are results from an economic evaluation of the 
data in Table 18. Points on the curves represent the recovery effi
ciency needed for a hot-water flood project to break even at a certain 
oil price. For example, if 35 percent of the oil displaced in the reser
voir is produced, then the hot-water flood pilot would break even at 
$18.75 per barrel. This assumes that the reservoir and Honarpour 
relative permeabilities are similar.

Bursell (1966) observed that a hot-water flood at the Kern River 
oil field produced 17 percent of the oil-in-place. Assuming that this 
estimate is representative of the recovery efficiency from a WW hot- 
water flood, a pilot test would break even at an oil price of $38.00 (Fig. 
44). This again assumes that the reservoir and Honarpour relative 
permeabilities are similar. If the reservoir has relative permeabilities
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Table 18. Results from Hot-Water Flood Calculations.

Time 
(Years)

Cumulative 
Oil Produced 

(Barrels)*

Cumulative
Water Injected 

(Barrels)

Using Lost Hills Relative Permeabilities
0.19 (Breakthrough) 80,068 71,000

4.0 237,372 1,465,000

Using Honarpour Relative Permeabilities
0.16 (Breakthrough) 56,984 59,000
4.0 308,113 1,465,000

*Assumes areal and vertical sweep efficiencies are both 100%.
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similar to those found at Lost Hills, then, project would break at an oil 
price greater than $40.00. The WW zone probably has relative perme
abilities closer to those found at Lost Hills and an oil saturation lower 
than the 45 percent used in the calculation. Thus, it is concluded that 
a hot-water flood pilot in the WW zone will not be economically 
successful at an oil price below $40.00.
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DEVELOPMENT OF THE WW ZONE

In order to develop the WW zone, a project with two potential 
phases is recommended. The different phases are as follows:

Phase I
When the price of oil has stabilized above $17.50, drill one new 

well, the Rice #5, 510 ft west and 420 ft south of the northeast comer 
of the Rice lease (Fig. 45). This well should be drilled to a total depth 
of 1530 ft and evaluated with induction, neutron-density, and EPT logs 
as well as sidewall cores. Porosities, air and liquid permeabilities, oil 
and water saturations, and grain density measurements as well as a 
clay analysis should be conducted on the cores. Complete this well as 
a producer only exposing the WW zone. Use 8-5/8" casing cemented 
with class G cement and silica flour. Gravel-pack the WW zone with 
8x12 gravel and hang a 6-5/8" liner with 60-mesh slots through the 
interval. The total cost of this phase should not be more than 
$175,000.

The total depth of the Rice #5 was determined by using the WW 
structure map (Plate I). The Rice #2 induction log shows the top of 
the WW zone at 366 ft below sea level. The Rice #5, which is not 
shown in Plate I, but is located 50 ft southwest of the Rice #12-7, 
should encounter the top of WW zone at 250 ft below sea level. Thus, 
the top of the WW zone in the Rice #5 is 116 ft higher than the WW
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Fig. 45. Proposed Location of the Rice #5.

#11-6 #13-6
• *? •

# 1 •

. #85 

• #2

#12-7 #13-7

0
Proposed /
Location: Rice #5 

#13- 7 A
e

#13-8

Rice Lease
Scale 1" = 200'

#13-9



ER-3929 133

zone in the Rice #2. It is assumed that the bottom of the WW zone in 
the Rice #5 will also be 116 ft higher than the Rice #2. Therefore, 
since the bottom of the WW zone in the Rice #2 is at 1600 ft, the base 
of the WW zone in the Rice #5 should be at 1484 ft. It is recommend
ed that a rat hole of up to 50 ft be drilled in the Rice #5. Thus, the 
total depth of this well should be 1530 ft.

The completion of the Rice #5 is designed after similar comple
tions found at South Belridge and Midway-Sunset (Chu 1983). One 
modification made to the South Belridge and Midway-Sunset comple
tion designs is that 8x12 gravel should be used instead of the 6x9 
gravel. The 6x9 gravel was previously used on the Laymance and Rice 
leases and the wells, when cyclic steamed, had excess sand produc
tion. Chevron, in their "South End" wells directly south of the Lay
mance lease, used 8x12 gravel and did not have excess sand produc
tion. The cost estimate for drilling, evaluating, and completing this 
well should be no more than $175,000. This cost was determined by 
adding a contingency cost of $55,000 (Nahama 1990) onto the new 
well cost of $120,000 (Kern County Assessor's Office 1988).

In order to continue the pilot to Phase II certain criteria will be 
met. These criteria are:

1) That the productivity of the Rice #5 with primary production is 
similar to that of the Rice #2 which produces over 10 BO/D.
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These relatively high oil rates would show that the WW zone has 
permeability and is more productive than the Tulare sands.

2) The WW zone in the Rice #5 will have the same sandy diatomite 
stringers as the Rice #1 and Rice #2.

3) The permeability of these stringers averages over 250 md which 
is the lower permeability limit for a steamflood (Table 16). Also 
liquid permeability measurements on the Rice #5 sidewall cores 
show that the WW zone is not impermeable to injected liquids.

4 ) Water saturations calculated by logs are comparable to water
saturations found in diatomites at Lost Hills and South Belridge.

5) Oil is still at a price higher than $17.50. If in the future this is 
the only criterion not met then the project will continue when 
the economic situation changes.

Phase II
After the criteria set forth in Phase I are satisfied, drill one new 

well, the Rice #6, 510 ft west and 290 ft south of the northeast comer 
of the Rice lease (Fig 46). Complete this well as an injection well in 
the WW zone. Design the total depth of this well to be close to the 
base of the WW zone. Thus, the total depth of this well should be 
found by correlating well logs from the Rice #1, Rice #2, and Rice #5. 
The WW zone in this well should be evaluated using sidewall cores and



ER-3929 135

Fig. 46. Proposed Location of the Rice #6.
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the same suite of logs discussed in Phase I. Evaluate the sidewall 
cores in the laboratory with the same tests used for the Rice #5 
samples.

Complete the Rice #6 with 5-1/2" casing cemented with high 
temperature cement in an 8-3/4" hole (Chu 1983). Perforate the 
casing with a limited number of 0.25" jet shots at desired locations 
(Chu 1983). Inject steam through 2-7/8" tubing set on a thermal 
packer above the injection interval. To test injection rates into the 
WW zone, steam from the cogeneration plant could be used. One 
turbine in the facility can produce 816 barrels of 80 percent quality, 
300-psi steam each day.

As steam is injected into the WW zone from the Rice #6, monitor 
the Rice #1, Rice #2, and Rice #5 wells for a production response. If 
production rates increase and the economics are favorable, drill 
another well, the Rice #7, to fill out the 5-spot pattern (Fig. 47). 
Locate the Rice #7, 650 ft west and 290 ft south of the northeast 
comer of the Rice lease and complete it similarly to the Rice #5.

Future Considerations
If a WW steamflood pilot is not feasible after evaluating the Rice 

#5 other methods of producing oil from the WW zone could be studied 
in the future. These method are:
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Fig. 47. Proposed Location of the Rice #7.
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1 ) Fracturing the WW zone. At the beginning of this study, the WW 
zone was thought to be too permeable to fracture. Results from 
the coreflood experiments, though, show that certain parts of 
the WW zone may have low enough permeabilities. Fracturing 
diatomites has been successful at South Belridge (Strubhar et al. 
1982). Wells with rates as high as 500 BO/D have been record
ed.

2 ) Primary production. Results from the Rice #5 may show that the
most economic way to recover oil from the WW zone is through 
primary production.

If a steamflood pilot is successful in the WW zone, then the 
project could be expanded field wide. Besides further development 
near the Rice #2, there are other areas on the leases which may have 
potential. The WW zone in the vicinity of the Laymance #P-4 could be 
a candidate for a steamflood. When the leases were first being tested 
by Nahama and Weagant in March 1989, this well had production rates 
of over 15 barrels of oil per day. This occurred even though the 
Laymance P-4 induction log does not indicate much sand in the WW 
zone. Another area of interest would be towards the south of the 
Laymance lease near Chevron’s "South End" property. Wells in this 
area, such as the Laymance 56x-20, have sandy intervals in the base of 
the WW zone.
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APPENDIX A 
WW Well Profiles and Production

WW Well Profiles and Logs for:
1) Rice #10-6
2) Rice #1
3) Rice #2
4) Rice #R-1
5) Laymance #5
6 ) Laymance #P-2
7) Laymance #P-3
8) Laymance #P-4
9) Laymance #T-1

10) Chevron "South End" #3-1
11) Laymance #1-1

12 ) Laymance #J-1
13) Laymance #55x-20
14) Laymance #56x-20
15) Rice #85-20z
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A.1

Rice #10-6 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Casing Record:

Location: 110' S, 1210’ W, from E. 1/4 Comer Sec. 20
Spud Date: August 27, 1980
Completion Date: November 20, 1980
Redrill Date: February 26, 1990
KB.: 1111'
Total Depth: 1600'
Effective Depth: 1205'

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

16" Surface 45" 1/4 wall new 24"

7" Surface 844’ Smls TC used 9-7/8"

5-1/2” 
Liner

792" 1205 15.5#

Liner Record:

Surveys:

80 M Liner, 2" x 6", 16R. Gravel Packed with 
6x9 mesh gravel.
Side Wall Samples, Core, Induction Log, 
Density-Neutron Log.
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Rice #10-6 Induction Log
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Rice #10-6 Neutron-Density Log
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Description of Rice 10-6 Core

Depth Description

1415.5 Pebble Conglomerate and Clayey Silt, gray to streaks of buff, 
poorly sorted, poorly indurated, coarse to very fine grains 
and clay. Grains angular to subrounded, feel and looks like 
surface mud. Grains are mostly quartz. Pebbles are cherty, 
sub-angular, light gray, massive texture. Total matrix has 
dull gold florescence and a light fizz to HCL. Good 
petroleum odor, no visible evidence of oil but a good cut 
seen with solvent, white to blue under UV light.

1416 Same as above, more gray-green Clay.

1416.7 Pebble Conglomerate, gray-brown, more pebble than above, 
poorly sorted, pebbles are cherty.

1417.4 Silty Sand, light gray to white with dark brown streaks, 
poorly sorted, chert pebbles present. Chert chips in white 
powdery matrix, dark streaks are oil staining, good odor. 
Grades to finer grains with depth, fairly hard at 1418.7. A 
good cut seen with solvent, white to blue under UV light. 
Blue and white fade with time, residual stain is light grayish 
blue.

1418.7
to 1423 Same as above.



GOODE CORE ANALYSIS SERVICE

Company: Nahama & Weagant Energy Co Locations
Wells "Rice" 10-6 
Fields Mckittrick 
County,Sts Kern, CA

Elevations
Drlg Fluids Waterbase

File No.s 90061
Dates 3\5\1990
Core Types Conventional

Residual Sat. 
Percent Pore

♦

Sample 
Number

Depth 
Feet

Perm 
Ka md

Por 
%P.V.

O/W 
Ratio

Total 
Liquid

Grain 
Den DescriptionOil rfater

1 1413.1 969.6 51.2 12.3 82.1 0.15 94.5 2.50 * Cong gy-brn sit y mstn vdgld flu
2 1413.6 66.7 52.6 4.8 94.6 0.05 99.3 2.48 * Sd gy vf-cgr vslty vlstn dgld flu

3 1413.9 30.1 49.4 5.5 91.0 0.06 96.5 2.51 * Sd gy vfgr vslty cly/sd tan-brn vf-pbly slty 1-mstn
4 1414.1 97.1 50.6 7.8 90.4 0.09 98.2 2.48 * Sd tan-brn vf-pbly slty 1-mstn dgld flu
5 1414.6 149.3 55.4 10.2 89.0 0.12 99.3 2.46 * Same
6 1415.1 55.6 50.8 14.6 82.3 0.18 96.9 2.46 * Sd brn vf-gran slty/cly gran mstn dgld flu
7 1415.6 380.7 52.6 12.4 86.7 0.14 99.1 2.40 * Same pbly

8 1416.1 93.2 52.2 13.6 81.5 0.17 95.1 2.44 * Sd brn vf-pbly slty cly gran mstn dgld flu
9 1416.6 85.5 47.7 12.5 82.8 0.15 95.3 2.47 * Same

10 1417.1 37.1 43.8 11.2 85.5 0.13 96.7 2.48 * Sit gy-tan/vfgr/cgr lam cly mstn dgld flu
11 1417.6 24.4 45.8 11.1 88.2 0.13 99.2 2.51 * Sit gy-tan sdy Isp stn dgld flu
12 1418.1 20.2 43.9 11.3 85.6 0.13 96.8 2.47 * Sd gy-brn vf-fgr vslty cly mstn dgld flu
13 1418.6 51.5 46.2 24.3 75.3 0.32 99.6 2.46 * Sd brn vfgr vslty cly mstn dgld flu
14 1419.1 41.7 52.6 9.1 87.3 0.10 96.4 2.38 * Sd gy-brn vf-pbly vslty cly msp stn dgld flu
15 1419.6 55.9 48.6 16.3 76.5 0.21 92.8 2.50 * Same/lg gy-tan vfgr vslty lam
16 1420.1 31.0 48.7 12.5 78.8 0.16 91.3 2.48 * Sd gy-tan vfgr vslty/ diat sit lam Istrk stn dgld flu
17 1420.6 142.3 45.4 5.8 90.5 0.06 96.3 2.41 * Cong gy-brn slty msp stn vdgld flu
18 1421.1 29.3 46.4 8.7 79.7 0.11 88.4 2.44 * -id brn vf-cgr/dUt gran slty m-dstn vdgld flu

* Author's note; "Residual Sat Percent Pore" describes the oil and water 
saturations remaining in the core when it was tested in the laboratory.
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ALAN R. HERSHEY________________
CONSULTING BIOSTRATIGRAPHY

Re: NWEC Rice #10-6 
Sec. 20, T30S/R22E 
Kern County, CA

FORAMINIFERAL REPORT

This report is based on the processing of three (3) core samples. Samples 
from the interval 1416.2 feet to 1421.9 feet were analyzed for foraminiferal 
content to determine age and depositional environment of the sediments.

Standard techniques were employed in processing the material. All samples 
were boiled and washed over 20 and 200 mesh screens.

All samples were barren of foraminifera but did contain other organic forms.

In tifis report we show a sample by sample faunal listing.

Paleo-environmental interpretations are based on the author's own experience 
and on published literature.

Frequency symbols used in this report correspond to the following numerical 
values. VR = very rare (1-2 specimens ), R = rare ( 3 specimens ), RR = rather 
rare (4-10 specimens), RC = rather common (11 - 20) specimens), C = conmcn 
(21 - 50 specimens), A = abbundant (51-200 specimens), VA = very abundant 
(200 - 500 specimens).

The entire interval is composed of a buff to tan shale or mudstone, greenish 
tinged, along with rather carmen to common fine grained, angular, clear quartz 
grains. Also present are rather common white calcite (?) or chert (?).

SUMMARY

1416,2* (Core) 
AGE: Indeterminate 
FORMATION : Indeterminate 
ENVIRONMENT: Marine 
FORAMINIFE RA : Barren 
OTHER ORGANICS: (?) Radiolaria R, biconvex radiolaria or diatoms 

(worn) R, siliceous sponge spicules RC.

1418.8' (Core)
AGE : Indeterminate
FORMATION : Indeterminate
ENVIRONMENT: Marine, possibly shallow shelf.
FORAMINI FERA: Barren
OTHER ORGANICS: Radiolaria RR, (?) radiolaria biconvex or diatoms ( ?) 

(worn) RR, fish remains RR, siliceous sponge spicules VA, 
(?) calcareous tufa VR.

1421.9' (Core) ----- —
AGE : Indeterminate
FORMATION : Indeterminate
ENVIRONMENT : Marine 
FORAMINIFE RA : Barren 
OTHER ORGANICS: Radiolaria (sphaerical) RR, Radiolaria eliptical RR, 

(?) radiolaria biconvex or diatoms (?) (worn) VR,-fish 
remains VR, siliceous sponge spicules RC.
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Rice #1 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location: 150' S & 480' W from E 1/4 Comer of Sec. 20
Spud Date: January 13, 1966
Completion Date: January 27, 1966
KB.: 1097'
Total Depth: 1650'
Effective Depth: 1600'

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

Surface 651' 12-1/4"

8-5/8" Surface 1188* 8-3/4"

6-5/8" 
Liner

1136' 1600' 8-3/4"

Liner Record:
Surveys:

80M, 16 rows, gravel packed.
Side Wall Samples, Induction Log.
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/a.

Rice #1 Induction Log
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Rice #2 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Casing Record:

Location: 320' W & 250' S from E/4 Corner of Sec. 20
Spud Date: April 1, 1976
Completion Date: April 15, 1976
KB.: 1100'
Total Depth: 1624'
Effective Depth: 1600'

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

9" Surface 500' 32# J-55 used 12-1/4"

7" Surface 1252' 29# N-80 used 8-3/4"
5-1/2" 
Liner

1108' 1600' 23# J-55 new 8-3/4"

Liner Record:

Surveys:

60M, 16 rows, 2" slots, 6" centers, gravel 
packed with 327 cu ft., 9 x 12 gravel.
Side Wall Samples, Induction Log, Density
Neutron Log, Dipmeter Log.
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Rice #2 Induction Log
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Rice #2 Neutron-Density Log
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Rice #R-1 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location:
Spud Date:
Completion Date:
KB.:
Total Depth:
Effective Depth:

50' E & 480' S from N/4 comer of SE/4 sec.
December 14, 1972
December 19, 1972
1140’
1367’
1367’

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

7-5/8” Surface 800’ 33# J-55 new 12-1/4”

5-1/2” 
Liner

773' 1367' 20# J-55 new 13-1/4”

Liner Record:

Surveys:

80M, 16 rows, 2” slots, 6" centers, gravel 
packed with 384 cu ft., 6x9 gravel.
Side Wall Samples, Induction Log, Density
Neutron Log, Dipmeter Log.
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Rice #R-1 Induction Log
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Laymance #5 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Casing Record:

Location: 449’ S & 116’ E from center of Sec. 20
Spud Date: June 28, 1963
Completion Date: July 4, 1963
KB.: 1145’
Total Depth: 1500’
Effective Depth: 1290'

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

8-5/8” Surface 890’ 22.36# X-42 new 12-1/4"

5-1/2” 
Liner

819’ 1288’ 15.5# J-55 new

Liner Record:
Surveys:

100M, 20 rows, 6" centers, gravel packed.
Induction Log.
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Laymance #5 Induction Log
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Laymance #P-2 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location: 530' E & 790' S from center of Sec. 20
Spud Date: October 1971
Completion Date: October 1971
KB.: 1149'
Total Depth: 1120'
Effective Depth: 1120'

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

7" Surface 1017' 23# J-55 new 9-7/8”

5-1/2" 
Liner

824' 1120' 23# J-55 new 13-3/4"

Liner Record: 80M, 24 rows, gravel packed with 327 cu ft., 
6x9 gravel.
Induction Log.Surveys:
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Laymance #P-2 Induction Log
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Laymance #P-3 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location: 450' E & 510' N from Center of Sec. 20
Spud Date: September 21, 1971
Completion Date: September 22, 1971
KB.: 1130'
Total Depth: 1443'
Effective Depth: 1443'

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

8-5/8" Surface 1005' 32# J-55 new 12-1/2"

6-5/8" 945' 1420' 28# J-55 new 16"

Liner Record:
Surveys:

6-5/8" liner, 80M, 24 rows, gravel packed.
Induction Log.
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Laymance #P-3 Induction Log
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Laymance #P-4 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Casing Record:

Location: 2150' N & 383' W from SE Comer of Sec. 20
Spud Date: October 28, 1971
Completion Date: November 1, 1971
KB.: 1100'
Total Depth: 1443'
Effective Depth: 1443'

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

9-5/8" Surface 810' 53.5# J 55 used 12-1/4"

7" 781' 1443' 23# J-55 new 14"

Liner Record: 7" liner 24r, 2"s, 6’’c, 80M, gravel packed with 
522 cu.ft. 6x9 gravel.
Induction Log.Surveys:
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Laymance #T-1 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location: 344' S & 1250' E from center of Sec. 20
Spud Date: August 4, 1972
Completion Date: August 8, 1972
KB.: 1104'
Total Depth: 1346'
Effective Depth: 1346'

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

7-5/8" Surface 760' 33# J-55 new 9-7/8"

5-1/2" 
Liner

705' 1346* 20# J-55 new 13-1/4"

Liner Record: 60M, 6 rows, 2" slots, 6" centers, gravel 
packed with 438 sacks, 6x9 gravel.
Induction Log.Surveys:
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Laymance #T-1 Induction Log
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Chevron "South End" #3-1 Well Summary Report
Section 20, Township 30 S., Range 22 E. M.D.B.M

Location: 1145' N & 1840' W from NE cor. of property
Spud Date: December 7, 1976
Completion Date: January 1977
KB.: 1196'
Total Depth: 1326'
Effective Depth: 1246'

Casing Record:

Size of 
Casing

Top of 
Casing

Depth of 
Shoe

Wgt of 
Casing

Casing 
Grade

New or 
Used

Size of 
Hole

10-3/4" Surface 68'
7" Surface 769' 23# K-55 new 7-7/8"

5-1/2" 
Liner

743" 1246' K-55 new 13"

Liner Record:

Surveys:

60M, 24 rows, 2” slots, gravel packed with 15 
sacks, 8 x 12 gravel.
Side Wall Samples, Induction Log, Density
Neutron Log.
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Chevron "South End" #3-1 Induction Log
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Chevron "South End" #3-1 Neutron-Density Log
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Laymance #1-1 Induction Log
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Laymance #J-1 Induction Log
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Laymance #55x-20z Induction Log
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Laymance # 56x-20z Induction Log
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Rice #85 Induction Log
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A.2
Laymance and Rice Production History
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Yearly Well Production - Barrels Oil Per Year

Well 1962 1963
YEAR
1964 1965 1966

Laymance #1 631 939 902 1074 _ 868
Laymance #2 541 n 515 365 883 4241
Laymance #3 1358 1523 1430 1599 1309
Laymance #4 740 0 0 0 0
Laymance #5 0 1019 1260 1603 1328
B-l 1972 1927 1650 1420 2296
1-1 0 338 638 0 0

Well 1967 1968
YEAR
1969 1970 1971

Laymance #1 2489 1001 3005 2382 3027
Laymance #2 5001 1685 3220 1103 3161
Laymance #3 1145 1085 1029 1055 0
Laymance #4 0 0 0 0 0
Laymance #5 1396 1123 1045 1006 0
A-l 0 0 288 246 1923
B-l 1907 510 1777 2120 2696
1-1 0 0 449 1772 2079
J-l 101 1550 794
P-1 - 1406 478
P-2 422
P-3 1081
P-4 337

(Continued)
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Yearly Well Production - Barrels Oil Per Year (Continued)

Wen 1972 1973
YEAR
1974 1975 1976

Laymance #1 1494 975 571 627 645
Laymance #2 1506 1081 572 629 645
Laymance #3 0 0 0 0 0
Laymance #4 0 0 0 0 0
Laymance #5 0 0 0 0 0
A-l 1678 975 570 627 655
B-l 1273 718 570 627 645
1-1 814 947 571 629 644
J-l 711 664 569 627 645
P-1 0 * 0 0 0 0
P-2 2085 954 568 627 647
P-3 3277 952 570 627 650
P-4 3080 947 570 627 649
S-l 661 2474 2491 2342 1939
R-l 0 1740 2492 2340 3206
T-l 537 2474 2475 2343 1941
#1-20 1431 1507 3394 3512 2564
#2-20 0 0 0 0 0
Rice #1 2976 2401 3375 3509 3830
Rice #2 2385

(continued)
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Yearly Well Production - Barrels Oil Per Year (Continued)

wen 1977 1978
YEAR 
1979 1980 1981

Laymance #1 435 396 364 0 0
Laymance #2 435 396 364 0 0
Laymance #3 0 0 0 70 936
Laymance #4 0 0 0 0 0
Laymance #5 0 0 0 75 1026
A-l 435 397 364 0 0
B-l 425 397 364 556 1016
1-1 425 397 364 556 1006
J-l 435 396 364 625 984
P-1 0 204 0 552 936
P-2 428 398 364 628 1596
P-3 434 192 0 0 159
P-4 450 408 406 680 3267
S-l 2220 2526 2093 2208 3208
R-l 0 0 3283 3734 2114
T-l 2098 2526 2075 1953 1446
#1-20 2225 0 2094 1914 2275
#2-20 0 0 3284 3528 129
Rice #1 2852 0 0 114 1679
Rice #2 3517 0 0 140 1901
Rice #3 0 0 0 0
#10-6 45 282
#10-8 0
#6-6 0
#6-9 136
#9-6 6 63
#9-5 271
#8-5 167
#6-4A 16
#12-7 243
#13-6 243
#13-7 211
#13-7A 230
(continued)
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Yearly Well Production - Barrels Oil Per Year (Continued)

WeU 1982 1983*
YEAR

1989 1990f
Laymance #3 950 0 0 0
Laymance #5 950 0 0 462
B-l 1032 0 0 854
1-1 1061 0 0 0
J-l 318 0 0 0
P-2 1771 0 0 694
P-3 491 0 1017 614
P-4 2115 0 2708 614
S-l 2028 0 0 53
R-l 1657 0 0 0
T-l 1135 0 0 27
#1-20 598 0 0 0
#2-20 491 0 0 0
Rice #1 1579 0 0 427
Rice #2 1687 0 0 1823
Rice #3 307 0 0 0
Rice #4 522 0 0 0
#10-6 507 0 0 0
#10-8 176 0 0 0
#6-3 0 0 0 489
#6-4A 21 0 621 267
#6-6 500 0 0 0
#6-9 500 0 0 160
#7-4 0 0 0 462
#8-5 496 0 0 355
#9-6 353 0 0 0
#9-5 513 0 0 0
#12-7 367 0 0 0
#13-6 511 0 0 0
#13-7 408 0 0 0
#13-7A 515 0 0 1592

* Total production on leases from 1983 to 1988 is 15,886 barrels of oil. 
t Production from February to July 1990.
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APPENDIX B
Cyclic Steam Test Results
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B.l
Brogdon's 1966 Cyclic Steam Tests

Well Date

Oil 
Rate 

(BBLs/Month)

Water 
Rate 

(BBLs/Month)
Laymance #1 Sept. '66 167 210

Oct. 66 234 713
Nov. 66 266 25
Dec. 66 201 18
Jan. '67 325 32
Feb. '67 87 37

Laymance #B-1 Sept. '66 1169 2100
Oct. 66 194 641
Nov. 66 238 20
Dec. 66 231 22
Jan. '67 309 30
Feb. 67 81 31
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B.2
Chevron "South End" Cyclic Steam Tests 

Decline Curves for the Following Wells are Included:

1) "South End" #2-1
2)
3)
4)
5)
6)

"South End" #2-2
"South End" #3-1
"South End" #3-3
"South End" #4-1
"South End" #4-2
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Chevron "South End" #3-3 Decline Curve

D
ai

ly
 Ave

ra
ge

 Pro
du

ct
io

n Ra
te

 (BB
Ls

/D
ay

)
1000 1

100 -

10-

Cyclic Steam Stimulation Tests

Water

Oil

1976 1978 1980 1982 1984 1986 1988

MU'

of Steam

of Steam

of Steam2 - Injected 10,230 BBLs

1 -- Injected 10,070 BBLs

3 -- Injected 13,369 BBLs

Year

ER-3929 
186



Chevron "South End" #4-1 Decline Curve
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B.3
Brogdon's 1982 Cyclic Steam Tests

Well Date

Oil 
Rate 

(BBLs/Day)

Water 
Cut 
(%)

Flowline 
Temperature 

(°F)
13-7A 9-27-82 195 20 195

9-28-82 180 20
10-02-82 131 20 160
10-03-82 122 20 160
10-04-82 104 20 155
10-05-82 87 30 155
10-07-82 92 20 150
10-08-82 76 30 145
10-11-82 78 20 140

13-7 10-05-82 1.7 99 125

8-4 10-02-82 8.4 95 165
10-03-82 8.4 95
10-04-82 8.5 95 155

(continued)

6-5 9-21-82 15.5 90
9-22-82 15.6 90
9-24-82 8.3 95 125
9-25-82 1.6 99 120
9-26-82 1.6 99 120
9-27-82. 1.6 99 120

7-4 9-07-82 27 20 140
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Brogdon’s 1982 Cyclic Steam Tests (continued)

Well Date

Oil 
Rate 

(BBLs/Day)

Water 
Cut 
(%)

Flowline 
Temperature 

(°F)
9-4 9-13-82 83 20 185

9-14-82 90 20 180

10-6 10-16-82 18 50 140
10-17-82 21 50 150
10-18-82 18 50 145
10-19-82 17 50 150

10-9 9-28-82 15 80

P-3 9-13-82 16 20 145
9-14-82 16 20 145

6-7A 11-21-82 9 60 170
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B.4
RTF Cyclic Steam Tests 

January and February 1988

* These rates are averaged over the test period.

Well
Days 

Tested

Steam 
Injected 

(BBLs)

Maximum 
Oil Rate 

(BBLs/Day)

Average* 
Oil Rate 

(BBLs/Day)

Average* 
Water Rate 
(BBLs/Day)

#303 51 6660 1 0.7 66
#307 51 7352 35 30 185
#309 16 6903 17 5 161
#313 13 6300 6 3 31
#315 37 6168 2 0 18
#305 11 6432 0 0 35
#10-8 21 13140 5 2 26
#6-5 30 7418 7 1 84
#6-6 17 8517 2 0 94
#105 29 6348 0.4 0 35
#107 31 3131 0.5 0 23
#109 43 6842 23 9 66
#111 21 6244 7 2 116
#115 22 6233 9 3 82
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APPENDIX C
Sample Calculations
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C.l 
Sample Pickett Plot Method

The Archie equation:
Sw2 = a * Rw = Rq (Eq. 1)

0m * Rt Rt

By assuming a Sw of 100%, this equation can be rearranged and 
simplified to:

log Rt = (- m log 0) + log (a * R#) (Eq. 2)

On log-log paper this equation is a straight line, "y = mx + b".

1 ) Place a best estimate of the 100% water saturation line through 
the left margin of the plotted data (Fig. C.l). From this line 
determine the ”a" and "m" values.

a) The quantity ("a" * Rw) can be found where porosity is 
100%. In Fig. C.l, C'a" * Rw) = 0.35. Since Rw is 0.564 
ohm-m, "a" = 0.62.

b) The "m" value can be backcalculated from Eq. 2. For 
example, for a porosity of 0.6, Rt = 0.7 ohm-m.

log (0.7) = [- m log (0.6)] + log (0.35)

Therefore, "m" = 1.38.



Fig. C.1 Example Pickett Plot for the Rice #10-6 Well
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2) Estimate the water saturation of the data to the right of the 
100% water saturation line (Fig. C.l). This can be done by 
constructing lines of constant saturation which are parallel to 
the 100% water saturation line. To find the 65% water 
saturation line use Eq. 1.

a) When Sw = 100%, Rt = Ro. Therefore pick any porosity 
and find the corresponding Ro from the 100% water 
saturation line. For example, if a porosity of 0.6 is chosen, 
Ro will be 0.7 ohm-m.

b) Substitute the Ro value into Eq. 1 but instead of using 
100% for Sw, use 65%.
( 65)2 = 0.7 , Therefore, Rt = 1.66
' Rt

c ) One point on the 65% water saturation line has now been 
defined. This point occurs where the porosity is 0.6 and 
Rt is 1.66 ohm-m (Fig. C.l). At any other porosity the 
same technique is used and the 65% water saturation line 
can be drawn with two or more points. This calculation 
method can also be used to find other water saturation 
lines.
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C.2
Honarpour (1982) Relative Permeability Calculations

The equations for the relative permeability to water and oil for a 
water-wet, consolidated rock are:

Krw = 0.035388 * ^Sw ' Swi^ " 0.010874 * (Sw ~ Sorw)2-9
(1- Swi - Sorw) (1- Swi - Sorw)2-9

+ 0.56556 * (Sw)3-6 * (Sw - Swi)

Kro = 0.0.76067 * So / (1 ~ Swi) 1 - Sorw I1-8 *(So - Sorw)2 0
(1- Sorw)1-8 (1- Swi - Sorw)2 0

+ 2.6318 * 0 * (1 - Sorw) * (So - Sorw)

where:
Sw = water saturation - (fraction)
Swi = Initial water saturation - (fraction)
So = Oil saturation - (fraction)
Sorw = Residual oil saturation to water - (fraction)
0 = Porosity - (fraction)

Find Krw and Kro when Sw = 0.7, Swi = 0.6, Sorw = 0.25, So = 
0.3, and the porosity is 0.498:
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Find Krw and Kro when Sw = 0.7, Swi = 0.6, Sorw = 0.25, So = 
0.3, and the porosity is 0.498:

Krw = 0.035388 * ~ 0'6) " 0.010874 * (° 7 ~ 0 25)2-9
(1- 0.6 - 0.25) (1- 0.6 - 0.25)2-9

+ 0.56556 * (0.7)3-6 * (0.7 - 0.6) = 0.019

Kro = 0.0.76067 * H0-3/H - 0.6)1 - 0.25)1 3 » (0.3 - O.25)2 0
(1- 0.25)18 (1- 0.6 - 0.25)2 0

+ 2.6318 * 0.498 » (1 - 0.25) * (0.3 - 0.25) = 0.392
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C.3
Oil in Place Calculations

The equation for oil in place:

Oil In Place = 7,758 * A * H * 0 * (1- Swj
Bo

1 ) To calculate oil in place, find the volume of the WW zone from 
the isopach map (Plate V).

a) Find the volume of the planimetered section. See next 
page for example calculations of area's Aq , Aç, and A%o .

Area

Contour 
Interval 

(ft)

Planimetered 
Area 

(Acres)
Ratio 

(An/An-1)
Interval 

(ft)

Calculated 
Volume 
(acre-ft)

90 2.43
Ai 100 10.75 4.42 10.0 65.9 a
A2 120 18.45 1.72 20.0 292.0

140 26.68 1.45 20.0 451.3
A4 160 27.5 1.03 20.0 541.8

180 23.27 0.85 20.0 507.7
200 6.31 0.27 20.0 233.0 b

Ay 220 3.47 0.55 20.0 96.4
240 1.64 0.47 20.0 50.0

Ag 250 1.48 0.90 10.0 15.6
A10 260 0.00 0.00 10.0 4.9 c
Totals 122.00 2,258.6



ER-3929 199

a Example Calculation for area Aq.

Ratio = 10.75/2.43 = 4.42
Interval = 100 ft - 90 ft = 10 ft
Calculated Volume = 10 ft/2 * (10.75 acres + 2.43 acres) 

= 65.9 acre-ft

b Example Calculation for area Aq.

Ratio = 6.31/23.27 = 0.27
Interval = 220 ft - 200 ft = 20 ft
Since the ratio is less than 0.5,
Calculated Volume = 20 ft/3 * [6.31 acres + 23.27 acres 

+ (6.31 + 23.27)° 5 ] = 233 acre-ft

c Example Calculation for area Aiq.

Ratio = 0.00/1.48 = 0.00
Interval = 260 ft - 250 ft = 10 ft
Calculated Volume =10 ft/3 * (1.48 acres) = 4.93 acre-ft

b) Find the volume under the planimetered section.

80 ft * 122.7 acres = 9816 acre-ft

c) Total Volume.

9816 acre-ft + 2,259 acre-ft = 12,075 acre-ft
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2) The most likely estimate for oil-in-place:

Oil-In-Place = 7,758 * 12,075 * 0.498 * (1- 0.65)
1.025

= 15,929,276 stock tank barrels

3) To find the standard deviation of the oil-in-place, two triangular 
distributions using the information from Table 1 were input into 
the Monte Carlo simulator "©Risk" by the Palisade Corporation. 
These distributions are:

a) Porosity: the minimum observed value is 0.35, the most 
likely value is 0.498, and the maximum observed value is 
0.55. The lotus spreadsheet command used for the 
triangular distribution is:

©TRIANG (0.35,0.498,0.55)

b) Water Saturation: the minimum observed value is 0.5, the 
most likely value is 0.65, and the maximum observed value 
is 0.85. The lotus spreadsheet command used for the 
triangular distribution is:

©TRIANG (0.5,0.65,0.85)
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C.4
Steamflood Calculations

Steamflood calculations using South Belridge data from 1976 
(Fig. 37) will be presented. For these calculations it is assumed, for 
simplicity, that the steam injection rate is 1000 barrels per day.

Time 
(years)

Cumulative 
Oil-Steam 

Ratio

Cumulative 
Steam 

Injected (BBLs)

Cumulative 
Oil 

Produced (BBLs)
0.0 0.0 0.0 0.0
0.25 0.175 91250 15968
0.5 0.156 182500 28470
0.75 0.180 273750 49275
1.0 0.186 365000 67890
1.25 0.189 456250 86231
1.5 0.192 547500 105120
1.75 0.213 638750 136053
2.0 0.235 730000 171550
2.25 0.244 821250 200385
2.75 0.263 1003750 263986
3.0 0.27 1095000 295650
3.25 0.27 1186256 320287
3.5 0.27 1277500 344925

To find the oil production at 0.25 years:

a) Calculate the cumulative amount of steam injected: 
(1000 bbls steam/day) * (365 days/year) * (0.25 years) 
= 91,250 barrels of steam
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b) Calculate the cumulative amount of oil produced.
Use the South Belridge 1976 oil-steam ratio at 0.25 years 
(0.175 barrels oil/barrels steam) * (91,250 barrels steam) 
= 15,968 barrels of oil.

Calculations for the Gomaa (1980), Jones (1981), and Williams 
et al. (1980) steamflood prediction models were performed with 
fortran code. This code can be obtained, for free, from the United 
States Department of Energy, Bartlesville Project Office, P.O. Box 
1398, Bartlesville, OK., 74005. Sample calculations for each of these 
methods can be found in the original papers published by the authors. 
The Myhill and Stegemeier (1978) method of estimating a steamflood 
was calculated on a PC spreadsheet. A sample calculation of this 
method can be found in the SPE Monograph #7 by Prats (1986).



ER-3929 203

C.5
Boberg (1988) Hot-Water Flood Calculations

These calculations were made for a quarter of a 2.5 acre 5-spot 
pattern. The input data and variables are as follows:

Length (L) - 165 ft
Height (H) - 100 ft
Width (W) - 165 ft
Depth (D) - 1300 ft
Porosity (0) - 0.498
Reservoir Temperature (Tr) - 110 °F
Current Water saturation (Sw) - 55%
Residual oil saturation (Sor) - 25%
Permeability (k) - 200 md
Injection Rate (I) - 1000 barrels/day
Mass rate into the quarter of the pattern (ms) - 3,646 lbs/hr
Temperature Oil Viscosity (cp)
110° 260
500° 1.5

Oil Density (lb/cf)
58.4
50.9

(The following are values are assumed from Boberg)

Thermal conductivity reservoir (Kr) - 34 BTU/ft-d-F°
Thermal conductivity surrounding rocks (Ks) - 34 BTU/ft-d-F°
Volumetric heat capacity reservoir (per) - 36 BTU/sq ft-F°
Volumetric heat capacity overburden (pco) - 36 BTU/sq ft-F°
Enthalpy hot water (H,hw) - 488 BTU/lb
Enthalpy reservoir water (Hr) - 78 BTU/lb
Injection temperature (Ti) - 500 °F
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1 ) Find average velocity of hot water to thermal breakthrough, C%. 
Temperature in a radial system:

§ = 4 * Ks * (Ti - Tr) * (pco) * W * L 
H * (H,hw - Hr) * (ms) * (per)

§ = 4 * 34 * (500 - 110) * (38) * 165 * 165 = 0.45
100 * (488 - 78) * (3646) * (24 hr/d) * (34)

Find tc/0 from page 58 in Boberg using § = 0.45

k/0 = 0.5168 * (Time to thermal Breakthrough) = 0.64 
(per)2

With a k/0 of 0.64, find the time to thermal breakthrough (TBT).

TBT = [0.64 * (34)2 ] / 0.5168 = 1,465 days

Therefore the velocity, Ci, of the water up to TBT is:

Ci = L / TBT = 165 ft / 1,465 days = 0.112 ft/day

2) Plot the fractional flow curves for the cold and hot zones in the 
reservoir (Fig. C.2). Use the Lost Hills relative permeabilities. 
Obtain fluid velocities in the hot-water zone and find d/w/dSw.

V = ms = 3656 * (24 hr/d)
(Water Density) * W * H 48.8 * 165 * 100

V = 0.109 ft/day

kU" :



Fig. C.2 Example Fractional Flow Curves
(Using Lost Hills Relative Permeabilities)
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d/w/dSw = Ci * 0 / V = 0.112 * 0.498 / 0.109

d/w/dSw = 0.5117

Use d/w/dSw = 0.5117 as a slope value and find /w and Sw in 
the hot-water zone (Fig C.2). /wh = 0.995 and Swh = 0.745. 
Now find /wc and Swc in the cold-water zone with the equation:

/wc = a/d + (b/d * Swc)

Where:
b = d/w/dSw = 0.5117
a = rwi * [ /wh - (b * Swh) ]

rwi = Density hot water/ Density cold water = 48.8 / 62.4 
= 0.78205

a = 0.78205 * [0.995 - (0.5117 * 0.745)] = 0.48
d = roi + b * (1 - roi) + a * [1- ( roi/rwi)]

roi = Density hot oil/ Density cold oil = 50.9 / 58.36 
= 0.8722

d = 0.8722 + 0.5117 * (1 - 0.8722)
+ 0.48 * [1- ( 0.8722 / 0.78205 )] = 0.8822

Thus,
/wc = 0.48 / 0.8822 + (0.5117 / 0.8822 * Swc)

fwc = 0.544 + 0.58 * Swc
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This is the equation for the line presented in Fig. C.2. When this 
line intersects the fractional flow curve for the cold reservoir 
the values of /wc and Swc can be found. /wc = 0.87 and Swc = 
0.56. Find velocity of the cold zone.

V2 = V * d = 0.109 ft/day * 0.8822 = 0.096 ft/day

C2 = (V2 /0) * [ /wc / (Swc - Swi) ]

C2 = (0.096 /0.498) * [ 0.87 / (0.56 - 0.5) ] = 2.31 ft/day

Oil Recovery
a) Time to breakthrough = L/C2 = 165/ 2.31 =71 days

b) Pore volume oil produced up to 71 days

PVO = (V2 * Time) / (0 * L) = (0.096 *71)/ (0.498 * 165) 
PVO = 0.0829

c) Pore volume oil produced from 71 to 1465 days.

PVO = [(V2 * Time) / (0 * L)] * (1- /wc )
PVO = { [0.096 *(1465 - 71) ]/ (0.498 * 165) ) * (1- 0.87) 
PVO = 0.163
Cumulative PVO to 1465 days = 0.0829 + 0.163 = 0.246

d) Pore volume for 1/4 of a 2.5 acre 5-spot 
= 241,465 barrels.
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e ) Oil production:

Time 
(Days)

Cumulative 
Oil Pore Volume 

(Barrels)*

Cumulative 
Oil Produced 

(Barrels)

Cumulative 
5-Spot Production 

(Barrels)

71 0.0829 20,017 80,068

1465 0.246 59,343 237,372

Cumulative Oil Production for 71 days 
= 0.0829 * 241,465 barrels = 20,017 barrels oil

Cumulative 5-Spot Production for 71 days
= 20,017 Barrels * 4 = 80,068 barrels oil

Cumulative Oil Production for 1465 days 
= 0.246 * 241,465 barrels = 59,343 barrels oil

Cumulative 5-Spot Production for 1465 days 
= 59,343 Barrels * 4 = 237,372 barrels oil
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C.6
Economic Calculations



co
Fig C.3 Economic Calculations

A B c ° E F G H 1 J K L
1 Fig. C.3 Example Economic Calculations

Sleamflood Economics - Rice Pilot Steamflood Test
DISC RATE NPV '

0% 1866,702 BFIT
10% $636,667 BFIT Energy for steam
20% $458,223 BFIT 0.6471 MMBTU/BBL
30% $316,402 BFIT STEAM
40% $201,380 BFIT STARTUP OPERATING DRILLING COST GENERATION FUEL Price Inj Rate Price Per
50% $106,477 BFIT OIL PRICE COSTS COST/WELL/YR PER WELL COST ($/BBL) ($/MMBTU) (BCWE/D) Kw-Hr ($)
60% $27,014 BFIT $25,00 $50,000 $27,000 $120,000 $0.10 $3.50 1 000 $0.00

WELLS CUM PROO INCREMENTAL OIL OPERATING CST CUM STEAM INCREMENTAL FUEL PRICE STEAM Co-Gen NET CASH
YEAR CN________ (MBBLS) PROD (BBLS) PRICE ($) & INVEST ($) INJ (MBBLS) INJ. (BBL) ($/MCF) COST($) Revenue ($) FLOW($)

2
3
4
5
6
7
8
9

1 0
11
1 2
1 3
14 0 5 0 0.00 $650,000 0 0 ($650,000)
1 5 0.25 5 0.1095 109.50 $25.00 $33,750 91.25 91250 $3.50 $215,779 $0 ($246,792)
1 6 0.5 5 10.95 10840.50 $25.00 $33,750 182.5 91250 $3.50 $215.779 $0 $21.483
17 0.75 5 24.664875 13714.88 $25.00 $33.750 273.75 91250 $3.50 $215,779 $0 $93.342
18 1 5 50.8445 26179.63 $25.00 $33,750 365 91250 $3.50 $215,779 $0 $404,961
19 1.25 5 79.706875 28862.38 $25.00 $33,750 456.25 91250 $3.50 $215,779 $0 $472,030
20 1.5 5 108.24075 28533.88 $25.00 $33,750 547.5 91250 $3.50 $215,779 $0 $463,817
21 1.75 5 131.96575 23725.00 $25.00 $33,750 638.75 91250 $3.50 $215.779 $0 $343,596
22 2 5 152.205 20239.25 $25.00 $33.750 730 91250 $3.50 $215,779 $0 $256,452
23 2.25 5 169.752375 17547.37 $25.00 $33,750 821.25 91250 $3.50 $215,779 $0 $189,155
24 2.5 5 184.8725 15120.13 $25.00 $33,750 912.5 91250 $3.50 $215.779 $0 $128,474
25 2.75 5 202.7575 17885 $25.00 $33,750 1003.75 91250 $3.50 $215.779 $0 $197.596
26
27

929 
210
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All calculations refer to Fig C.3 at 0.25 years
Initial Investment:

= [(Cost to drill new well) * (Number of wells)] + (Start up costs) 
= [($120,000/well) * (5 wells)] + ($50,000)
= $650,000

Operating Costs:
= (Cost to operate one well per year)^(Number of well)*(years)
= ($27,000/well/year)*(5 wells)*(0.25 years) = $33,750

Costs to Produce Steam:
= [(Injection Rate)*(BTU per barrel)*(fuel price)* (Days)]

+ [(cost to operate steam generator/barrel) * (Injection Rate)]

= [(1000 BBLs/day)*(0.6471 MMBTU/BBL)*($3.50/MMBTU)
*(0.25 years)*(365 days/year)] + [ ($0.10/BBL*1000 BBL/D)]

= $215,779

Net Cash Flow:
= (Oil Produced * Oil Price) - Steam Costs - Operating Costs
= (10,840 barrels of oil * $25.00/BBL) - $215,779 - $33,750
= $21,483

Net Present Value at a 10% Rate of Return:
= Future Value/(1 + 0. l)time (Where time is 0.25 yrs/2)
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= $21,483/ (l.l)0125
= $21,217
To find net present value of the project sum the present values 
for each time step and subtract the initial investment. For this 
project the net present value at a 10% rate of return is 
$636,667.
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. C.7
Formation Water Resistivity Calculations

Using the Archie equation (Eq. 1 from page 193):

= 3 * Rw
0m ♦ Rt

When the water saturation is 100%:

Rw = (0m * Rt)/ a

The average resistivity of water saturated intervals that lie above the 
WW zone is 1.2 ohm-m. The average density porosity of these intervals 
averages 36 percent. The Rw, using an "m" of 2.15 and an "a" of 0.62 
is:

Rw  (0.362 15 • 1.2)/0.62 = 0.215 ohm-m

The lowest resistivity value of intervals in the WW zone is 1.1 ohm-m.
The average density porosity of these intervals averages 49.8 percent. 
Assuming that these intervals are water saturated, the Rw, using an 
"m" of 1.4 and an "a" of 0.62 is:

Rw  (0.498 14 * 1.1)/ 0.62 = 0.669 ohm-m

The Rw can also be calculated in the diatomite, using an "m" of 1.8 and 
an "a" of 0.44:

Rw = (0.498 18 * 1.1)/0.44 = 0.713 ohm-m
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C.8
Sample Tamer Calculations

Estimate oil recovery from 500 psia, the bubble-point pressure, 
to 475 psia. Use the following information:

Bo and Rs values were taken from Standing's Correlations (Prats

At 500 psia: Oil formation-volume factor (Boi) = 1.035 RB/STB
Solution gas-oil ratio (R^) = 46 SCF/STB

Oil viscosity (|io) at 110 °F = 260 cp
Gas viscosity (|ig) at 110 °F = 0.4 cp
Gas volume factor (Bgi) = 0.00527 bbl/SCF

At 475 psia: Oil formation-volume factor (Bo) = 1.034 RB/STB
Solution gas-oil ratio (Rs) = 45 SCF/STB

Oil viscosity at 110 °F = 260 cp
Gas viscosity at 110 °F = 0.4 cp
Gas volume factor (Bg) = 0.00558 bbl/SCF

General: Initial Water Saturation (Swi) = 65% 
Water compressibility (Cw) = 0.000003 psi'1 
Rock compressibility (Cf) = 0.00005 psi'1

1986). The oil gravity used is 16 °API, the gas gravity is 0.7, and the 
reservoir temperature is 110 °F. Gas-oil relative permeability data 
measured from a diatomite core at the Lost Hills oil field was used in 
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these calculation (Owens 1990) (Fig. C.4). Water and oil compress
ibilities were taken from Craft and Hawkins (1959). The rock 
compressibility chosen is assumed to be representative of a diatomite 
(Owens 1990).

The Tamer calculation:
1) Oil-in-Place (N) = 1.0
2) Oil produced (Np) = 0.0
3) Gas produced (Gp) = 0.0
4) Producing GOR (Rpx) at 500 psia = 46 SCF/STB
5) First producing GOR estimate (Rpest) at 475 psia =

46 SCF/STB
6) Ravg, 500 psi to 475 psi = (46 + 46)/2 = 46 SCF/STB

7) Oil material balance factor (0O)

= Bo - (Rs * Bg)/ (Bo - Boi) + ((Rsi - Rs) * Bg) + C

Where C is:

= Boi * (Pbubble Point ~ Fourrent) *((Swi * Cw) + Cf)/ (1 - Swi)

= 1.035*(500 - 475)*((0.65*0.000003) + 0.00005) = 0.00384
(1 - 0.65)



Fig. C.4. Gas-Oil Relative Permeability Curves 
Used For Tamer Calculations.
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Thus, 0O is:

= 1.034 - (45 * 0.00558)
(1.034 - 1.035) + ((46 - 45) * 0.00558) + 0.00384

= 92.98

8 ) Gas material balance factor (0g)

= Bg / (Bo - Boi) + ((Rsi - Rs) * Bg) + C

= 0,00558__________________
(1.034 - 1.035) + ((46 - 45) ‘ 0.00558) + 0.00384

= 0.663

9) Change in production (ANp)

= 1 - (Np • 0o) - (Gp * 0g) / (0o + (Ravg * 0g))

= 1 - (0 * 92,98) - (0 * 0.663)
(92.98 + (46 * 0.663)

= 0.0081

10) Production = (ANp + Np) = 0.0081 + 0 = 0.0081
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11) Oil saturation (So) at 475 psia

= (1 - (Np/N)) * (Bo/Boi) * (1- Swi)

= (1 - (0.0081/1.0)) * (1.034/1.035) * (1- 0.65) = 0.347

12) Liquid saturation (Si) at 475 psia

= So + Swi = 0.347 + 0.65 = 0.997

13) Producing GOR at 475 psia

= ((Bo/Bg) * (Kg/Ko) * (po/Kg)) + (Rs)

= ((1.034/0.00558) * (0.0014) * (260/0.4)) + (45)

= 215 SCF/STB

Since 215 SCF/STB is not within 0.1% of the original GOR 
estimate of 46 SCF/STB, iterate the Tarner calculation again using 215 
SCF/STB as the new GOR estimate. Ravg is equal to (46 + 215)/2 or 
130 SCF/STB. Do steps #9 through #13 again:

9) Change in production (ANp) is now

= 1 - (0 * 92.98) - (0 * 0.663)
(92.98 + (130 ♦ 0.663)

0.00557
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10) Production = (ANp + Np) = 0.00557 + 0 = 0.00557

11) Oil saturation (So) at 475 psia

= (1 - (0.00557/1.0)) * (1.034/1.035) * (1- 0.65) = 0.3484

12) Liquid saturation (Si) at 475 psia

= So + Swi = 0.3484 + 0.65 = 0.9977

13) Producing GOR at 475 psia

= ((1.034/0.00558) * (0.0013) * (260/0.4)) + (45)

= 202 SCF/STB

Since 202 SCF/STB is still not within 0.1% of the new GOR esti
mate, 215 SCF/STB, the process must be iterated once more. To 
finally complete the calculation for this pressure step, the Tamer pro
cess must be iterated two more times. The estimated final producing 
GOR and recovery efficiency after the two remaining iterations is 201 
SCF/STB and 0.612 percent, respectively.
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