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ABSTRACT

Lawrence Livermore National Laboratory has been carrying out pyrolysis
experiments on Green River oil shale (Type I kerogen) for many years. A
computer model has been developed to determine the fractions and relative
compositions of solid and liquid hydrocarbons and volatiles developed at
heating rates and temperatures present in an oil shale retort. A thermal
model of the development of the Uinta Basin in Utah has also been developed to
see if the kerogen pyrolysis model is valid when extrapolated to temperatures
and heating rates on a geologic scale. Geophysical log data from the
Altamont-Bluebell and Redwash oil fields in the Uinta Basin have been used to
develop a model of the thermal history of Green River Formation stratigraphic
intervals which contain Type I kerogen. The basin thermal history data, in
the form of heating rates and maximum temperatures attained as a function of
time, were put into the kerogen pyrolysis model to compute compositional
changes in the oil and gas fraction with time. Initial results show good
qualitative agreement between calculated values and actual oil compositions
from published data. Uncertainties in the geologic model result from
incomplete information concerning lithologic ages, timing of events, and
geophysical data such as density, porosity, and thermal and pressure
gradients. The inherent uncertainty in the pyrolysis model arises from
simplifying assumptions made and the fact that the heating rates modeled are
about nine orders of magnitude slower than rates in laboratory experiments.
We feel, however, that the general agreement of these two approaches in this
analysis of hydrocarbon evolution lends credence to both models. The
successful application of the kerogen pyrolysis model demonstrates the utility
of the approach used here as a tool in the analysis of the thermal history of
genlogic basins, although further experiments and model development would be
required to extend the application to Type II and III kerogens.



I. Introduction

The Uinta Basin in northeastern Utah provides an ideal setting to study
the evolution of kerogen to petroleum. 0il shale rocks of the Eocene-age
Green River Formation outcrop extensively at the southern edge of the
synclinal basin. The same rocks are also found at depths of 3650 m in the
deepest part of the syncline. Mature petroleum is presently being recovered
from these deeply buried rocks, so we know that kerogen has been converted to
petroleum within the basin.

The term "oil shale," as generally used here, refers to fine-grained rock
which contains a large amount of organic material. From geological studies
(Bradley, 1925, 1931, 1970; Andersen and Picard, 1974; Fouch, 1975; and Ryder,
et al., 1976) it 1s generally accepted that the Green River Formation rocks
were formed in a lacustrine environment which commenced in the mid to late
Paleocene and reached its maximum extent in mid Eocene time. Organic and
inorganic matter was deposited in varying proportions in yearly cycles,
creating varves that can be traced over miles (Bradley, 1929; Smith, 1974).
The organic material is diagenetically changed from its original form and is
mostly in an insoluble form called kerogen. Petrographic studies indicate
that most of the kerogen is amorphous (Bradley, 1925; Rabinson, 1969). The
kerogen 1s most likely derived from the lipid fraction of lake algae and from
terrestrial spores and pollen (Yen, 1976). It 1s a classic example of a Type
I kerogen in the classification scheme of Tissot and Welte (1978).

0il shale from the Green River Formation have been studied in pyrolysis
experiments for many years at Lawrence Livermore National Laboratory (LLNL).
The purpose of these experiments has been to better understand the process of
extraction and to calculate rates and amounts of oil formation for a variety
of pyrolysis conditions. Most recently we have developed a detailed computer
model that can accurately predict the rates and amounts of chemical products
(or species) developed at heating rates, temperatures, and pressures prevalent
in different kinds of oil shale retort processes (Burnham and Braun, 1985).
Data used in the development of this model are from laboratory measurements of
Burnham and Singleton (1983), which incorporated heating rates ranging from
1°C to 100°C per hour, and pressures of 0.1 to 2.7 MPa. The model works well



within this range. A test of the fundamental accuracy of this model is
provided by extending the range of application to lower heating rates and
temperatures. We have done this by applying a specific temperature history of
a geological basin, which is producer of mature petroleum and natural gas, to
the kerogen pyrolysis model.

In this paper geophysical and geological data from the Uinta Basin are
used to develop a time-temperature history of the kerogen-rich rocks of the
Uinta Basin in Utah. This time-temperature model is then used to
characterize, via pyrolysis model calculations, conversion of kerogen to
various hydrocarbon products through time. The end result 1s a prediction of
the present-day kerogen maturity level for varicus depths and locations within
the Altamont-Bluebell and Redwash 0il fields of the Uinta Basin. We then
compare these results with maturity data based on material extracted from the
same oil fields.

II. Geologic Setting and History

A. Geology of the Uinta Basin

The Uinta Bésin is a structural and topographic depression in the
northeastern corner of Utah (Fig. 1). The topographic low is surrounded by
the Uinta Mountalns to the north, Wasatch Mountains to the west, San Rafael
Swell and Uncompahgre Uplift to the south, and the Douglas Creek Arch to the
east. Rellef between the lowest part of the surface of the basin and the
surrounding highlands ranges from 900 to 1800 m.

Hydrocarbon production occurs in Paleozoic, Mesozoic, and Cenozoic
formations in the Uinta Basin. Only the Cenozoic part of the basin, in which
an extensive lacustrine environment was 1n evidence by the beglnning of the
Paleocene Epoch, is of concern in this study. During the early Tertiary as
much as 6000 m of lacustrine and alluvial sediments were deposited. The
sediments represent a central core of open lacustrine claystone and carbonate
mudstones; a marginal lacustrine facies with sandstone, claystone, and
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carbonate; and peripheral alluvial facies of conglomerate, claystone, and
carbonaceous shale (Fouch, 1975). The lacustrine period of deposition waned
in the late Eocene and later deposition was primarily alluvial in character.

Structurally the basin is a simple asymmetric syncline with an east-west
trending axis near the northern side. Dips on the north limb are 10 to 35
degrees, while they are only 2 to 4 degrees on the south limb (Fig. 2). In
contrast to the structural simplicity, stratigraphic relations are complex,
but marker units can be traced throughout the basin.

Two specific oil fields in the basin were selected for analysis in this
study because of their differing characteristics and because of the
availability of a large amount of data from drilling. The Altamont-Bluebell
field (Fig. 1), described by Lucas and Drexler (1975), has production of oil
and gas from multiple thin reservoirs in the lower Tertiary section at depths
of 2400 to 3600 m. Traps are in fractured sandstone with stratigraphic
pinchouts which are overpressured in the main producing area. The Redwash
field is located about 40 miles (64 km) to the east of the Altamont-Bluebell
field. Production at Redwash i1s from fractured sandstone lenses located in
the lower part of the Eocene Green River Formation at depths of 1500 to 1800 m
(Chatfield, 1972). Both of these fields produce oil and gas derived from
lacustrine rocks at similar stratigrasphic levels, but the present depth of
burial of these producing zones varies considerably.

B. Stratigraphy and Ages of Units

In order to develop a model of the thermal history of lithologic units in
a basin, the burial history must be known. The key factor in developing a
burial history is establishment of basin-wlide stratigraphic markers for which
good age control is avallable. The complex interfingering stratigraphy of the
Green River Formation of the Uinta Basin makes this difficult. Fortunately, a
series of correlation markers has been established by Fouch (1975).
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The base of the Tertiary sequence of the Uinta Basin begins with the
Upper Cretaceous to Paleocene North Horn Formation (see Fig. 2). The

overlying Paleocene to Eocene Green River Formation consists of the central
lacustrine facies which interfingers with the marginal and peripheral facies
of the Colton and Wasatch Formations. Markers identified by Fouch (1975) are
1) the lower marker, 2) the Paleocene-Eocene boundary, 3) the top of the
carbonate marker unit, 4) the middle marker, 5) the Mahogany oil-shale bed,
and 6) the upper marker.

\
Green River Formation is overlain by the Uinta and Duchesne River

Formations. These formations are fluvial deposits which mark the demise of
lacustrine conditions and an inception of Laramide tectonic activity (Andersen
and Picard, 1974). The Duchesne River and upper parts of the Uinta Formation
have been eroded away from some parts of the basin and are exposed in places
near the Altamont-Bluebell and Redwash o0il fields. The Oligocene Bishop
Conglomerate and Oligocene to Miocene Browns Park Formation, which overlie the
Duchesne River Formation, occur in the area surrounding the Uinta Mountains,
but are largely eroded from the Uinta Basin. The Bishop Conglomerate is
considered by Hansen (1984) to be correlative in age to the upper part of the
Duchesne River Formation. The Bishop probably formed a wide continuous bajada
around the Uinta range, reaching the centers of the surrounding basins during
a long period of crustal and climatic stability beginning in the Oligocene
(Hansen, 1984).

The beginning of Tertiary time has been placed at 66.4 million years ago
(My), with the Paleocene-Eocene boundary at 57.8 My (Decade of North American
Geology Time Scale, Palmer, 1983). Dating using K-Ar ages of biotite in tuff
(Mauger, 1977) suggests an age of about 45.0 My for the Mahogany oil-shale
unit, with the base of the Uinta Formation at about 44.0 My. The uppermost
part of the Uinta Formation is estimated by Mauger (1977) to be about 41.0
My. Andersen and Picard (1974) estimate that the uppermost part of the
Duchesne River Formation, the Starr Flat Member, may be as young as
Nligocene. Hansen (1984) considers part of the Bishop Conglomerate as
equivalent to the Starr Flat Member. Tuff in the Bishop Conglomerate has been
dated at 29.0 My (Hansen, 1984). The period of stability which began about



29 My extended up into the Miacene, when renewed uplift resulted in
downcutting and deposition of the Browns Park Formation. Tuffs in the upper
part of the Browns Park are 8-12 My in age (Hansen, 1984). Uplift and erosion
have continued into the Quaternary.

C. The Geologic Model

From the stratigraphic and age data given above a simple geclogic model .
of the basin history has been developed. The time events chosen for the
model, in million years before present‘(My), are as follows: -
Event Time Period
Renewed Uplift 10 My - present
Period of stability and peneplanation 30 My -~ 10 My
Deposition of Duchesne River Formation 41 My - 30 My
and Bishop Conglomerate
Deposition of Uinta Formation 44 My - 41 My
Deposition of Mahogany 0il-Shale 45 My
Paleocene-Eocene boundary 57.8 My

We decided that this simple model was an appropriate "first cut" to use
in comparing the geclogical and geochemical models. We assumed that
deposition rates were uniform throughout. The model thus represents a time
averaging of the actual, more complicated, depositional history. Ages used in
the model are not solidly constrained by geologic data, so the numbers used
are what we consider a best estimate. We consider this model to be a working
model which can be adjusted and modified as further study warrants.

The next step in determining the burial history of the basin is to
establish the history of the thickness and burial depth of the stratigraphic
units of the model. Present burial depths can be determined from borehole
lithologic correlations, but present burial depths do not represent the



maximum depth of burial because a considerable amount of uplift and erosion of
the basin has occurred. Determination of the amount of overburden removed in
the basin is a crucial part of the analysis.

III. Basin Analysis and Development of the Burial History

A. Previous Work

Previous studies most pertinent to this work are those of Reed and
Henderson (1971), Tissot et al. (1978), and Anders and Gerrild (1984). Reed
and Henderson analyzed crude oil from nine fields in the Uinta Basin,
including Redwash and Pariette Bench, for alkane and elemental compositions.
In their work they found strong evidence for stratigraphic control of crude
0il composition and concluded that the oil shales have not been the dominant
source-rocks of the reservoired petroleum. The study by Tissot et al. (1978),
showed that the lower part of the Green River Formation is in the principal
stage of 0il generation and responsible for most of the crude oils produced.
Anders and Gerrild (1984) compared variations in the compositions of organic
material from the Altamont-Bluebell area with location, depositional
environment, and thermal maturation.

An analysis of the historical stress regime for the Altamont Field was
computed by Narr and Currie (1982). They found evidence that fractures
developed in the basin only after burial to the max imum depth and that
fracturing continued throughout the subsequent period of uplift and erosion.
Pitman et al. (1982) found the Green River Formation at the Pariette Bench
Field to be thermochemically immature and not the source of production. They
suggest that the oil found at Pariette Bench migrated through a network of
fractures from the Bluebell-Altamont area. Anders and Gerrild (1984) also
conclude that migrated oil is present in the Pariette Bench area as well as in
other parts of the basin.

The findings cited above show apparent contradictions which are related
to the fact that 0oil in various fields may have different sources. The
Altamont-Bluebell, Redwash, and Pariette fields contain Green River Formation
rocks at different present-day burial depths and have different burial



histories. The intent of this study is to integrate information about
geological and geochemical evolution of the rocks in each field to evaluate
the oll generation potential. Knowledge of the oil generation potential at
each field will then allow assessment of the possible contribution of migrated
0il to the field production.

B. Procedure for Calculating Burial History

The complete burial history of a basin is determined from the maximum
depth of burial and the thickness of each stratigraphic unit through time. .
The time-thickness relation can be determined from the density or porosity of
the unit as a function of burial depth and from the burial history using a
method known as backstripping (Sclater and Christie, 1980; Steckler and Watts,
1978). In the process of backstripping, units above the stratigraphic level
of interest are mathematically removed from top to bottom and the uncompacted
thickness is calculated as a function of burial depth (and time). The end
result is an estimate of the burial depth of a particular stratigraphic level
throughout its history. With Knowledge aor estimates of past geothermal
gradients we can then calculate the time-temperature relation.

Geologic evidence indicates that a considerable part of the stratigraphic
section has been eroded from the Uinta Basin. The Duchesne River Formation
and the upper part of the Uinta Formation are exposed at the surface in some
parts of the basin (Stokes, 1963). Outcrops of the Browns Park Formation
occur as much as 1825 m above the basin floor. Narr and Currie (1982) take
this difference to be representative of the amount of sediment removed from
the basin. Analysis of fluid inclusion data from core from the Altamont field
by Narr and Currie (1982) led to estimates of 510 to 2890 m of overburden
removed. Tissot et al. (1978) use 1780 m for the amount of erosion at the
Shell Brotherson 1-23-B4 well,.Altamont field, but they do not say how the
value was determined. Pitman et al. (1982), from reconstructed thicknesses of
the Uinta and Duchesne River Formations, estimate a maximum of 1000 m of
overburden removal in the Pariette Bench Field, to the southeast of the
Altamont Field.

- 10 -



Differences of 2380 m in estimates of the amount of removed overburden
can have a major influence on estimates of the maximum depth of burial and

hence the maximum temperatures attained by kerogen-bearing rocks in the
basin. Because of the alluvial nature of the Uinta and overlying formations,
reconstruction of overburden thickness for various parts of the basin is
extremely difficult. One way to attempt to solve this problem is to
incorporate a method which uses borehole interval velocity data, as
demonstrated by Magara (1978). This method is explained below.

C. Estimation of Amount of Removed Overburden

The relationship between porosity and depth of burial for shales and
argillaceous rocks is illustrated by Magara (1978). Because interval velocity
is related to density, there is a corresponding velocity-depth relation. In
study of the Cretaceous shales of western Canada, Magara found what he termed
a "normal compaction trend" relating depth and interval travel time. The
normal compaction trend occurs as a linear curve on a logarithmic-
scale plot of interval transit time versus linear depth. A representative
curve is shown in Fig. 3a. The normal compaction curve thus gives a
representative value of interval velocity corresponding to a given depth of
burial, assuming no post-depositional erosion. The zero-depth intercept,
Ato, is the transit time of mud-saturated water, usually taken to be 200
us/ft. ‘

Magara (1978) demonstrates how to use the normal compaction curve to
determine the amount of overburden removed (see Fig. 2b). When overburden has
been removed from the area of the borehole, the zero-depth intercept will no
longer be at Ato, but at some lesser value, At'o, depending on the
amount of removed overburden. The procedure involves determining the normal
compaction trend from an area with little or no erosion and then fitting that
curve to data from a nearby area where erosion has taken place. From At'o
at the well in question the thickness of the removed overburden can be
calculated. The problem with applying this method to the Uinta Basin is that
erosion has taken place everywhere. Thus a normal compaction curve can only
be determined by averaging the slopes of a number of interval velocity-depth
logs.

- 11 -
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Down~hole acoustic logs (DHAL), which give a measure of interval velocity
versus depth, are commonly run in petroleum exploration. Electric logs, also
commonly run, can be used to estimate the shale content as signified by zones
of low resistivity. For this study, we obtained DHAL and E-logs for a
representative number of wells in or near the Altamont-Bluebell, Pariette
Bench, and Redwash Fields. 1In each case we used the E-log to identify
shale-rich zones which were then matched with depths on the DHAL to obtain
interval velocities. ’

We picked well locations where detailed lithologic data were available
from previously published work (Narr and Currie, 1982; Pitman et al., 1982;
Tissot et al., 1978; Reed and Henderson, 1971; Fouch, 1981; and Fouch and
Cashion, 1979) and obtained a suite of logs which provided data over a depth
interval of at least 1525-2440 m. Locations of these wells are shown in
Fig. 1.

A linear fit to a semi-log plot of At versus depth (z) data has the form

log At = a - baz. (1)
Magara (1978) also uses the equation
At = Atoe‘cZ (2)

for the expression relating the transit time to burial depth. The
relationship of the parameters in (1) and (2) is

a

Ato = 10 (3)

¢ =b 1In 10 = 2.303b. 4)
Once the normal compaction trend (values of ¢ or b deemed typical of the

basin) is determined, individual At-z plots are used to determine At'o,
and hence the amount of overburden removed by erosion.

- 13 -



When b is given, the intercept a is determined by least squares fit for a
given set of log data from

_L1l2 )
8= [n log At + bnzi] . (3
where n is the number of data points. Using (3), At'O is found, and the

amount of overburden removed, Z is determined from

0B’
L 15 200
; log 227 . 6

In this case 200 ws/ft is assumed to be the interval transit time for mud
saturated water at zero depth.

Caution must be used when using the At - z plots because of the
possibility of present day or past overpressures at depth which lead to under-
compaction of shale and a corresponding roll-off of interval transit time
(Magara, 1978). This is seen in most logs from the Uinta Basin. Figures 4
and 5 are At - z plots from typical borehole data. The Gulf Duchesne County
and Shell-Tenneco-Brotherson wells are from the Altamont-Bluebell field. The
Chorney 0il South Redwash well is in the Redwash field. Note that below
depths of 5000 to 6000 ft (1500 to 1800 m), interval transit time begins to
increase with depth and then varies up and down in a cyclic fashion. Thus
only the portion of the curve sbove 6000 ft (1800 m) depth has been used to
determine a and b.

As mentioned ahove, erosion has occurred over all portions of the Uinta
Basin. Thus there is no area where a true normal compaction trend extends to
200 ps/ft at z = 0. For this study we estimated a normal compaction trend
by averaging the slopes from a number of curves. We determined normal
compaction curve slopes for seven wells from the Altamont-Bluebell field, one
well from the Redwash field, and one well at Pariette Bench. Well names,
number of data points used, and the value of b and c calculated for the curves
(determined by a least-squares linear curve fit) are given in Table 1.

- 14 -
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TABLE 1: Data used to estimate a normal compaction curve
for the Uinta Basin.

Well No. of pts. b (ft'l) g_gfg:fl

Shell Christensen 13 3.203 x 10-5 0.000074
Shell-Tenneco-Brotherson 13 3.761 x 10™° 0.000087
Pariette Bench 4.982 x 107 0.000115
Chorney S. Redwash 4.904 x 107 0.000113
Chevron Ute Tribal 4.904 10:: 0.000113
Shell Brotherson 1-11B4 10 3.997 x 10 0.000092
Broadhurst 14 4.484 x 107° 0.000103
Gulf Verl Johnson | 3.441 x 1077 0.000079
Duchesne Trial 8 3.822 x 107 0.000088
Average 9.44 4.166 x 107 0.000096

6, = 0.673 x 107> ft™" (standard deviation of b)

The average value for c of .0000%6 ft_l is within the range of .000085 to
.000147 ft_l which Magara (1978) obtained for Cretaceous shales in western
Canada. The lower values of c obtained by Magara were for the youngest rocks.

We used the average value for b obtained above to determine At‘o and
ZOB using equations (3), (5), and (6) and borehole log data from the basin
(plots similar to Fig. 4). Results for 13 wells in the Uinta Basin are given
in Table 2. Values of ZUB
deviation change in b are also given. These numbers show that the uncertainty
in the estimate of Z.. due to uncertainty in b is about + 300 m. Note from

0B

the table that lower values of ZUB are obtained from wells in Redwash field

(Chevron Redwash, Chorney South Redwash, and #13 Broadhurst). The highest
value of ZOB is from the Pariette Bench #5 well. Figure 6 shows the
variation in ZDB throughout the Altamont-Bluebell area. Values of ZOB
range from 1800-2000 m except for Gulf Verl Johnson (1598 m) and Duchesne

Tribal (2252 m).

corresponding to a plus or minus one standard

-17 -



TABLE 2: Calculated values of Zgg, in meters, for well locations in the

Uinta Basin.

standard deviation of the slope parameter, b.

Well & Location At

0

(us/ft)

Energy Res. Gp.
Broadhurst #13, 7S22E#9 113,

Shell Christensen

1-33A5, 1S5Wi#33 107.

Shell Tenneco-Brotherson 1-3B4,
2S4WHE3 110.

Gulf Duchesne Co
Unit 1, 3S4WiS 98.

Davis Dil Pariette
Bench #5, 9S18E#9 86.

Gulf Verl Johnson
#1, 1S2W#27 120.

Shell Brotherson
1-11B4, 2S4wW#ll 113,

Chevron Ute Tribal
6-7, 2S3Wi#7 111.

Chorney 0il 5. Redwash
Fed. 1-23, BS23E#23 116.

Shell Miles #1,

1S4W#35 112.2

Gulf Ute Tribal
1-21, IN2Wi21 107.

Texaco Ute Tribal

E-1, 3S6EWff12 110.

Chevron Redwash

250, 7S24E4#29 128.

41

0l

86

44

22

96

63

09

18

44

73

34

Using b

1802

1987

1875

2252

2673

1598

1796

1868

1726

1834

1974

1878

1410
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Range

1552-2150
1711-2370
1614-2336
1939-2687
2302-3189

1376-1906

1547-2142
1608-2228
1486-2058

1579-2188

1700-2355
1617-2241

1519~1681

A range of values is calculated for a range of one

Values Determined
by Narr & Currie
(1982)

1733

510

2850
1338
756

1968

339
583
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Figure 6: Locations of wells in the Altamont-Bluebell field area used in
this study (see also Fig. 1). The calculated amount of
removed overburden, in meters from Table 2, is listed next to
each well.
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Estimates of ZOB from fluid inclusion data by Narr and Currie (1978)
are also listed in Table 2 for comparison with this study. The values of
ZUB for the Shell Christensen and Shell Brotherson wells determined by Narr
and Currie roughly agree with values determined here. Other values of Narr
and Currie are either very low or very high compared to our estimates. Tissot
et al. (1978) give a value of 1780 m of overburden removed at the Shell
Brotherson 1-23B4 well in Sect. 23, 2S, 4W. They do not explain how the value
was determined, but it agrees well with values of 1875 m (Sect. 3, 25, 4W) and
1796 m (Sect. 11, 2S, 4W) given in Table 2.

The assumption is made in equation (6) that the zero-depth interval
transit time for water saturated mud is 200 us/ft (corresponding to a
velocity of 1.52 km/s - 5000 ft/s). Magara (1978) found this value to work
well for data from Cretaceous shales 1in Canada. It also corresponds to
typical velocities of water-saturated fine to medium silt (Carmichael, 1982).
Carmichael also lists velocities of 1.47 to 1.54 km/s (4823 to 5052 ft/s) for
compacted terrigenous mud. These velocities correspond to Ato values of
207 to 198 us/ft. lLower values of At are probably more reasonable for
nearly uncompacted high-porosity sediment.

In the case of the Uinta Basin, shales were deposited in a lacustrine
environment during Green River Formation deposition and in an alluvial or
overbank environment during later depositional periods. The value of interval
transit time to use for muds deposited in an alluvial or overbank environment
is not known. One could speculate that such muds initilally have a somewhat
higher velocity (low Ato) because of desiccation due to dry periods.

However, it is likely that due to later burial a normal compaction trend
similar to lacustrine or shallow marine environments will be obtained within
depths of a few hundred feet. It is thus not likely that the value of Ato
could reasonably be expected to vary much more than + 10 us/ft from 200

us/ft. This translates to an uncertainty in ZOB of about % 152 m.
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Many of the shale units used in the determinations of ZUB came from the

Uinta Formation, much of which formed in an alluvial environment. We
calculated normal compaction trend slopes for units occurring only above the
Green River Formation. The average slope was b = 3.8l1 x 107 7t (v =

1.397 x 10_5). This slope value leads to estimates of ZUB which are

generally about 300 m greater than those of Table 2. The uncertainty in this
value of b 1s greater because of more variability in the data for shallower
well depths. The net result of using the higher value of b, as is done in
Table 2, is a possible underestimation of the overburden removed.
Underestimating the overburden leads to lower values for maximum burial depths

and consequent estimates of lower hydrocarbon maturity levels.
D. Burial History Model for the Basin

Once the amount of overburden removed at a particular well location is

estimated, the value of Z_._ is added to the known present depth of a given

marker horizon to obtain Eﬁe maximum depth of burial for that marker. When
this has been done for a series of marker layers, the burial history can be
calculated by backstripping. To do this, we must know or estimate the
porosity-depth function for the sediments. The function may have varying
degrees of complexity depending on whether individual lithologic types such as
sand, shale, and carbonate are treated separately or whether a single curve is
used for the entire sediment pile. Bond and Kominz (1984) discuss various

ways of constructing porosity curves.

It will be shown later that because of the kinetics of the Type I kerogen
conversion process, temperatures of 120°C or more must be reached before
significant conversion to hydrocarbons occurs. Thus, for the purposes of this
study, detalled characterization of the early burial history is not
necessary. For this reason we chose to use a simple porosity curve (¢ =

0.35e—0'7z) covering the mid-range of the curves given by Bond and Kominz

(1984, Fig. 2).
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Detailed analysis of temperature data by Chapman et al. (1984) provides
an estimate of 25°C/km for the present day geothermal gradient in the Uinta
Basin. We here make the assumption that the geothermal gradient from the
Tertiary to the present has been constant and ignore localized effects on
thermal gradient such as overpressuring, lithologic variation and hydrothermal
circulation. We choose a value of 10°C for the long-term average surface
temperature. From these assumptions and the time-burial depth data corrected
for compaction, we have constructed time-temperature-depth plots for the well
locations of Table 2. A representative burial history and temperature is
shown in Figure 7 along with values of heating rates for the base of the
Eocene during the separate time intervals. ‘

Figure 8 shows the effect of the uncertainty in removed overburden values
on the heating rates and maximum temperature (Tmax) attained. The initial
burial history (prior to 41 My) is not sensitive to overburden estimates, but
the later history is. A change of one standard deviation in the value of
ZOB results in 6°C - 8°C change in Tmax and a change of about 0.1 x 10'9°C/hr

in the heating rate.

The effect of the type of density function used in the basin model is
shown in Figure 9. The top curve is for the case where no compaction
correction is made. Most of the differences in the curves occur during the
early part of the basin history. The lower curve represents a compaction
function similar to the maximum shale compaction curve of Bond and Kominz
(1984, Fig. 2). 1t represents the extreme difference between early and late
sediment volumes and would have the maximum effect on the burial curve. The
middle curve, which is the compaction function used in this study, represents
a mid-point between the two extremes. The net effect of the compaction
function is nil on Tmax’ but the heating rate changes by about + 0.1 X .
1077°C/hr for the extreme cases.

To summarize, uncertainty in the value of ZDB leads to an uncertainty

of +8°C in T__ and an uncertainty of + 0.1 x 10~ °C/hr in heating
rate. Uncertainty in the porosity function has no effect on Tmax’ but leads

to an uncertainty in the heating rate of 0.1 x 10 °C/hr. The geothermal
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Shell Brotherson 1-11B4
Temp grad = 25°C/km
1796m overburden eroded
¢ = 0.35 e-0.7z

1000

0.39 X 10~9°C/hr
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Figure 7: Burial history and temperature curve, corrected for
compaction, for the Shell Brotherson 1-11B4 well,
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Figure 8: Burlal history and temperature curve showing the effect of
the value used for the amount of overburden removed. (Refer

to Table 2).
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Figure 9: Burial history and temperature curve showing the effect of
the value of the assumed porosity function.
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gradient varies throughout the basin (Chapman et al., 1984) and the
present-day gradient may be different from past gradients, thus its
uncertainty is difficult to assess. Combining a * 5°C/km uncertainty in

geothermal gradient with a + 300 m uncertainty in ZOB’ a net uncertainty
in Tmax of Fig. 7 of + 35°C is obtained. This range of temperatures would
certainly have a profound affect on hydrocarbon maturity; such differences can.
be evaluated by comparing the geclogic model with hydrocarbon maturation
data. It is shown below that the low uncertainty in the heating rate has an
insignificant effect on hydrocarbon maturity calculations in comparison to the
uncertainty in Tmax'
The bulk of the Type I kerogen contained in post-Cretaceous rocks of the
Uinta Basin occurs in the Green River Formstion between the Mahogany shale and
the base of the Eocene. This stratigraphic interval is of prime concern for
hydrocarbon generation. Representative burial history and temperature curves

for these Green River Formation units are shown in Figures 7, 10, 11, and 12.

Figures 7 and 10 are representative of the Altamont-Bluebell field where
present -day burial depths are the greatest in the basin. The kerogen-bearing
units have been heated to maximum temperatures of 149°C to 175°C. Maximum
heating rates occurred during the period 41 to 30 My and range from 0.51 to
D.74 x 10_9°C/hr. The maximum temperature attained by the base of the
Eocene in the well from the Redwash field was much lower, 111°C, with a lower
heating rate between 41 to 30 My of 0.16 x 10-9°C/hr. Conditions at
Pariette Bench were intermediate to the two other fields, with a maximum base
Eocene temperature of 132°C and a heating rate of 0.35 x 10_9°C/hr.

IV. Estimation of Kerogen Transformation

Although it has been known for many years that pyrolysis of kerogen
ylelds 1liquid hydrocarbons, there has been some doubt about whether petroleum
formation could be explained by a pyrolysis process. In the 1960's research
established firmly that petroleum 1s formed predominantly by thermal
transformation of kerogen (e.g., Philippi, 1965). Later, others tried to
establish the time-temperature relationship for petroleum formation (e.g.,
Tissot et al., 1974; Tissot and Espitalie, 1975; Connan, 1974; Ishiwatari et
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al., 1976; Waples, 1978). However, there is a persistent conflict between the
15-20 kcal/mole activation energies for kerogen conversion reactions
determined from geological studies and the 40-60 kcal/mole activation energies
determined from laboratory pyrolysis.

The rate of a first order chemical reaction is given by
dv/dt = —kt; k = A exp(-E/RT) ‘ N

where the variables are V: volume, t: time, E: activation energy, R: gas

constant, T: absolute temperature, A: constant.
An analytical solution for a sample undergoing pyrolysis at a constant

heating rate, Hr’ is given by Van Heek and Juntgen (1968):

T
v _ _E__A _E
dat - AV exp [ RT Hr J/.exp( RT) dT] (8a)
0
E__ ART? E
= AV_exp |- RT ~ ﬁ;ﬁ~ exp(~ ﬁf) (8b)

Campbell et al., (1978) used this expression to determine an accurate rate
expression for the generation of oil from Green River oil shale:

k(s™h) = 2.8 x10" ¢ 262901 (9)
The exponential factor corresponds to an activation energy of 52.4 kcal/mole.
Campbell et al. (1978b) and Burnham and Singleton (1983) have verified the
accuracy of Eq. (9) down to 2°C/hr and 1°C/hr, respectively. Moreover, Saxby
and Riley (1984) report that torbanite heated at 1°C/week produces most of its
0il between 250°C and 300°C. Eq. (9) predicts a maximum rate of 0il generation
at 291°C,

Since the genlogical heating rate 1s often approximately constant during
the oil generation phase, we can use Eq. 8 and 9 for an initial estimate of

the relationship between laboratory pyrolysis experiments and the geological
parameters developed in the preceding sections.

- 27 -



Shell Christensen 1-33A5
Temp grad 25°C/km
1987m overburden eroded

1000 ¢ = 0.35 e-0.72

2000

3000 B
: 92°0
£
-
-
o
o
4000 —
/ 1250 )
5000 |—  0.74'X 107°°C/hr /|
142°
Mahogany shale
6000 — —]
175°
7000 | | ' | Base Eocene |

60 50 40 30 20 10 0

Time in million years

Figure 10: Burlal history and temperature curves for the Green River
Formation at the Shell Christensen well in the Altamont-
Bluebell oil field.
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Figure 12: Burial history and temperature curves for the Green River
Formation at the Chorney 0Ll South Redwash well in Redwash oil
field. :
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This nonisothermal method to simulate the macroscopic conversion of Type
I kerogen to petroleum at various heating rates has been used to generate the
curves of Figure 13. 1In the calculations, we used heating rates that are the
same order of magnitude as geologic rates estimated for the Uinta Basin. For
a heating rate of 10-8 °C/hr the temperature of the peak rate of oil
production, T_, is 170°C, while T_ is only 139°C for a heating rate of
10'10 °C/hr. pA change of 10% in Ehe heating rate changes Tp by less than
1°C. The values of Tp shown are close to the values estimated for the
maximum temperatures attained in the Uinta Basin, indicating that a potential
for oil generation is present and that values used for ZU and the

B
geothermal gradient are approximately correct.

The extrapolation from laboratory to geological conditions is more
sensitive to the value of activation energy used than to the value of the rate
at laboratory conditions. Doubling the rate at all temperatures by doubling
the preexponential factor (EQ.9) causes Tp at 0.5 x 10-9 °C/hr to decrease
only from 149°C to 145°C. However, in the laboratory case, this change causes
Tp at 2°C/min to shift from 433°C to 421°C, which is outside the range of
experimental error. In contrast, if the activation energy is decreased by 4.7
kcal/mole and the preexponential factor is adjusted so that Tp at 2°C/min
remains at 433°C (this, in fact, corresponds to the results of Shih and Sohn
(1980)), Tp at 0.5 x 10—9 °C/hr decreases from 149°C to 134°C. This
second case describes the approximate uncertainty in activation energy for the
geological extrapolation. Use of a significantly lower activation energy,
such as the 15-20 kcal/mole corresponding to the "rate doubling every 10°C"
rule (Waples, 1980), results in an unrealistic extrapolation. Such low
apparent activation energies are an artifact of either diffusion controlled
reactions or a distribution of higher activation energies.

Figs. 7, 10, 11, and 12 show that prior to 41 My ago there was very
little potential for oil generation because temperatures of the Green River
Formation never exceeded 100°C. Even at low heating rates Fig. 13 shows that
temperature must exceed 120°C in order to get any oil production. Heating
rate and temperature attained during the time period of 41 to 30 My is the key
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Figure 13: 0il production rate curves for the conversion of Type I

kerogen using the results of Campbell et al. (1978). TP is
the temperature corresponding to the maximum rate of oil
production. Slower heating rates lead to lower values of TP.
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to the analysis. The Shell Brotherson and Shell Christensen wells (Figs 7 and
10) are well within the oil production "window" because, at the heating rates
shown, maximum oil production occurs between 149°C and 154°C. Kerogen in the
Shell Christensen well would be expected to be much more mature than that of
the Shell Brotherson well. Temperatures and heating rates estimated for the
Davis 0il Pariette Bench well indicate that the conversion level is well below
peak production according to Figure 13. Using values of 915 m or less for

ZDB at Pariette Bench as suggested by Pitman et al. (1982), would put the
level even lower. In the same way it is seen that the Chorney 0il S. Redwash
well (Fig. 12) shows temperatures much too low to be in the o0il production
"window." The fact that oil is found in the Pariette and Redwash areas
suggests that (assuming our modeling is correct) generation occurs at greater
depths, significant vertical or lateral migration of oil has taken place, or

both.

In Figures 14 and 15 show oil generation curves based on heating rates
calculated from the geologic basin model. 1In each case the oil-generation
curves are superimposed on a lithologic and oil production log for the well as
drilled. The wells are close together in the Altamont o0il field and
temperatures of the base of the Eocene are estimated to have reached 149°C to
153°C by 30 My ago. The peak of the oil-generation curve in each case closely
corresponds to the depths of oil shows or recovery. This indicates that the
higher value of activation energy used in the calculations is applicable to
the petroleum formation process. The maximum oil-recovery depth of Fig.115 is
about 300 m above the depth of the maximum calculated oil generation. This
may lndicate that temperatures attained by units in the well have been
overestimated by 10°C or so. The shape of the shaded area indicating
overpressuring in the wells corresponds to the rise of the oil generation
curve. This supports the theory that overpressuring in this area may be
caused by volume changes accompanying oll and gas generation.

These preliminary results are encouraging. They indicate that the
geologic model is reasonable and consistent with extrapolations of simple
laboratory retort models of kerogen evolution. 1In contrast, the parallel
reaction scheme of Tissot and Espitalie (1975) predicts multiple oil
generation peaks (Fig. 16) at both laboratory and geological heating rates
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generation curve is based on heating rates determined from

Fig. 7. Data from Meissner (1982) and Fouch (1981).
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even though only one is observed. Next, we employ a mofe detailed geochemical
model and predict hydrocarbon compositions as well as generation rates. We
then compare the modeled composition and generation rate data with published
data for the oil fields.

V. Formulation of a Detailed Geochemical Model

While the rate of kerogen decomposition is central to understanding the
origin of petroleum, many other reactions are also important. Figure 17 shows
that continued heating can convert oil to gds if the oil does not migrate to a
cooler reservoir. Secondary reactions are also important in oil shale
processing. We have recently combined our understanding of the organic
pyrolysis reactions into a detailed chemical model (Burnham and Braun, 1985),
which is summarized in Table 3. The model accurately calculates amounts and
rates of oil and gas formed under wide range of pyrolysis conditions. It
consists of 67 first-order, nonlinear, ordinary differential equations solved
by numerical integration. (Numerical integration removes the constant heating
rate restriction of Eq. 7.) The equations specify the rate of change of each
gas, liquid, and solid component in terms of the vaporization or chemical
reactions. The generated oil is divided into 50°C boiling-point interval
fractions, allowing (for laboratory experiments) a direct calculation of
liquid-phase residence time prior to evaporation. For the geological case oil
evaporation is not included (to conserve computer time), but this feature
allows us to calculate variations in distillation characteristics of the oil
with thermal history. The initial oil generated is heavier than is normally
produced, so this formalism automatically includes the pyrobitumen
intermediate of some models. In the original model we incorporated a kinetic
expression that could calculate the dependence of mineral dehydration on
pressure and heating rate (Burnham and Braun, 1985). However, this part of
the model was eliminated for these calculations because we thought it was too
empirical to extrapolate to geological conditlions.
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PROGRESSIVE BURIAL AND HEATING

Organic Debris
DIAGENESIS
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Figure 17. Diagram illustrating the mechanism of petroleum formation.
The conversion of kerogen to oil to methane is actually a
continuum process.
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Table 3.,
madel.
see Burnham and Braun (1985).
Reaction

Chemical resctions and rate expressions that define the
For a detailed explanation of the model and parameters

Rate Expression@

Kerogen pyrolysis & bitumen

lUOCHl 50 0. 02500 05 > 5. BCHl 56 0. 07100 01 Initial oil (bitumen)
13 -26390/7
+ 74.ZCH1_56NU.02100.01 5% by kb_ 7x10
13 -26390/71
+'la‘7CHU.63NO,05600.02 95% by k = 2.8x1077e
+ 0.3C0 + l.UH20 k0= above
+ 0.6CH
4 k - 9x1012 -26390/71
+ 3.6CHx
+ L1.0H K = 5x l012 -26390/7
2 h
% by kl‘ lxlUl3 -(22000£2200) /7
+ 1.3002
% by k2= 7x1013e—(26390i1800)/T
011 coking _
lGUCHO.99r‘10.03800.02 7 950H0.63N0.0400.02 3 2x1010e"l7620/T
K,= =
+ BCH4+ llH2+ ZCHx ') (1 + 2x10-4PH )
0il cracking 2
10 -26390/7
Oili d Uilj<1+ char + gases ¢, i° A1-2 11x10
Secondary char pyrolysis
100CH; ¢3MNg.05%.02 7 24-°CMg 2305, 03%. 02 K = 3.3x1076" (23210£2285)/T
+ 5.5CH,+ 6. 4H2+ (2.2M5)  °
Tertiary char pyrolysis
lUUCHU.23ND.UBOD.02 - lUOCH~0.lNU.0300.UZ+ 8.OH2 kt‘ 3. lx1013 ~(39000£4090)/T
Dolomite decomposition " )
. 10 9090/7
MgCa(COB)2 - Mg0 + CaCU3+ (,O2 kd 2.5x10

a First-order reaction unless otherwise noted.
distributed activation energy theory. All rat
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The model includes rate expressions for gas formation, both during the
original kerogen decomposition and from secondary pyrolysis of the
carbonaceous residue. The original analysis by Campbell et al. (1980) showed
that it was necessary to use a gaussian distribution of activation energieé
(Anthony and Howard, 1976) for hydrogen and methane generation from char. We
adopted a similar form for CU2 generatiqn from kerogen. Preliminary
calculations showed that lower activation energies of Campbell, which were
used previously for gas generation from kerogen (Burnham and Braun, 1985),
result in gas generation proceeding oil generation by 20°C at geological
heating rates. We believe that this is cheﬁically unreasonable and results
from slight errors in the measurements, so we adopted the same activation
energy for all kerogen pyrolysis reactions and adjusted the preexponential
factors so that Tp for each component was unchanged at 2°C/min.

0il can be destroyed by both coking and cracking. 0il coking is the
polymerization and condensation of o0il components, usually hetero-aromatics to
form predominately a solid residue (coke). It leads to an increase in
aliphatic content and a decrease of the heteratom content. 1In contrast, oil
cracking is the fission of aliphatic structures to smaller molecules,
ultimately methane. It leads to a concentration of aromatic component in the
oil. There is, of course, overlap between the types of reactions, but this
separation has proved useful. Correlations have been developed for the
dependence of oil density and elemental composition on the amount of coking
and cracking (5tout et al., 1976; Burnham, 1981; Burnham and Singleton, 1983),
but they have not yet been incorporated into the model.

A few general features of the model are worth noting. Figure 18 shows
the rate of gas generation from the various sources. Note that the
temperature of the maximum rate of gas generation in the absence of oil
cracking trails the oil generation by about 5°C. 0il cracking produces
another peak in gas generation at a temperature about 40°C higher, although
the peak would be smaller if oil migration occurred. These additional gas
generatlon processes may be responsible for the persistence of the
overpressurized zone shown in Figure 14.
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A variety of gas-generating processes cause the gas composition to change
during the course of maturation. Figure 19 shows one common indicator,
C.-C,/C,~C, in the gas. With oil cracking, this ratio increases

2747174
during oil generation and reaches a maximum at the completion of o0il

generation. At higher temperatures, methane generation from char pyrolysis
causes the ratio to decrease. If oil remains to be cracked, the ratio
increases further. The present version of the model does not allow CZ-CA
hydrocarbons to crack further to methane, so this ratio may be too high at
very high maturation. Likewise, the model generates substantial quantities of
hydraogen which react, at high pressures and slow heating rates, to form
methane and hydrogenated oil. Future work will address these weaknesses.

We cannot at present vary pressuré with time in the model calculations.
The main effect of pressure is on the rate expression, which affects rates and
composition of the products of cracking (Burnham and Braun, 1985). Higher
pressure inhibits cracking and results in less gas formation for a given
amount of cracking. Pressures representative of averages during the high
temperature intervals (maximum burial portion) were estimated from curves
given by Narr and Currie (1982), which account for overpressuring. These
average pressures were estimated to range from 40 MPa to 90 MPa and kept as a
constant throughout each run.

Numerous studies have shown that the composition of the early oil is
substantially different from the remalnder. Coburn and Campbell (1977) and
Burnham et al. (1982) have shown that most of the biological-marker compounds
are evolved in the first 10 to 20% of the oil. Some of these compounds are in
the bitumen (initial oil) and some are released by kerogen decomposition.
Figures 20 and 21 show conversion-dependent oil-composition indicators that we
calculated using data of Coburn and Campbell (1977) and Burnham et al. (1982).

To mimic the characteristic evolution of marker compounds, the detailed
model has an initial oil content made up from to 5% of the original organic
matter, We allow 5% of the kerogen decompose by a faster rate constant. We
found that we did not have to use a Gaussian distribution of activation
energles for the early oll to make the change in oil-composition indicators,
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through the course of kerogen pyrolysis, agree with oil composition data. The
model does not calculate oil composition explicitly, but it does calculate
qualitative oil composition indicators based on the amount of the kerogen

types remaining and their current rate of decomposition. The first indicator
(integral indicator of oil composition, I1.0.C.) is equal to the the sum of the

mass of bitumen plus the oil generated by the faster rate constant, divided by
the total mass of oil (including bitumen). If we assume that biological
markers from kerogen are generated at the faster rate, the 1.0.C. should be
proportional to the branched plus cyclic content of the oil in the absence of
migration. The second indicator (differential indicator of compositiion,
D.0.C.) is equal to the rate of oil generation by the faster rate constant
divided by the total oil-generation rate. If oil migration were
instantaneous, this indicator would be proportional to the branched plus
cyclic content of the oil. The dependence of these indicators on the extent
of kerogen conversion is given in Figure 22. The calculated D.0.C. has a‘lower
initial change than the differential curves in Figures 20 and 21 because they
contain a contribution from initial bitumen.

VI. Application of the Detalled Geochemical Model

We ran the model, with heating rate and temperature data from several
wells, to calculate oil formation and degradation at various depths. Table 4
summarizes the results for several of the wells listed in Table 2. The
conversion of kerogen ranges from 7 to 100%. The elemental composition of the
solid remaining in the oil, plotted in Figure 23, indicates that the material
follows, as expected, the maturation curve of Type I kerogen shown by Tissot
et al. (1978). The boiling point distribution of the liquid oil for several
selected samples is shown in Figure 24. The oil becomes noticeably lighter
with increasing maturity. This is due to three effects: the oil generated .
from kerogen is lighter than the original bitumen, coking tends to remove
heavier oil components, and cracking converts heavy components to light ones.
An interesting observation is that essentially all the generated cokable oil
(30% of the total) has coked. This accounts, in part, for the difference in
aliphatic content of petroleum and most laboratory pyrolysates. Another
observation 1s that although very 1little of the oil has cracked to gas, very
few high bolling point components remain in two of the oil samples. For the
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Figure 22. Calculated maturity indicators (I.0.C.-integral oil
composition, D.0.C.-differential oil composition) plotted as a
function of the fraction of kerogen that has been converted.
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Table 4. Calculated compositional fractions for selected depths in

particular wells.

and similar determinations.

Well Name

Depth* Tmax

(m)  (°C)

1.Energy Res. Gp. 1433 91
Broadhurst #13

2.knergy Res. Gp. 1756 99
Broadhurst 13

3.Davis 0il 927 100
Pariette Bench #5

4.,5Shell Brotherson 2003 105
1-11B4

5.5Shell Brotherson 2643 121
1-11B4

6.Energy Res. Gp. 2758 124
Broadhurst #13

7.Davis Dil 2246 133
Pariette Bench #5

8.5hell Brotherson 3164 134
1-11B4

9.Gulf Duchesne Co. 2747 135
Unit 1

10.5hell Christensen 3453 146
1-33A5

11.S5hell Brotherson 4004 155
1-11B4

*Present-day burial depth

1.0.C. - Integral 0il Composition indicator - oil expected in absence
D.0.C. - Differential 0Oil Composition indicator - 0il currently being

H/C

1.48

1.48

1.48:

1.47

1.42

1.39

1.07

1.02

0.95

0.51.

0.44

0/C

0.044

0.042

0.042

0.041

0.037

0.036

0.034

0.034

0.033

0.029

0.025
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0il

Ungen-
erated

0.933

0.930

0.930

0.925

0.787

0.670

0.271

0.225

0.176

0.000

0.000

0il

0il

Coked Cracked

0.022
0.023
0.023
0.024
0.066
0.101
0.220
0.234
0.249
0.302

0.302

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.003

0.004

0.024

0.075

Liquid

0il

0.045

0.048

0.047

0.051

0.147

0.229

0.506

0.538

0.571

0.674

0.623

Input data came from Figs. 7, 10, 11 and 12

I.0.C.

0.99

0.96

0.95

0.89

0.38

0.29

0.15

0.14

0.14

0.11

produced

D.

of migration

o

.12 *
.12
.12
.11
.09
.08
.02
.01
500
.00

.00
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Figure 23. Van Krevelen diagram showing calculated changes in elemental
composition of kerscgen from the wells modeled and listed in
Table 4. ‘
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other oil samples cracking is probably less extensive. In this case
biomarker/normal alkane ratios can be related to the extent of kerogen
conversion. This provides an additional basis for comparing the geological

and chemical model calculations.

At present, there is no consensus on the best method to assess the extent
of kerogen conversion in organic-rich geologic materials. Advantages and
disadvantages of the use of indicators such as vitrinite reflectance, thermal
alteration index, and pyrolysis temperature are discussed by Anders and
Gerrild (1984). There is also no standard method in practice of analyzing
hydrocarbon composition; thus different investigations have different means of
representing compositional data. A

Three published studies (Reed and Henderson, 1971; Tissot et al., 1978;
and Anders and Gerrild, 1984) give analyses of hydrocarbons at various depths
from different lithologic facies in the Uinta Basin. Gas chromatograms of the
hydrocarbon fractions are given by Reed and Henderson and Tissot et al. 1In
order to compare these data with our calculations of predicted maturity (in
the form of percent of oil generated), we derived cumulative and instantaneous
maturity indicators from laboratory pyrolysis gas chromatographs. For
indicators of maturity, we used the pristane/(C17 + Cla)’ phytane/(Cl7 + ClB)’
and Cl7/(Cl6+ Cls) ratios. Figures 20 and 21 are calibration curves prepared
using the data of Coburn and Campbell (1977) and Burnham et al. (1982).

The data of Table 4 can be used to make another type of calibration
curve. In each model, the percent of oil ungenerated, percent of liquid oil
created, and the atomic H/C ratio are calculated. From this, we can determine
the transformation ratio (or production index) [Sl/(Sl + 52)]. In the
Rock-Eval pyrolysis method (commonly used in the oil industry) Sl
corresponds to the free hydrocarbons that are released between 30°C and 300°C
in flowing helium. Hydrocarbons which are generated during kerogen pyrnlysis
between 300°C and 600°C correspond to 52. In Table 4, the liquid oil
produced is equivalent to Sl and the 0oil ungenerated is equivalent to 52.
Transformation ratios for various depths in the wells in the Altamont-Bluebell
field have been determined by Anders and Gerrild (1984). Figure 25, which
compares the amount of kerogen converted with transformation ratio and H/C
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ratio for a range of Tmax' was prepared from Table 4 and is the basis for
comparison of our geologic-geochemical models with published data. 1In each
case, we assumed that the value of ZOB (which determlnes Tmax) is the
determining variable for hydrocarbon maturation and that small changes in
heating rate (due to different burial histories and different values of

Tmax) are negligible.

The data of Tissot et al. (1978) are compared with the results of our
model in Table 5. Maturity levels for the published oil compositions are
determined from the indicators of Figs. 20 and 21. The comparison ratios
(such as Cl7/(C16 + 018)), were estimated using published figures from
the article. Data from the published paper are listed in the left side of the
table, data calculated by our model or interpolated from Fig. 21 are listed on
the right side. |

The Shell Brotherson 1-11B4 well, which we modeled, is in the same section
as the Shell Brotherson 1-14B4 and 1-23B4 wells used by Tissot et al. Using
1796 m for ZDB’ our results agree well with Tissot et al. for all four
depths sampled. A range of values of ZOB was used to compare the 2782 m
depth sample of Shell Brotherson 1-23B4 with our model. Our estimate of
maturity from Tissot et al. is 30 to 60% for this well. The low value of
ZOB’ 1547 m, results in a 19% maturity, while the high value of ZDB’

2142 m, results in a 73% calculated maturity. Both of these calculated values
are out of the range by roughly equal amounts, suggesting that the value of
1796 m for ZOB is a good determination for this section.

In Section B of Table 5, the Shell Murdock well data of Tissot et al., are
compared to our calculations for the Shell Brotherson 1-11B4 (next section
east) and Shell Christensen (next section north) wells at the different
depths. In each case, the calculated values (56%,'78% and 99%, 100%) are
consistent with the (>40% and >60%) values estimated from the oil
composition. 1In this case, it is difficult to make any conclusions, except

that the ZUB of 1987 m from the Christensen well may be slightly high.

, Wells from the Redwash area are compared in Section C of Table 5. Exact
locations of the wells used by Tissat et al. are not given in their paper, so

we compared their data with a range of values for ZDB in the Redwash area.
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For the shallower wells, the 6 to 7% calculated maturity is within the range
of 0 to 20% estimated from the oil composition. Values of maturity from our
calculations at the deeper levels are smaller than those which come from
actual samples from the area. The highest value of ZOB used, 1803 m,

results in a maturity level of 24% at 2649 m, which is less than the 30 to 60%
maturity indicated by the Tiésot'et al. data. This discrepancy would be
explained if the o0il sampled from the field had migrated from a more mature
source area. '

Recovered oil samples analyzed by Reed and Henderson (1971) are compared
with results from our modeling in Table 6. The procedure is the same as for
Table 5, except in this case the wells used for the model are farther away
from the wells used by Reed and Henderson, so there is more extrapolation
involved. In the Roosevelt area (Section A), agreement is not very good for
the shallower depth. A value of ZOB (or a higher value for geothermal
gradient) higher than 1980 m would be needed to get the model in line with the
field data. However, for the deeper sample, 3019-3043 m, agreement is good
for a Z., of 1598 m. Migration may play a role at the shallower depths in

0B
this area.

In sections B, C, and D of Table 6 calculated maturity levels are
consistently lower than maturity levels estimated from the actual samples. At
Pariette Bench, the model predictions with the (probably high) value of 2673 m
for ZOB are still too low (9 to 12%) compared with 20 to 40%. This suggests
that the oil in place is migrated oil, as has also been suggested by Pitman et
al. (1982) and Anders and Gerrild (1984). Similarly, the highest values of
Z__ do not produce high enough maturity levels in the Duchesne and Redwash

0B
areas, and thus the oil there also is probably migrated oil.

We applied a method of petroleum formation analysis, described by Waples
(1980), to the burial history curves for the Shell Brotherson (Fig. 4) and
Pariette Bench (Fig. 5) wells. The time-temperature index (TTI) for the Shell
Brotherson well we calculated is 57.8 for the 2557 m level and 101.1 for the
2782 m level., These indexes correspond roughly to maturity levels of 45% and
55%, respectively. These estimates are slightly high when they are compared
to the data of Tissot et al. in Table 5. We calculate a TTI of 211.3 (l00%
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maturity) for the base of the Eocene (2250 m) in the Pariette Bench well using
the Waples method - this is much higher than levels indicated in Table 6.
These differences could be due to values of ZOB being too high, or they may
indicate that the Waples method over estimates the maturity level for this

type of kerogen.

Higher values for the geothermal gradient would produce higher calculated
maturity levels. In the Redwash area (Table 6, Section B) at the 1676 m

level, with an assumed value for Z__ of 1676 m, a geothermal gradient of

34°C/km (an increase of 9° C/km ovgg the value used in the model) would
produce a Tmax of 124°C. The corresponding maturity level calculated with
our model is about 30% (from Fig. 25) and would agree well with measured
values of 20 to 40%. However, the lower values of geothermal gradient work
best for the Shell Brotherson wells in the deepest part of the basin where
migration is less likely. There is no genlogic evidence (such as magma
intrusion at depth) for large changes in geothermal gradient over such a small
area, and it is unlikely that the magnitude of change required could be
accounted for by hydrologic circulation. Furthermore, the nature of
fracturing in the basin (Narr and Currie, 1982, Anders and Gerrild, 1984) is
conducive to migration of hydrocarbons. Thus, we conclude that migration,

rather than large changes in Z__ or geothermal gradient, is the most likely

0B
explanation for the difference between modeled predictions and measurements of

maturity levels indicated in Tables 5 and 6.

One additional comparison of predicted and sampled estimates of maturity
is listed in Table 7. Anders and Gerrild (1984) sampled five wells from the
Uinta Basin and compared various maturity indicators with total organic carbon
(TOC) determinations and parameters such as stratigraphic facies. 1In Table 7
Wwe compare our determinations of the transformation ratio (from values of
Z_. with a 25°C/km géothermal gradient and using Fig. 25) with those

0B
determined from sampled material by Anders and Gerrild.

Agreement of our predictions with real data for the Dustin #l well
(compared using a ZOB of 1868 m determined for the Ute Tribal B-7 well) is

good for depths shallower than 2926 m. Our model predicts higher values of
transformation ratio for greater depths. It is impossible for maturity to
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Wells from Anders and Gerrild (1984) _

Table 7.

Comparison of hydrocarbon maturity of wells
studied by Anders and Gerrild (1984) with model calculations.

Results_from this study

Transformation ratio
estimated‘from Fig. 25.

S
Depth Measured Model Depth 1
Well Name_ (m) Sl/(Sl+ 52) Well (m) Tmax (Sl+ S
Dustin #1(2S,3W) 2591 .13 Ute Tribal 6-7(25,3W) 2591 121° .18
" 2701 .19 Zpp=1868 m 2701 124° .26
" 2926 .70 " 2926 130° .57
" 3353 .61 " 3353 l41° 92
" 4054 .61 " 4054 158° 1.00
Daniel Uresk
(45, 1W) 1524 .07 Gulf Duchesne(3S,4W) 1524 104° .11
" 2091 .17 Znp=2252 m 2091 119° .14
" 2377 43 " 2377 126° .55
" 2926 .12 " 2926 139° .88
" 3374 .07 " 3374 151° 1.00
WOSCO EX-1(95,20E) 610 .09 Pariette Bench(9S,18E) 610 92° .05
" 853 01 Lop=2673 m 853 98° .05
Cedar Rim #£3 |
(35,6W) 1402 .05 Ute Tribal E-1(3S,6W) 1402 92° .05
" 1951 07 Lop=1878 m 1951 106° .06
" 2256 .08 " 2256 113° .07
Ute Tribal 1-16
(45,7W) 2134 .16 Ute Tribal E-1(3S,6W) 2134 110° .06
" 2286 17 ZUB=1878 m 2286 114° .09
" 2377 .18 " 2377 116° .10
Gulf Duchesne(3S,4W) =~ 2134 120° 14
Zpg=2252 m 2286 123° .22
" 2377 126° .36
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decrease with increased depth. The discrepancy must be caused by migration.
This suggests that most of the oil at 2926 m and 3374 m must have either
migrated or cracked. Results are similar for the Daniel Uresk well (compared
using a ZUB of 2225 m). Hydrocarbon samples from the Wosco Ex-~1 and CEDAR
RIM #3 wells are very immature, in complete agreement with our modeling. Our
model of the Ute Tribal 1-16 predicts maturity levels that are low for ZOB =
1870 m and high, but close, for ZDB = 2252 m. This suggests (assuming the
geothermal gradient used is correct) that a value of 2134 m of overburden

removed is more reasonable for the area of the Ute Tribal 1-16 well.

V. Summary and Conclusions

Using geophysical log data and present-day values of the geothermal
gradient, we have developed a model of the thermal history of stratigraphic
marker horizons for selected wells in the Uinta Basin. We incorporated
thermal-history data into a pyrolysis model to predict the amounts of
hydrocarbons produced and indicators of their maturity level as the kerogen
was thermally evolved. For a geothermal gradient that is spatially and
temporally constant, the controlling variable in the thermal history model is
the amount of overburden removed by erosion.

Predicted maturity levels of the evolved hydrocarbons in the basin agree
well with measured maturity levels. We feel that this agreement gives us

confidence in the general applicability of a laboratory-based pyrolysis model
to geological processes. While the present model is valid only for Type I
kerogen, it seems certain that a similar model could be developed for Type II
and Type III kerogens. We emphasize the following conclusions:

» The value of activation energy (52.4 kcal/mole) used in the pyrolysis
model results in good prediction of amounts and compositions of

evolved hydrocarbons in the deepest part of the basin.

» Discrepancies between predicted and measured maturity levels in the
Redwash and Pariette Bench areas are probably related to migration.
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« Estimated values for removed overburden of approximately 1800 m in
the Shell Brotherson 1-11B4 well area result in very good agreement
between predicted and measured maturity levels, and this value of

Z B is constrained by about t 150 m by the model (assuming a

0
constant geothermal gradient).’

+ If reasonable values for overburden removed are limited to being less
than 2750 m and greater than 900 m, the geothermal gradient would
have had to be about 10°C/km (40%) greater in the Duchesne River,
Redwash, and Pariette Bench areas to account for the difference
between predicted and measured maturity levels with no migration of

hydrocarbons.

In the process of this investigation we feel that we have gained much
insight into the natural kerogen conversion process as well as the nuances of
the pyrolysis model. By incorporating the ability to vary pressure in the
pyrolysis model (in future work) and adding calculations of pore volumes and
pressures, the true potential for geoiogical application of the model can be
realized. Utilization of a refined pyrolysis model with more detailed
geologic data and models will enable us to study the phenomena of migration
and overpressuring in detail. Refinement of these techniques and study of
other geologic basins could eventually lead to the use of the pyrolysis model
in quantitative evaluations of the thermal history of sedimentary basins and
the associated hydrocarbon resource potential.
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