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TABLE 9.—PERCENT OF MIDCONTINENT OIL-PRODUCING RESERVOIRS
POTENTIALLY TREATABLE BY MEOR PROCESSES

Salt pH Permeability Gravity Treatable
State/regulatory <20% 49 ss:<75md; C<15md >17°API reservoirs?
district (%) (%) (%) (%) (%)
Arkansas® 36.0 88.5 —< — —
Colorado 98.8 98.8 93.4 99.0 90.3
Kansas 99.0 98.5 88.5 99.7 86.0
Missouri® 100.0 — — 50.0 —
Nebraska 79.0 93.0 0.5 12.0 0.04
New Mexico 91.6 91.6 76.3 24.0 15.4
Oklahoma 50.1 97.0 31.0 99.7P 15.1
Texas-5 61.1 95.64 90.0 55.7 24.0
Texas-6 56.0 95.64 64.0 64.2 24.0
Texas-7B 62.5 95.64 41.2 73.0 16.0
Texas-8A 35.3 95.64 46.1 89.2 24.0
Texas-9 35.3 95.64 37.6 58.9 7.5
Texas-10 36.3 95.64 38.0 77.1 10.2

aPercent of treatable reservoirs calculated by assuming each parameter as an independent variable.

bErom Jenneman (1989).
¢ = jnsufficient data for calculation.
d Average of all Texas regulatory districts.
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Three-Dimensional Reservoir Description
Using Conditional Simulation

Godofredo Perez and Mohan Kelkar

University of Tulsa
Tulsa, Oklahoma

ABSTRACT.—Descriptions of porosity have been generated in sandstone and carbonate reser-
voirs with conditional simulation methods. These descriptions capture the heterogeneities ob-
served in the conditioning data and account for the uncertainties due to the scarcity of data.
Fields studies were conducted to test the ability of two- and three-dimensional conditional simu-
lations to reproduce porosity distributions observed in the well logs. The data in each field con-
sisted of porosity logs from several wells grouped as conditioning and comparison data. The
conditioning data were used to derive the statistical parameters and to condition the simula-
tions, whereas the comparison data were compared to the logs generated from the conditional
simulations. The simulated and the actual porosity logs were in close agreement.

Conditional simulations of porosity and permeability were used to construct reservoir mod-
els for waterflooding simulations to quantify the effects of spatial correlation of the properties
and the uncertainty of the descriptions on reservoir performance and on oil recovery. Simula-
tions indicated that oil recoveries differ significantly among reservoir models which do not ac-

count for the gross reservoir structure.

INTRODUCTION

Distributions of reservoir properties in a small
sandstone oil reservoir in Oklahoma were gener-
ated with a recently introduced conditional-simu-
lation method (Hewett, 1986) using density logs
and core measurements as conditioning data.
Conditional-simulation methods generate mul-
tiple equiprobable descriptions of a reservoir
property with certain statistical attributes and
honor the conditioning data (e.g., porosity from
logs or cores) at the sampled locations. The ad-
vantage of conditional-simulation models are that
they can incorporate spatial correlation and ac-
count for uncertainty.

Hewett (1986) introduced statistical fractal
models to represent the spatial correlation ob-
served in porositylogs and to generate conditional
simulations of porosity in a cross section between
two wells. A critical assumption in this condi-
tional-simulation method is made in the assess-
ment of the correlation structure of porosity for
the inter-well region. However, this approach has
been implemented in several studies of large fields
(Mattews and others, 1988; Emanuel and others,
1989; Payne and others, 1989; Tang and others,
1989; Hewett and Behrens, 1990), and the res-
ervoir-flow performance predicted with condi-

tional-simulation descriptions are in close agree-
ment with the production histories. Recently, sta-
tistical fractal models were applied to investigate
the effect of reservoir property distributions on
miscible-flow performance (Crane and Tubman,
1990; Aasum and others, 1991).

In this investigation, conditional simulations of
porosity are compared with actual porosity mea-
surements at two wells, and a method to generate
permeability distributions is introduced. Water-
flooding simulations were conducted in reservoir
models constructed with conditional simulations
to evaluate the effect of porosity and permeability
distributions on simulated performance and re-
covery. Finally, a new method to generate three-
dimensional conditional simulations is intro-
duced and tested with porosity data from a car-
bonate reservoir.

FIELD DESCRIPTION

The Robinson lease is located in Muskogee
County, Oklahoma. The field was discovered in
the 1930s, and in 1985 a waterflooding project was
implemented. The field covers 160 acres and cur-
rently has 13 active wells (five producers and eight
injectors). This investigation is based on the data
from seven wells (Fig. 1).

Perez, Godofredo; and Kelkar, Mohan, 1993, Three-dimensional reservoir description using conditional simula-
tion, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent,
1991 symposium: Oklahoma Geological Survey Circular 95, p. 182-191.
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Figure 1. Locations of Robinson lease wells used in
this study. The diagonal lines on the west side of the
lease indicate the approximate location of a fault.

The Robinson lease produces from three
Dutcher sands, denoted as A, B, and C sands, start-
ing from the top of the interval. Core data indicate
that the B sand has the highest reservoir quality
(19% porosity and 100 md permeability). The res-
ervoir is laterally bounded by a combination of
structural and stratigraphic traps. The reservoir is
bound by a sealing fault on the west (Fig. 1) and
the reservoir quality of the sands gradually dimin-
ishes eastward.

The primary sources of data for this investiga-
tion are density logs and cores. Porosity logs de-
rived from density logs of four wells (Fig. 1) were
used for the conditional-simulation analyses. Core
data from three wells (Fig.1) includes porosity,
permeability, and residual saturations after labo-
ratory core floods. These data were used to derive
arelationship between porosity and permeability.

DESCRIPTION OF
RESERVOIR PROPERTIES

A spatial statistical analysis was conducted to
identify the fractal model that represents the po-
rosity variability in logs of the conditioning wells.
Conditional simulations with a specified fractal
model were used to generate porosity distribu-
tions in the inter-well region. Permeability and
porosity relationships were developed from the
core data, and a method to account for the vari-
ability in the data is introduced.

Spatial Statistics of Data

Using analyses of several well logs, Emanuel
and others (1989) showed that the spatial correla-
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tion of porosity can be represented by statistical
fractal models known as fractional Gaussian-noise
(fGn) models. The intermittency exponent of fGn
models is related to the fractal dimension, and it
provides a measure of the degree of the spatial
variability of a property. Values of the intermit-
tency exponent are between 0 and 1: values above
and below 0.50 represent different types of spatial
correlation. As the intermittency exponent ap-
proaches 1, a property becomes more correlated.
An intermittency exponent equal to 0.50 corre-
sponds to an uncorrelated property (i.e., white
noise). As with many other measurements of
natural phenomena, porosity well logs have inter-
mittency exponents >0.50 (Hewett, 1986).
Analyses of the porosity logs of the condition-
ing wells (wells 2-6A and 2-10, Fig. 1) in the Robin-
son lease using several methods (Hewett, 1986)
indicate that the intermittency exponent is close
to 0.85. In this investigation, the intermittency
exponent of f{Gn models was evaluated using the
box-counting approach of Feder (1988). This
method uses a scaling relationship to relate the
number and size of boxes (i.e., square or cubic
grids in two- or three-dimensions, respectively)
required to cover the porosity fluctuations as a
function of depth to the intermittency exponent.
The method was applied to graded (integrated
over depth) porosity logs. The slope of a plot of the
number of boxes versus box size (Fig. 2) yields the
intermittency exponent. For wells 2-6A and 2-10,
the intermittency exponents found with the box-
counting method are 0.86 and 0.82, respectively.
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Figure 2. Box-counting method to evaluate the inter-
mittency exponent of a f{Gn model of the porosity log
from well 2-10. The intermittency exponent is calcu-
lated from the slope of the fitted line.
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Figure 3. Map of porosity distribution generated with the successive-random-additions method for an
intermittency exponent equal to 0.85 between wells 2-6A and 2-10 (3,026 ft apart). Black is the maximum
porosity (19.7%), white is the minimum porosity (0.0%), and gray tones are assigned by linear interpolation

to intermediate values of porosity.

Conditional Simulations
of Porosity Distribution

Conditional simulations were generated with
the successive-random-additions method pro-
posed by Hewett (1986). The successive-random-
additions method is a stochastic interpolation be-
tween two wells which allows one to specify the
intermittency exponent of a fractional Brownian-
motion (fBm) model. Since the method is stochas-
tic, different realizations can be generated with the
same data and constraints by using different sets
of random numbers. Conditional simulations of
porosity in the reservoir region between wells 2-6A
and 2-10 (an area 3,026 ft long and 95 ft thick) were
generated with the successive-random-additions
method. Realizations of porosity distributions
(Fig. 3) indicate that lateral changes are smooth for
an intermittency exponent equal to 0.85. The
high-porosity regions corresponding to the B and
C sands are the dark regions in Figure 3.

Conditional simulations of porosity between
wells 2-6A and 2-10 were sampled at the interme-
diate locations corresponding to wells 2-8A and
2-11 (Fig. 1) in order to generate the simulated po-
rosity logs. Comparisons of the simulated logs and
the density porosity logs of wells 2-8A and 2-11
(Fig. 4) show a close agreement for conditional
simulations with an intermittency exponent equal
to 0.85. Differences in the simulated and measure
porosity logs are not significant for other intermit-
tency exponents 20.75 (Fig. 5). Differences in
simulated porosity are more sensitive to differ-
ent conditional-simulation realizations than to
intermittency exponent (Figs. 4 and 5, for inter-
mittency exponent equal to 0.85).

Permeability Distributions

The permeability distributions required in the
waterflooding simulations were generated with
the porosity and permeability relationship derived
from the core data. Conventionally, a linear rela-
tionship between the porosity and the logarithm
of permeability is assumed. Core porosity and per-
meability data from three wells in the Robinson
lease (Fig. 1) were plotted and the linear relation-
ship was determined by a least-square regression
(Fig. 6). The linear relationship was determined by
a least-square regression (Fig. 6).

Most porosity and permeability measurements
from cores exhibit large deviations from the lin-
ear-log line (e.g., Fig. 6). A stochastic relationship
between porosity and permeability is proposed to
account for the departures from the linear rela-
tionship. The stochastic relationship is similar to
the conventional relationship, but it contains an
additional random component. This component
is normally distributed with a mean equal to 0, and
a variance equal to the variance of the error be-
tween values of the linear relationship and the
core data. For the core data of the Robinson lease,
the stochastic relationship (Fig. 6) adequately ac-
counts for the ranges of porosity and permeability
observed.

WATERFLOODING PERFORMANCE

Conditional simulations of porosity and per-
meability in the Robinson lease were used to in-
vestigate the effect of reservoir property distribu-
tion on waterflood performance and recovery. The
waterflooding models are vertical reservoir sec-
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tions 94 ft thick and 859 ft long, between two fully
penetrating wells. The waterflooding simulations
consist of injecting water at a constant rate into
well 2-8A and producing at constant bottom-hole
pressure (above the bubble-point pressure) in weil
2-11 (Fig. 1). For all reservoir models, initial water
saturations are uniform and equal to 44%, and the
vertical permeabilities are set equal to 20% of the
horizontal permeabilities. The viscosities of the oil
and water are constant and equal to 3 and 0.85
centipoise, respectively.

Simulations were conducted with the commer-
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cial simulator ECLIPSE 100 (Exploration Consult-
ants Limited, 1988). ECLIPSE is a three-dimen-
sional, three-phase, fully implicit, and multi-pur-
pose Black-oil simulator. The models consisted of
32 and 65 cells in the vertical and the horizontal
directions, respectively. Results of the simulations
are the oil and water fractional flows (oil and water
flow rates at the producing well, divided by the total
flow rate) and the oil recovery (cumulative oil pro-
duced, divided by the reservoir pore volume) as a
function of injected pore volume (cumulative water
injected, divided by the reservoir pore volume).
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Figure 4. Comparison of conditional-simulation and measured porosity logs from wells 2-8A and 2-11.
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Figure 6. Porosity and permeability relationship
from the core data (wells 1-A, 3-A, and 4-A, Fig. 1)
(above), and from one realization of the stochastic
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Spatial Correlation

Reservoir models with different spatial correla-
tions were constructed by varying the intermit-
tency exponents in the conditional simulations of
porosity. As expected from prior observations (Fig.
5), the effect on simulated waterflooding perfor-
mance (oil and water fractional flow) of varying
intermittency exponents in the range of 0.75-0.95
is insignificant (Fig. 7). Only a slightly pessimistic
waterflooding performance is observed for a case
of severe spatial variability of porosity (not the
case in the Robinson lease), represented by a small
intermittency exponent (0.05, Fig. 7) due to early
water breakthrough.
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It appears that a different realization (i.e., the
same intermittency exponent and conditioning
data, but a different set of random numbers) for an
intermittency exponent equal to 0.85 results in a
greater effect on waterflooding performance than
different intermittency exponents >0.75 (Fig. 7).

Porosity Distribution

A conventional layer-cake model of the Robin-
son lease was constructed by dividing the reservoir
into three layers of constant porosity and perme-
ability, corresponding to the three Dutcher sands,
separated by impermeable layers. Simulations
(Fig. 8) show that waterflooding performance and
oil recovery for the layer-cake model are only
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Figure 7. Waterflood fractional flows for conditional-
simulation models with different intermittency expo-

nents (above) and for two realizations of a model
with intermittency exponent equal to 0.85 (below).



188

1.0

o
o1
L

Intermittency
exponent=0.85
— — Layer cake
Layer cake

(65 x 6 grids)

0.6

Fractional flow
o
n
|

0.2 H
0.0 L L L L L
0.0 02 04 06 08 1.0
Pore volume injected

~0.3
o i s
E ”’—
5 4
o .
>
o 0.2 Intermittency
o T exponent=0.85
a Y A Layer coke
~ i - — — Loyer coke
bo - (65 x 6 grids)
27
o}
o 4
2
= 0.0

T T T T T T T T T
0.0 0.2 0.4 0.6 08 1.0

Pore volume injected
Figure 8. Waterflood fractional flows (above) and oil
recovery (below) for a conditional-simulation model
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slightly more favorable than for the conditional-
simulation models previously considered. For the
layer-cake model, using six cells in the vertical di-
rection (coinciding with the reservoir layers), in-
stead of 32 cells, does not cause significant differ-
ences in the waterflooding simulations (Fig. 8).
Waterflooding simulations also were con-
ducted in models with constant and uncorre-
lated porosity distributions. The constant-porosity
model was constructed from the conditional-sim-
ulation model, with intermittency exponent equal
to 0.85, by replacing the porosity of all cells by the
average porosity (permeability distribution was
not changed). The uncorrelated model (i.e., no
spatial correlation) was constructed by assigning
porosity values to cells at random (i.e., no spatial

Godofredo Perez and Mohan Kelkar

correlation), but preserving the histogram of the
sample data. Waterflooding performance and re-
covery of these extreme distributions models are
significantly different from those generated with
conditional simulations and the layer-cake model.
Results from the models with extreme distribu-
tions illustrate the importance of properly repre-
senting the vertical and horizontal variability of
reservoir properties. For the constant-porosity
model, waterflooding performance and oil recov-
ery (Fig. 9) are poor due to the early water break-
through caused by the great contrast between po-
rosity and permeability. For the uncorrelated
model, waterflooding performance and oil re-
covery (Fig. 9) are high, as a result of the improved
sweep efficiency due to the absence of preferential
flow paths.
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Figure 9. Waterflood fractional flows (above) and oil
recovery (below) for a constant porosity and an un-
correlated porosity-distribution model.



Three-Dimensional Reservoir Description Using Conditional Simulation

1.0

0.8

Intermittency
exponent = 0.85

Porosity-
permeability
relationship

Linear
- — — Stochastic

Fractional flow
o
»
I

0.0

T ]l T T T T T T T
0.0 0.2 0.4 0.6 0.8
Pore volume injected
Figure 10. Waterflood fractional flows for conditional-
simulation models with permeability distributions
derived from both deterministic and stochastic rela-
tionships. The deterministic relationship is the linear
relationship between porosity and the logarithm of
permeability from the core data (Fig. 6).

1.0

46
71 OO . 8 c>
4 o
6700
© 4 36
0 6300 3 40
~ . o
25900
< 111
S o
© 5500 - 39
< ] 0
5100+ (Well log type 42
Q000D Conditioning O
7] Comparison
4700

T T T ]
400 800 1200 1600
Easting (feet)

Figure 11. Locations of conditioning and comparison
wells used in the three-dimensional conditional simu-
lations.

189

Permeability Distribution

A simulation model was constructed using the
stochastic instead of the linear relationship be-
tween porosity and the logarithm of permeability
(Fig. 6) to transform a porosity-conditional simu-
lation (intermittency exponent equal to 0.85) into
a permeability distribution. Waterflooding simula-
tions for the model developed with the stochastic
relationship have a later water breakthrough and a
higher oil recovery than for the model developed
with the linear relationship (Fig. 10). This im-
provement on waterflooding efficiency appears to
occur because of the enhanced sweep efficiency
induced by the greater variability of permeability
in the stochastic model, such as for the uncorre-
lated-porosity model, but to a smaller degree. The
uncertainty of waterflooding performance intro-
duced by the stochastic relationship (Fig. 10) is of
the same order of magnitude as the uncertainty for
two conditional simulations of porosity (Fig. 7).

THREE-DIMENSIONAL
CONDITIONAL SIMULATIONS

The conditional-simulation method intro-
duced by Hewett (1986) is limited to the genera-
tion of cross-sectional distributions of a property
between two wells with a fBm variogram model or
correlation structure. There are more general con-
ditional-simulation techniques, such as kriging
simulations Journel and Huijbregts, 1978; Journel
and Alabert, 1990), which allow multi-dimensional
simulations and account for different variogram
models. In this investigation, a new conditional-
simulation method, based on simulated anneal-
ing (Perez, 1991), was used to generate the three-
dimensional simulations. This method consists of
a stochastic iterative algorithm that generates dis-
tributions of a property using a specified condi-
tioning data set, histogram, and variogram models
in different directions.

Three-dimensional conditional simulations of
porosity in a small region of a large carbonate oil
field were conducted. The data consisted of porosity
from acoustic logs of seven conditioning and com-
parison wells (Fig. 11). Porosity logs from the condi-
tioning wells were used to estimate the statistical
parameters (histogram and variograms) and to con-
dition the simulations and porosity logs from the
comparison wells were compared to the simulated
porosities. The simulated reservoir region is 150 ft
thick, and it was discretized with 50 ft and 1 ft grids
in the lateral and vertical directions, respectively.

The three-dimensional porosity simulations
with porosity logs of the comparison wells are in
close agreement (Fig. 12). Other realizations of
these simulations provided similar results and al-
lowed us to obtain a measure of the uncertainty in
porosity descriptions.
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CONCLUSIONS

Conditional simulations of sandstone porosity
between two conditioning wells in an oil reservoir
were generated with a statistical fractal method.
These simulated distributions are in close agree-
ment with the porosity measurements at two com-
parison wells located between the conditioning
wells. Spatial correlations and distributions of po-
rosity in the inter-well region are not significantly
different for intermittency exponents of the fractal
model in the range of 0.75 and 0.95.

Waterflooding simulations were conducted us-
ing several reservoir models with different poros-
ity and permeability distributions. Waterflood per-
formance and oil recovery were not significantly
different for porosity-conditional simulations with
intermittency exponents of 0.75, 0.85, and 0.95. Oil
recoveries from waterfloods simulated using a
conventional layer-cake model and a conditional-
simulation model were similar, but there were
noticeable differences in the times of water break-
through. Waterflooding performance and oil re-
coveries from models that do not account for the
geologic structure, such as the constant-porosity
and the uncorrelated models, differ significantly
from those of the conditional-simulation and
layer-cake models.

Three-dimensional distributions of porosity in
a carbonate reservoir were generated with a new
conditional-simulation method. The simulated
distributions were in close agreement with poros-
ity measurements at comparison wells.
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Upper Strawn (Desmoinesian) Carbonate and Clastic
Depositional Environments, Southeast King County, Texas

Todd H. Boring

Baylor University
Waco, Texas

PURPOSE

The Pennsylvanian upper Strawn Group of
southeast King County, Texas, provides a unique
setting to study interactions between coeval car-
bonate and clastic deposition during Desmoines-
ian time. One of the most perplexing problems is
the relationship of massive Pennsylvanian plat-
form carbonates to shallow-water marine and del-
taic sediments (Fig. 1).

Considerable controversy has arisen about the
depositional environments of the terrigenous sedi-
ments and their relationship to massive carbonate
facies in and around the Knox-Baylor trough. It has
been suggested both that these sandstones were de-
posited by submarine currents along the deep axis
of the Knox-Baylor trough and, in contrast, that the
area was influenced by deltaic processes. Therefore,
the principal objectives of this investigation were (1)
to resolve the conflicts by clearly defining the upper
Strawn Group carbonate and clastic depositonal
environments within southeast King County, Texas,
and (2) to understand and interpret the facies rela-
tionships between the carbonates and terrigenous
sediments.

LOCATION

The area of investigation (~270 mi?) is located
in the southeast portion of King County, north-
central Texas, between the cities of Lubbock and
Wichita Falls. This area is on the northwestern
edge of the Concho platform, northeast of the
Midland basin, south of the Wichita-Arbuckle
Mountain system, and west of the Quachita fold
belt. To facilitate the discussion, the study area has
been subdivided into a northern region and a
southern region. The discussion of the northern
region addresses shallow-water platform carbon-
ates, while that for the southern region discusses
terrigenous deltaic and shallow-marine sediments.

SUMMARY

Within the study area, carbonate facies were
deposited along the northern edge of the Knox-
Baylor trough on the Spur platform, while terrig-

enous clastics were carried toward the Midland
basin through the Knox-Baylor trough. Based on
the analysis of subsurface cores, five carbonate
lithofacies and four clastic lithofacies were recog-
nized in southeast King County, Texas. The distri-
bution and geometry of these lithofacies are re-
lated to variations in the rate of subsidence in the
Knox-Baylor trough, Pennsylvanian tectonics, del-
taic progradation, avulsion, and compaction.

The carbonates in the northern region of south-
east King County record environments within a
carbonate platform complex, including mid-plat-
form, outer-platform, algal mound, and platform
margin (Fig. 2). The typical carbonate cycle con-
sists of the following facies, from bottom to top: (1)
algal bioclastic wackestones, (2) crinoidal wacke-
stones, (3) algal bioclastic packstones-grain-
stones/fusulinid crinoidal packstones-grain-
stones, and (4) crinoidal bryozoan wackestones/
shales (Fig. 3).

During Desmoinesian time, terrigenous clastic
sediment derived from the Wichita and Arbuckle
Mountains filled the Knox—Baylor trough. Quartz-
arenitic sandstones within the southern region of
southeast King County occur in a variety of com-
plex geometries, including distributary-bar fin-
gers, lobate deltas, and offshore bars (Fig. 2). Cores
of these sandstones represent mainly the upper-
most portions of the various sand bodies. A typical
core consists of the following facies, from bottom
to top: (1) cross-bedded sandstones, (2) interca-
lated sandstones and shales, and (3) mudstones/
shales (Fig. 4). The depositional model for the up-
per Strawn (Desmoinesian) Group of southeast
King County has been conceptualized primarily
from the tectonic setting, sandstone-body geom-
etry, sedimentary structures, textures, lateral and
vertical facies relationships, and general lithologic
sequence of the carbonates and clastics. This
model is illustrated in Figure 2.

CONCLUSION

Based on the analysis of subsurface cores, elec-
tric-log analysis, thin-section petrography, and the
lateral and vertical facies relationships, deposition

Boring, T. H., 1993, Upper Strawn (Desmoinesian) carbonate and clastic depositional environments, southeast
King County, Texas, in Johnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern
Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 195-198.
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of the platform carbonates occurred contempora-
neous with progradation of the delta system into
the southern region of southeast King County. The
upper Strawn (Desmoinesian) sandstones within
southeast King County were deposited by deltaic
processes in shallow water, rather than in deep
water as previously interpreted. Evidence for this

T. H. Boring

includes: sandstone-body geometry, tectonic set-
ting, the presence of an oolitic grainstone below
the base of the Tandy 5400 sandstone, bioturba-
tion in the adjacent shales, carbonized-plant frag-
ments within the Tandy 5400, considerable soft-
sediment deformation, and the lack of “reef” talus
along the margin of the Spur platform.
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Figure 1. Generalized cross section through southeast King County, Texas.
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Depositional Environments, King County, Texas
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INTRODUCTION

Carbonate and microcrystalline siliceous rocks
commonly are brittle in geological environments
and therefore are susceptible to fracture under
typical conditions found in sedimentary basins.
Fractures have been shown to occur as the result
of tectonic stresses and abnormally high fluid
pressure in sedimentary rocks. The tectonic his-
tory of the southern Midcontinent region has been
particularly conducive to the formation of pre-
Pennsylvanian fractured reservoirs; significant
orogenic events occurred in Middle Devonian,
and from Late Mississippian through Early Per-
mian time.

There is considerable uncertainty in any effort
to identify specific fractured reservoirs, although
the study of surface fracture azimuth and fre-
quency commonly is an excellent general guide to
the subsurface. Fractures may not be recognized if
they are associated with matrix reservoir proper-
ties, a particular problem in many carbonate
rocks. Even where fractures are recognized, their
contribution to reservoir performance commonly
is difficult to evaluate. Only in dense, unkarsted
carbonate rocks and siliceous rocks may it be evi-
dent that fractures are the significant, or possibly
the sole, site of reservoir properties. In the absence
of detailed reservoir study and analysis, the rela-
tive contribution of fractures versus rock matrix to
reservoir behavior is ambiguous.

To date (through February 1991), 19 operators
have approximately 28 horizontal test wells drilled

or proposed in eight producing formations in
Oklahoma. Four wells have been completed suc-
cessfully to produce hydrocarbons, one each in
the Mississippian (Chester), Hunton, Viola, and
Simpson (“third Bromide”). At least two other at-
tempts have resulted in mechanical failure. It is
only a matter of time until prospecting and well-
completion techniques come together in a favor-
able combination of natural factors and expertise
that may result in a major development trend in
Oklahoma.
DISCUSSION

The purpose of this paper is to identify produc-
tion of liquid hydrocarbons from all known and
probable fractured pre-Pennsylvanian carbonate
and microcrystalline siliceous reservoir rocks. The
Natural Resources Information System (NRIS)
data base is employed to locate production from
those units for 1983-90 (inclusive); these data are
compiled from records of the Oklahoma Tax Com-
mission (OTC). All maps are plotted from lease in-
formation using a digital land grid data base pro-
vided by the Phillips Petroleum Co.; a section (640
acres) is the smallest map unit. Regional maps of
hydrocarbon production by stratigraphic interval
identify areas with potential for horizontal-drilling
(extended-reach completion) opportunities in
those stratigraphic units. The stratigraphic units
selected for this study are the Arbuckle and Viola
Groups (Upper Cambrian-Ordovician) (Figs. 1,2);
the Hunton Group (Upper Ordovician-Devonian)
(Fig. 3); the siliceous facies of the Woodford and

Campbell, J. A.; Brown, D. P., Cardott, B.].; and Mycek-Memoli, Anne, 1993, Petroleum production from poten-
tially fractured pre-Pennsylvanian reservoirs in Oklahoma, inJohnson, K. S.; and Campbell, J. A. (eds.), Petro-
leum-reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circu-

lar 95, p. 199-205.
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200 J. A. Campbell and others
TABLE 1. — SuMMARY DATA, BY STRATIGRAPHIC INTERVAL,
TO AccoMPANY HYDROCARBON-PRODUCTION MAPS
Number of sections producing Natural
Producing petroleum liquids gas only
interval N2 (by range) (sections) MaxP
Cumulative bbl, 1983-90
1-50,000 >50,000

Mississippian carbonates 5,871 4,960 389 522 922,388
Arkansas Novaculite 6 2 3 1 91,447
Woodford and

Chattanooga Shales 29 23 3 3 90,927
Hunton Group 1,559 1,254 173 132 623,111
Viola Group 878 704 155 19 665,568
Arbuckle Group 234 163 30 41 1,167,520

2N = Number of sections producing, 1983-90.

PMax = Maximum cumulative liquids production for a single section (bbl, 1983-90).

Chattanooga Shales (Upper Devonian-lowermost
Mississippian) (Fig. 4); and carbonates of Missis-
sippian age (Fig. 5). Because of the limited number
of occurrences of hydrocarbon production from
the Arkansas Novaculite (Table 1), a map of that
formation is not provided. The Bigfork Chert (Up-
per Ordovician), a commonly fractured rock in
southeastern Oklahoma, is not included in this
study because it has only one section with oil pro-
duction of record. The Simpson Group (Ordovi-
cian) also is not included because it consists
largely of sandstone reservoir rocks. Although po-
tentially fractured, these rocks are not part of this
study. The regional distribution, thickness, and
general lithologic variations of these strata are dis-
cussed and illustrated by Johnson and others
(1988).

Maps of production by stratigraphic interval
are presented as Figures 1 through 5. It was neces-
sary to compile cumulative production from a low
of 0 bbl of liquid; thus, some mapped leases pro-
duce only natural gas. Hydrocarbon production is
mapped where it occurs from the subject forma-
tions, but production commingled with that from
other formations is not mapped. This omission
eliminates some detail, but it does not detract
from the clusters and trends sought. Table 1 sum-
marizes the mapped data and identifies the num-
ber of sections that produce only natural gas, as
determined from printouts of the mapped data.
The maximum eight-year cumulative oil produc-

tion from a single section, which exceeds 1.167
million bbl (Table 1), is from an Arbuckle reservoir
insec. 30, T.4S.,R.1 W, Carter County, in the Cot-
tonwood Creek field (Read and Richmond, 1993).

Since this study was completed, the capability of
the oil and gas production subsystem of the NRIS
data base has been extended from the present back
through 1979. Alist of fields with lease location and
identification, as well as production for any reser-
voir in this study, can be obtained from Geological
Information Systems at the University of Oklahoma
on a cost-reimbursable basis.
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Distribution and Orientation of Arbuckle Group Fracture Patterns
in the Slick Hills and Arbuckle Mountains, Southern Oklahoma:
An Analogy for Fractured Arbuckle Reservoirs

R. Nowell Donovan, Scott W. White, and Ken M. Morgan

Texas Christian University
Fort Worth, Texas

Michael D. Stephenson

Union Pacific Resources
Fort Worth, Texas

ABSTRACT.—The Slick Hills of southwestern Oklahoma are the exposed portion of the frontal
fault zone (FFZ), an area of intense Pennsylvanian/Early Permian deformation that lies between
the Anadarko basin and the Wichita uplift. The zone trends approximately N. 60°W., following
the line of the southern Oklahoma aulacogen, which itself appears to have been controlled bya
line of basement weakness that existed ~1.3 billion years ago. Maximum stratigraphic
downthrow (to the northeast) across the FFZ is ~13,000 m. Physiographically, the Slick Hills are
divided into eastern and western blocks by the Blue Creek Canyon fault, a high-angle oblique
(left-lateral) reverse fault that has a stratigraphic downthrow to the southwest (i.e., against the
overall trend of the FFZ).

The Arbuckle Mountains have the same general trend and genesis as the Slick Hills. The prin-
cipal physiographic entities include the asymmetric Arbuckle anticline, an extremely complex
structure cut by the Washita Valley fault zone on its northern (locally overturned) limb. This fault
zone is thought to be a rejuvenated northeastern edge to the aulacogen; it separates the moun-
tains into a western block, in which the basement is the Cambrian Colbert (Carlton) Rhyolite,
and an eastern block floored by the Tishomingo and associated Precambrian granites.

In this study, we used remote sensing Landsat and Spot TM data and conventional air pho-
tographs (on a scale of 8 in. to 1 mi), to examine the fracture patterns developed in small areas of
the two uplifts. For the most part, we concentrated on exposures of the Arbuckle Group and
buttressed our results with field work to establish the geological significance of the lineaments
recognized on the remote-sensing imagery.

The areas selected for study were: (1) the Stony Point area of the eastern Slick Hills; (2) the
Ketch Creek area of the eastern Slick Hills; (3) the southern flank of the Arbuckle anticline, west
of the Joins Ranch fault; (4) the southern flank of the Arbuckle anticline, east of the Joins Ranch
fault; and (5) the Tishomingo area.

In all cases the fractures show two pronounced modes of distribution: (1) parallel or slightly
clockwise to the overall trend of the aulacogen, and (2) generally northeast-southwest. In addi-
tion, subordinate east-west and north-south modes are developed in some areas.

Previous work has established that the intense deformation in the western Slick Hills is the
product of a stress system that was oblique (in a left-lateral transpressive sense) to the N. 60°W.
trend of the major faults in the FFZ. The style of deformation in the eastern Slick Hills is less in-
tense than that seen in the western Slick Hills. The principal structure is the Stony Point fault, a
northeastward-dipping, basement-involved reverse fault. The sense of throw on this fault is simi-
lar to that of the Blue Creek Canyon fault (i.e., it can be defined loosely as a back thrust, in rela-
tion to the FFZ as a whole). Our analysis of fracture patterns and vein arrays suggests that the
principal compressive stress that affected the area was oriented about N. 45-60°W. This is con-
sistent geometrically with a displacement vector of N. 77° W., determined from data from the
western Slick Hills (fold orientations, pressure-solution orientation in shear belts, and fracture
patterns). A stress orientation with that vector would have induced dominantly dip-slip motion
on the faults of the Broxton fault zone in the subsurface to the northeast; this prediction is com-
patible with our subsurface interpretation of those faults as a series of low-angle reverse faults.

Donovan, R. N.; White, S. W.; Morgan, K. M.; and Stephenson, M. D., 1993, Distribution and orientation of
Arbuckle Group fracture patterns in the Slick Hills and Arbuckle Mountains, southern Oklahoma: an analogy
for fractured Arbuckle reservoirs, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in
the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 206-207.
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Arbuckle Group Fracture Patterns

The same vector would have produced lefi-lateral oblique compression across structures that
parallel the N. 60° W. trend of the aulacogen.

Our results from the Arbuckle Mountains indicate that the amount of transpressive compo-
nent indicated by the fractures was less than that suggested for the Slick Hills. In general, the
principal extensional-fracture direction is more nearly perpendicular to the Washita Valley fault
(i.e., about N. 30°W.).

In addition to the overall patterns observed, we ascertained several features of more local in-
terest: (1) some faults terminate in zones of intense fracturing parallel to the overall fault trend;
(2) some late faults apparently rotate preexisting fracture trends; (3) thicker bedded units in the
Arbuckle Group show more intense fracture patterns (this observation is, at least in part, areflec-
tion of the scale of image examined); and (4) in steeply dipping areas, where the strike of beds is
parallel to one of the principal fracture modes, the mode “disappears,” apparently being re-
solved into fractures parallel to bedding.
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Geologic and Production Characteristics of Deep Oil and
Gas Wells and Reservoirs in the Conterminous U.S.
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INTRODUCTION

Because of lower worldwide oil prices, drilling

activity in the U.S. has declined, and major pro- .

ducing companies are looking outside the U.S. for
oil and gas exploration prospects. Concurrently,
production from existing wells is declining, and
the U.S. reliance on imported oil is increasing.
Even if prices were to increase drastically, it would
take several years for domestic exploration to
reach previous levels of intensity.

500 KILOMETERS
300 MILES

When the issue of economics is set aside, many
drilling frontiers remain untested in the U.S. and
deserve review. One such drilling frontier is deep
gas in sedimentary basins. However, very little in-
formation is presently available for deep gas reser-
voirs. Deep wells are defined for this study as those
drilled deeper than 15,000 ft. More than 16,000
wells have been drilled deeper than 15,000 ftin the
U.S. Deep wells are widely distributed in the U.S.
(Fig. 1) and are drilled into rocks of various ages
and lithologies. Commercial gas production from

Figure 1. Generalized map of conterminous United States showing basins with significant deep wells and
reservoirs. The southern Midcontinent includes the Anadarko and Arkoma basins, The Permian basin in-
cludes only the deeper parts of the Delaware and Val Verde basins.

Dyman, T. S.; Rice, D. D.; Nielsen, D. T.; Obuch, R. C.; and Baird, J. K., 1993, Geologic and production character-
istics of deep oil and gas wells and reservoirs in the conterminous U.S., in Johnson, K. S.; and Campbell, J. A.
(eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological

Survey Circular 95, p. 208-215.
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TaBiE 1. — THE 10 DeePEST WELLS IN THE U.S., IN DECREASING ORDER OF TOTAL DEPTH?

Total depth Spud date Date
Operator Well name (ft) (m/d/yr) completed Long? Lat® Basin State
Lone Star Prod. #1 Bertha Rogers 31,441 11/25/72  04/18/74  99.19 3531  Anadarko OK
Lone Star Prod. #1 EarnestR. Baden 30,050  09/04/70  10/20/72  99.53 35.31 Anadarko OK
Hunt Energy Corp. 1-9 Cerf Ranch 29,650  04/29/79  09/06/82 102,54 3055 Permian TX
Gulf Oil Corp. 2Emma LouUnit#1 29,622 05/21/78 07/30/80 102.56 30.65 Permian TX
GHK Corp. #1-34 Duncan 29,312  02/20/81  01/15/83  99.41 3538 Anadarko OK
GHK Corp. #1-1 Robinson 29,241 07/06/81 01/25/84 99.48 3528 Anadarko OK
Chevron USA #1 University 23-3 28,747 11/08/78  06/01/81 102,65 30.87 Permian TX
Ralph Lowe Estate  #1-17 University 28,500 na 172 10269 30.84 Permian TX
McCulloch Oil #1 Easley 27,050 04/05/71 09/18/73 99.28 35.30 Anadarko OK
Napeco Inc. #1 Centurion 27,019  10/05/79  06/23/81 102,75 30.80 Permian TX

aData taken from an early WHCS file, updated through February 1985. Data for Tables 2-5 are from WHCS files, updated
through February 1988. Wells listed regardless of completion class.

bLongitude and latitude in decimal degrees.

deep reservoirs at or below 15,000 ft has been es-
tablished in a few basins for many years. In other
basins, only a few deep wells have been drilled,
and the gas potential of deeper horizons remains
unknown.

This report summarizes deep wells and reser-
voirs in the U.S. in order to (1) develop a data base
of information concerning this potential resource,
(2) define geologic and engineering factors associ-
ated with deep drilling, and (3) develop a better
understanding of deep reservoirs. Summaries of
well data are presented in tabular form and are
considered preliminary; no rigorous statistical
analysis of these data is attempted. This reportis a
summary of data presented in Dyman and others
(1990). Refer to that work and Takahashi and Cun-
ningham (1987) for more information on deep
wells and reservoirs.

Data were compiled from Petroleum Informa-
tion Corp. Well History Control System (WHCS)
available through February 1988 (Petroleum In-
formation Corp., 1988), and Dwight's Energydata
Petroleum Data System (PDS) available through
December 1985 (Dwight’s Energydata, 1985).
WHCS contains a variety of location, identifica-
tion, and geologic and engineering data for ap-
proximately two million wells drilled in the U.S.
The WHCS file is available to the U.S. Geological
Survey by contract with Petroleum Information
Corp. Since WHCS data are proprietary, publica-
tion of complete well histories and computer ver-
sions of the file is prohibited. PDS is an oil and gas
field and reservoir file originally developed by the
University of Oklahoma under contract to the U.S.
Geological Survey. It contains location, identifi-
cation, and geologic and production data for
~100,000 fields and reservoirs in the 33 oil and gas

producing states. PDS data were made available to
the U.S. Geological Survey by the Gas Research In-
stitute (GRI); these data are also proprietary in dig-
ital form, but aggregated results may be published.
Work was conducted in part under contract to GRI,
Chicago, Illinois (contract no. 5087-260-1607).

DATA ANALYSIS

The WHCS subset of wells drilled deeper than
15,000 ft contains 16,650 wells, of which 8,705 are
classed as producing wells. Of the 8,705 producing
wells, 2,981 have a formation reported at total
depth that is the same as the first producing for-
mation reported in WHCS. (WHCS wells may con-
tain more than one producing formation, but only
the first producing formation listed in the file was
recognized for this study.) These 2,981 wells, al-
though a minimum figure, form a subset of wells
actually producing hydrocarbons below 15,000 ft.
An additional 2,667 wells classified as producing
have no producing formation or formation at total
depth recorded in the data file. We cannot deter-
mine at this time whether these wells are produc-
ing below 15,000 ft or not. The remaining 3,017
producing wells of the original 8,705 producing
wells produce from a formation other than the for-
mation at total depth. Although many of these
wells may be producing oil or gas below 15,000 ft,
they were not considered for this report. Of the
8,705 producing wells, 40 were not included be-
cause they were actually classed as dry holes with
a producing formation. To avoid confusion, these
wells were eliminated from the data set.

The following discussion is based solely on ob-
servations from the data bases and does not take
into account wells and reservoirs that are not in
WHCS or PDS.
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TABLE 3. — WELL CLASSIFICATION OF DEEP WELLS PRODUCING FROM FORMATIONS
ENCOUNTERED AT ToTAL DEPTH, BASED ON FINAL COMPLETION CLASSIFICATION?

Producing wells

Total " Gas wells/
depth Oil& Conden- Multiple zones Total  Total total wells

(1,000fy ©Oil Gas gas sate Oil Gas Cond. gas® wells® (%)
15-16 297 799 6 2 12 21 1 820 1,138 72
16-17 165 498 6 2 4 17 8 515 700 74
17-18 70 307 2 6 4 3 3 310 395 79
18-19 36 219 2 9 228 266 86
19-20 9 144 1 1 11 1 155 167 93
20-21 7 84 10 1 85 102 83
21-22 1 74 75 78 96
22-23 2 107 1 107 110 97
23-24 12 12 12 100
24-25 1 3 3 4 75
25-26 7 . 7 7 100
26-27 1 1 1 2 50
27-29

Totals 589 2,255 16 24 21 63 13 2,318 2,981 78

aData taken from WHCS file, updated through February 1988.
bTotal gas = number of gas wells plus the number of wells producing gas from multiple zones.
cTotal wells = wells producing from the formation encountered at total depth.

Deepest Wells in U.S.

Table 1 contains identification and location in-
formation from WHCS for the 10 deepest wells in
the U.S., regardless of completion classification.
They are listed in decreasing order of total depth.
All were drilled in Oklahoma and Texas in the Ana-
darko and Permian basins. The deepest well drilled
in the U.S., the Lone Star no. 1 Bertha Rogers, was
completed in 1974 as a dry hole in the Anadarko
basin (Fig. 1) in Oklahoma. The well was drilled as
a wildcat to a depth of 31,441 ft. It penetrated the
Upper Cambrian and Lower Ordovician Arbuckle
Group at 31,236 ft, after almost a year and a half of
drilling.

The second deepest well, the Lone Star no. 1
Earnest R. Baden, although drilled to more than
30,000 ft, was completed as a gas well in the Mid-
dle Pennsylvanian Atoka Formation at a depth of
~16,500 ft after being acidized. The third deepest
well, the Hunt Energy no. 1-9 Cerf Ranch unit, was
drilled as a wildcat and, although abandoned, it
reported gas in the Lower Ordovician Ellenburger
Group at 22,535 ft. The fourth deepest well, the
Gulf Oil Corp no. 2 Emma Lou Unit 1, was com-
pleted as a gas well at Puckett West field in the
Middle Pennsylvanian Atoka Formation at >23,000
ft. Of the remaining wells in Table 1, 5 through 8
were drilled and abandoned, and wells 9 and 10

were completed as gas wells. Well 9, the McCul-
loch Oil no. 1 Easley, reported production from
below 15,000 ft.

Total Deep Wells by
Completion Classification

Table 2 summarizes the final completion classi-
fication by depth interval of all 16,650 wells drilled
deeper than 15,000 ft in the WHCS data base. Gas
wells account for 73% of the total number of pro-
ducing wells with total depths below 15,000 ft.
There are nearly as many gas wells (6,347) as dry
holes (7,090); gas wells are approximately three
times more abundant than oil wells. Of the 16,650
deep wells, 1,442 wells have total depths >20,000
ft. Of these, 842 are producing wells, of which 727
(86%) are producing gas at any depth. The ratio of
gas-producing wells to total producing wells gen-
erally increases with increasing depth. The pro-
pensity for deep wells to produce gas is related to
the relative instability of oil in deep, hot reservoirs.

Deep Producing Wells by
Completion Classification

Table 3 summarizes, by depth interval, the final
well classification of the 2,981 deep wells in the
WHCS file that produce oil or gas from the forma-
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TaBLE 5. — TotaL DEEP PRODUCING WELLS BY DEPTH INTERVAL
N U.S. BY DECADE OF COMPLETION?

Depth

interval

(1,000 fo) 1920 1930 1940 1950 1960 1970 1980-88
15-16 1-0b 5-5 61-21 394-260 678-534
16-17 1-1 14-9 319-224 365-281
17-18 1-1 9-3 152-106 233-200
18-19 1-1 108-90 157-137
19-20 1-0 67-59 99-96
20-21 13-5 45-38 44-42
21-22 9-8 25-23 44-44
22-23 17-17 76-74 17-16
23-24 6-6 6-6
24-25 3-2 1-1
25-26 1-1 6-6
26-27 2-1
27-28

Totals 1-0 7-7 125-64 1,198-884 1,650-1,363

Grand Total 2,981-2,318

aData taken from WHCS file, updated through February 1988. Data set does not include 292 deep pro-
ducing wells with unlisted well-completion year. Only includes wells having producing formation

same as formation at total depth.

bFirst number represents total producing wells for that depth interval and decade; second number
(following hyphen) represents wells producing gas for that depth interval.

tion encountered at total depth. Gas wells out-
number oil wells for each depth interval except the
26,000- to 27,000-ft interval. The percentage of gas
wells of all producing deep wells ranges from 72% in
the 15,000- to 16,000-ft range to 100% in the 22,000-
to 23,000-ft range and generally increases with in-
creasing total depth. For all depths together, gas
wells make up 78% of the deep wells producing
from formations encountered at total depth.

Deep Producing Wells by Region

Table 4 summarizes deep producing wells from
WHCS by depth interval and by geographicregion.
Of the five regions represented, the Gulf Coast re-
gion contains the greatest number of deep pro-
ducing wells (1,895). The Rocky Mountain region
contains only 265 deep producing wells. The Ap-
palachian/Illinois/Michigan region contains 19
wells drilled deeper than 15,000 ft, but because all
are ejther dry holes or are producing from forma-
tions other than the formation at total depth, this
region is not represented in this table. Also, 168
wells reported no location and are listed sepa-
rately by depth in Table 4.

For the majority of depth intervals, deep gas-
producing wells form >90% of total producers. For
all depths together, the Rocky Mountain region
has the smallest percentage (34%) of deep gas
wells (91 gas wells and 265 total wells). This figure
is somewhat misleading because it is strongly
biased by deep oil production in the Uinta and
Powder River basins. The Green River, Wind River,
Washakie, and Big Horn basins and the Wyoming-
Utah-Idaho thrust belt (Fig. 1) are predominantly
gas producers in their deeper parts, but have fewer
total wells. The deepest producing wells, namely
those producing below 20,000 ft in the Rocky
Mountain region, produce gas from the Madison
Limestone in the Wind River basin of Wyoming.
The two deepest wells in the Midcontinent region
are gas producers, which were drilled into the
Upper Cambrian and Lower Ordovician Arbuckle
Group and the Silurian and Devonian Hunton
Group in the Anadarko basin of Texas and Okla-
homa.

The deepest wells in the Gulf Coast region are
gas wells in Louisiana. They are producing gas
from Miocene strata; no WHCS formation data are
available for these wells. The deepest offshore well
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TABLE 6. — SuMMARY DATA FOR DEEPEST FIELD AND RESERVOIR

AND ToTtAL DEEP PRODUCTION BY STATE?

Number Average
of fields Deepestfield Discovery depth Total production®
State (reservoirs)? (reservoir)® year (fyd (state total)
Utah* 1) Bridger Lake 1966 15,518 CRUDE = 10,733,535
Cl=1 (Dakota) NGAS = 5,687,867
oil DGAS = 43,364,976
COND = 335,480
Wyo.* 10 (11) Seller Draw 1977 19,580 CRUDE = 11,217,869
Cl=9 (Muddy) NGAS = 188,170,974
Carb=2 gas DGAS = 1,481,814
COND = 471,992
N. Mex.* 14 (14) Jal, West 1972 16,614 CRUDE = 61,749,686
Carb=14 (Fusselman) NGAS = 4,363,332
gas AGAS = 4,048,122
COND = 9,773
Okla. 63 (86) Elk City East 1969 22,652 CRUDE = 759,662,587
Cl=81 (Springer) NGAS = 2,119,741,903
Carb=5 gas
Tex.* 669 (1,530) Dillon 1984 26,088 CRUDE = 1,539,491,628
Cl=120 (Strawn) NGAS = 11,885,557,958
Carb=1,410 gas AGAS = 1,220,016,194
DGAS = 36,003,091
COND = 32,560,398
La. 122 (220) CaillouIs. 1960 21,862 CRUDE = 4,232,551,442
Cl=220 (Miocene) NGAS = 34,514,774,028
oil DGAS =  6,460,421,945
COND = 731,496,274
Miss.* 67 (109) Piney Woods 1974 22,026 CRUDE = 39,198,342
Cl=75 (Smackover) NGAS = 885,508,244
Carb=34 gas AGAS = 53,638,223
COND = 7,451,157
Ala¥ - 14 (15) Cold Creek S. 1975 18,470 CRUDE = 33,401,203
Cl=4 (Smackover) NGAS = 697,261,156
Carb=11 oil AGAS = 42,832,818
COND = 84,349,373
Fla. 3@ Blackjack Cr. 1972 16,120 CRUDE = 402,170,776
Cl=2 (Smackover) AGAS = 488,404,992
Carb=2 oil
Calif.* 7 Coles Levee, N. 1953 17,892 CRUDE = 65,395,838
Cl=7 (Eocene) AGAS = 73,730,992
oil
Alaska* 1(1) Beaver Cr. 1972 15,200 CRUDE = 3,178,192
Cl=1 (Tert. Tyonek) AGAS = 1,298,032
oil
Total 971 (1998) CRUDE = 7,157,000,000
NGAS = 50,301,000,000
Carb=1,471 AGAS = 1,883,000,000
Cl=527 COND = 857,000,000
DGAS = 6,541,000,000

Data taken from Petroleum Data System (PDS) file, with production by state totalled through 1985 for all deep reservoirs.
5Number of reservoirs (in parentheses) may exceed number of fields where a single field includes more than one reservoir. Reser-
voirs subdivided into clastic (Cl) and carbonate (Carb). Total number of clastic and carbonate reservoirs may not equal the total

number of reservoirs, in part because some reservoirs do not have reports on producing lithology and in part because of errors in

the data file.

“Deepest field and reservoir within state classified as oil or gas, regardless of present producing category.

daverage depth (in feet) to production listed for each reservoir.

Total deep production listed by production type for each state: CRUDE = crude oil; NGAS = nonassociated gas; AGAS = associated
gas; DGAS = dissolved gas; and COND = condensate. Oil and condensate production in barrels; gas and dissolved-gas production
in MCF. Some discrepancies occurred when totaling production for those states where production listed by reservoir; production
totals from field records did not always equal totals by reservoir records. Many fields are producing from reservoirs both above
and below 15,000 ft. For states that only carry field totals, the deep reservoirs have not been separately broken out in this study.
Production listed here only by reservoir for those states identified with asterisk (). Production totals at bottom of column are
rounded to nearest millions of units for simplicity.
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is located on the Eugene Island block off Louisi-
ana; it is producing from Miocene strata at a depth
of ~21,000 ft.

Deep Producing Wells and
Year of Completion

Table 5 contains well summaries from WHCS
for deep producing wells by year of completion, in
10-year increments, and depth (see Dyman and
others, 1990, for total number of deep wells based
on year of completion). Only eight wells classed as
producing from reservoirs deeper than 15,000 ft
were completed before 1960; all were reported as
gas producers. The first three wells to produce gas
deeper than 20,000 ft were completed in 1967. The
two deepest hydrocarbon-producing wells (wells
producing from deeper than 26,000 ft) were com-
pleted in 1977 and 1979. Deep gas-producing wells
account for 70% of the total deep producing wells
completed during the 1970-75 period, and >80%
completed during the 1976-87 period. For each
10-year increment, the ratio of gas-producing
wells to total producing wells below 15,000 ft in-
creases with depth. For all years together, >90% of
the wells that are classed as producers below
20,000 ft are producing gas.

Lithology of Producing Formation

Dyman and others (1990) compiled lithologic
data for deep producing wells in each state. Of the
wells producing oil deeper than 15,000 ft, 75% (467
wells) produce from clastic rocks. The deepest
clastic oil reservoirs occur in the New Mexico part
of the Permian basin (average = 18,243 ft). In Utah,
136 deep oil wells were completed in clastic reser-
voirs. Of the 366 deep oil wells that produce from
Tertiary rocks, 168 produce from the Miocene in
the Gulf Coast region, and 134 produce from the
Paleocene and Eocene Wasatch Formation in the
Rocky Mountain region. Of the 125 deep produc-
ing wells that are Jurassic oil producers, 92 pro-
duce from the Smackover Formation.

More than 75% (1,740 wells) of the deep gas
wells also produce from clastic rocks. The Ana-
darko basin and the Rocky Mountain region pro-
duce deep gas primarily from clastic reservoirs
(352 wells). In Texas, 55% of the deep gas wells
(377) produce from carbonate rocks; most of these
produce from the Lower Ordovician Ellenburger
Group in the Permian basin. Texas and Louisiana
have more deep gas wells which produce from
carbonate rocks than from clastic rocks. Deep gas
from carbonate rocks in the Upper Jurassic Smack-
over Formation is produced from 99 deep wells in
Texas, Alabama, Mississippi, and Florida.
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Deep Fields and Reservoirs

Table 6 lists the deepest field and reservoir and
total production by state for all deep fields and res-
ervoirs in that state. This table was produced using
PDS data, based on average depth of production
for reservoirs >15,000 ft. About 7 billion bbl of oil
and 50 trillion cubic feet (TCF) of nonassociated
gas have been produced from these deep reser-
voirs through 1985, according to PDS. For fields
with multiple reservoirs, shallow reservoirs (<15,000
ft deep) were not included. PDS lists 971 fields and
1,998 reservoirs as producing oil or gas below
15,000 ft. Texas has the greatest number of fields
(669) and reservoirs (1,530), and they are produc-
ing from carbonate rocks in the Permian basin and
carbonate and clastic rocks in the Gulf Coast basin.
Deep gas production accounts for ~7% of the U.S.
total cumulative gas production (698 TCF), and
deep oil production accounts for ~5% of the total
U.S. cumulative production (143 billion bbl) (U.S.
Geological Survey and U.S. Minerals Management
Service, 1989). The southern Midcontinent, the
Gulf Coast, and Texas have >1,900 deep reservoirs,
>95% of all total deep reservoirs in the U.S.

Total cumulative production through 1985 of
nonassociated deep gas for reservoirs discovered
prior to 1970 equals ~9.2 TCF, which is ~18% of the
total cumulative deep nonassociated-gas produc-
tion. Of the 260 active deep reservoirs listed in the
PDS file, 34 were discovered prior to 1970. The old-
est deep reservoirs were discovered in the Permian
basin and Gulf Coast regions.
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Lower Atoka Group (Spiro Sand) Stratigraphic Relationships,
Depositional Environments, and Sand Distribution,
Frontal Ouachita Mountains, Oklahoma

Robert C. Grayson, Jr., and Lawrence K. Hinde

Baylor University
Waco, Texas

ABSTRACT.—Outcrop studies demonstrate that the Spiro represents a mixed carbonate and ter-
rigenous clastic platform complex, which consists of laterally interfingering sandstone, shale,
and limestone. Accumulation of the Spiro on the Arkoma shelf began during a relative rise in sea
level, as quartz sand derived from reworking of the previously deposited fluvio-deltaic Foster
“channel sands” was transported southwestward across the shelf. Facies relationships, vertical
sequences, and sedimentary structures suggest that this reworked quartz sand accumulated on
the shelf as marine bars. :

Based on the surface exposures, three regions are distinguished that reflect overall differences
in the character of the Spiro. The Wilburton-Red Oak region contains the most areally extensive
sandstone deposits, and the highest net-sand values. There, Spiro sandstones primarily repre-
sent bar-crest and bar-flank facies. To the west, in the Hartshorne and Kiowa regions, sand-bar
deposits are thinner, smaller in areal extent, and they consist mostly of bar-flank and bar-mar-
gin facies. In addition, carbonate facies are more common. Carbonate facies developed between
marine bars are regarded as interbar accumulations. However, extensive carbonate deposits in
the Kiowa region record diminished terrigenous influx.

Spiro net-sand trends, mapped on a palinspastic base, closely resemble and seem to repre-
sent a lateral continuation of Spiro isopach trends previously identified in the Arkoma basin.

Basinward facies changes in the Spiro are evident within the frontal belt. However, more-
pronounced changes occur south of the Pine Mountain and Ti Valley faults. In this latter area,
Spiro equivalents are represented by terrigenous clastic and spiculitic basin-margin and basinal
facies. East of the surface exposures (along the frontal zone), Spiro terrigenous clastic and car-

bonate facies apparently grade into shale.

INTRODUCTION

Ongoing exploration in the northern Quachita
Mountains has shown that the Spiro can be an out-
standing gas reservoir. Drilling activity has pro-
vided data for palinspastic restoration and for
extending depositional trends established to the
north, in the Arkoma basin, into the restored over-
thrust portion of the southern Arkoma shelf,

The Choctaw fault is a regional structure that is
the boundary between the Ouachita Mountains
and Arkoma basin (Fig. 1). In the frontal Ouachita
Mountains, the Wapanucka limestone, middle
shale, and Spiro are exposed in one or more resis-
tant ridges separated by valleys that are floored
by “Springer” and/or Atoka shale (Fig. 2). These
thrust-fault- and fold-repeated ridges form arela-
tively narrow belt of exposures between the Choc-

taw and Pine Mountain faults (Fig. 1) that begins
near Stringtown, in Atoka County, and extends
northeastward then eastward through Pittsburg
County into Latimer County. The most extensive
of these ridges, Limestone Ridge, is in the hanging
wall of the Choctaw fault.

Our purpose is to describe the character of the
Spiro in outcrop and to relate interpretations of
the Spiro to previous interpretations of “Foster”
and Spiro sand trends in the Arkoma basin (Luumns-
den and others, 1971; Houseknecht and others,
1980). In this contribution, we propose a shelf-bar
model for sand units in the Spiro, based on analy-
sis of surface exposures and more limited exami-
nation of well logs and cores from the Spiro below
the Choctaw thrust. Tentative palinspastic resto-
ration of the thrusted Arkoma shelf in the frontal
Ouachita Mountains provides a base map for

Grayson, R. C., Jr.; and Hinde, L. K., 1993, Lower Atoka Group (Spiro sand) stratigraphic relationships, deposi-
tional environments, and sand distribution, frontal Ouachita Mountains, Oklahoma, in Johnson, K. S.; and
Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Okla-

homa Geological Survey Circular 95, p. 216-224.
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comparing sand trends in the thrust-faulted por-
tion of the Arkoma shelf with those documented
by Lumsden and others (1971) and by House-
knecht and McGilvery (1990) in the Arkoma basin.

GEOLOGIC SETTING

During the Pennsylvanian, the southern Mid-
continent region contained the edge of the Paleo-
zoic continent Laurasia, which included what is
now North America. This portion of the Laurasian
continental margin was initially an Atlantic-type
passive margin (Houseknecht, 1986). However, as
Pangea was assembled, collision of Laurasia with
Gondwana (Llanoria) resulted in a transition to a
convergent margin (Wickham and others, 1976;
Houseknecht, 1986). As the ocean basin between
Laurasia and Gondwana was subducted, the
northward-advancing thrust complex resulted in
flexural deformation of the margin of Laurasia
(Houseknecht, 1986; Sutherland, 1988). This tec-
tonic scenario and the flexural deformation model
have been applied by Houseknecht (1986) and
Sutherland (1988) to account for the Arkoma
(foreland) basin, as well as the presence in the
foreland of predominantly down-to-the-south
normal faults.

R. C. Grayson, Jr., and L. K. Hinde

Flexural deformation models (Angevine and
others, 1990) predict that the weight of the tec-
tonic load will result in a differential subsidence
pattern that leads to the characteristic asymmetric
shape of the fill of foreland basins. The flexural
model also predicts that a forebulge will develop
inboard from the foreland basin. The forebulge is
a positive area that is commonly a site of erosion
(Angevine and others, 1990), while sedimentation
may be occurring in an adjacent basin. Lumsden
and others (1971) showed that the “Foster,” mid-
dle shale (sub-Spiro shale), and Spiro are devel-
oped only in the southern portion of the Arkoma
basin, and that the “Foster” and locally the Spiro
are separated from the Wapanucka limestone by
an erosional boundary. It seems probable that
these stratigraphic relationships reflect the devel-
opment of a forebulge on the Arkoma shelf prior to
foreland-basin subsidence.

During the Carboniferous, several mixed clas-
tic- and carbonate-platform complexes existed
on the Arkoma shelf prior to foreland-basin sub-
sidence. The youngest of these platform com-
plexes includes the Wapanucka, middle shale, and
Spiro (Fig. 2). Strata of roughly equivalent age,
higher on the Arkoma shelf, are comparatively
thin, relatively incomplete, and were deposited in

Frontal Central
Ozarks Arkoma Basin QOuachitas Quachitas
NORTH - SOUTH
Kessler Ls. Atoka Fm.
,l Trace Creek Sh. .
3 /Splro Ss.
e D
_H' at Ood\ ¢ Sb. E
Ls, <

OUACHITAS

MORROWAN |

Inner Shelf

Outer Shelf

Slope Basin

Figure 2. Regional stratigraphic cross section of the Arkoma shelf (adapted from Grayson and Sutherland,

1988).
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a shallower marine environment. The Spiro and
Wapanucka also contrast markedly with coeval
basinal deposits represented by the boulder-bear-
ing Johns Valley Shale (Sutherland and Grayson,
1977) and by flysch facies in the lower part of the
Atoka Formation (Cline, 1956; Legg and others,
1990; Whiteside and Grayson, 1990). These basinal
units are comparatively thick and were deposited
in substantially deeper water.

SURFACE EXPOSURES

Our surface data (Grayson, 1979,1980; Frost,
1981; Grayson and Sutherland, 1988; Hinde, 1992)
consists of 60 measured sections spaced at more
or less even intervals along the length of the out-
crop belt (Fig. 1). Within this area, the Spiro con-
sists primarily of shallow-shelf lithofacies that
grade from predominantly quartz-sandstone and
shalein the east to predominantly limestone in the
west.

The precise thickness of the Spiro is difficult to
determine due to cover and fault concealment.
Measured thicknesses of the interval, however,
range from approximately 5 to 200 ft. The Spiro is
a basinward-thickening wedge that thickens
mostly due to the increased abundance of shale
and sandstone. An exception to this generality oc-
curs in the western outcrop area, where the Spiro
is predominantly limestone.

Maximum net-sand values approach 120 ft. In-
dividual sandstones coarsen upward and range in
thickness from a few feet to >30 ft. In general,
sandstone units thin toward the west (Fig. 3), and
show progressive changes such as decreasing
grain size and increasing importance of calcite
cement compared to quartz overgrowth cement.

Palinspastic Restoration

The belt of surface exposures is subdivided into
three general regions (Fig. 1) that reflect significant
variations in the character of the Spiro. Interpreta-
tion of several proprietary seismic lines leads us to
conclude that there is 18 mi of shortening in the
Wilburton-Red Oak region, 20 mi in the Harts-
horne region, and 13 mi in the Kiowa region.
These are minimal estimates of shortening. They
do not include any attempt to restore that portion
of the Spiro that has been removed by surface ero-
sion. Furthermore, neither northward-directed
thrusts that might exist north of the Choctaw fault,
nor the minor thrusts that affect the in-situ Spiro
were included in shortening estimates. In addi-
tion, the seismic lines we examined do not carry
far enough to the south to reveal the limits of the
in-situ Spiro. Our estimates are consistent with
values that Hardie (1986; personal communica-
tion, 1990) obtained from restoring his cross sec-
tions in the Pittsburg area. However, they are not
consistent with the tens of miles of shortening that

R. C. Grayson, Jr., and L. K. Hinde

some workers predict will eventually be deter-
mined (Tilford, 1990).

Depositional Model

Exum and Harms (1968) point out that the ver-
tical sequence of marine bars is characterized by
an upward-coarsening pattern. This contrasts
matkedly with the upward-fining pattern that char-
acterizes channel-fill deposits. Upward-coarsening
sequences are common within the Spiro, and we
have never observed the reverse. Therefore, we in-
terpret Spiro siliciclastic facies in terms of a marine-
bar model. Our model is modified from that of Ex-
um and Harms (1968). We recognize three silici-
clastic facies: (1) bar-crest, (2) bar-flank, and (3) bar-
margin (Fig. 4). The bar-crest facies consist of fine-
to medium-grained, moderately well-cemented,
thick- to very thick-bedded, tabular to tangential
cross-bedded quartzarenite. The bar-flank facies
is slightly finer grained, medium- to thick-bedded
quartzarenite with minor ripple marks being the
primary sedimentary structure. The bar-margin
facies consist of very fine-grained, well-cemented,
very thin- to thin-bedded quartzarenite with shale
interbeds. Sedimentary structures are generally not
obvious in the bar-margin facies.

In contrast to most marine-bar deposits, Spiro
bar facies are commonly associated with carbon-
ate facies. Some of the carbonates also represent
marine bars, whereas others record interbar envi-
ronments. Spiro limestone lithologies include
spicule biomicrite, algal and foraminiferal bio-
micrite, crinoidal biosparite, and, rarely, oospar-
ite. These lithologies are associated with Spiro
shelf bars and also occur between sand bar tracts.
In the Kiowa region, the Spiro is entirely composed
of carbonate lithologies.

Grayson (1980) discussed Spiro (upper sand-
stone/limestone member of the Wapanucka For-
mation) sandstone-bar facies in terms of tidal sand
waves and ribbons. This interpretation no longer
appears to be valid because there is only limited
field evidence for a significant tidal range during
Spiro accumulation. However, valid comparison
can be made between the Spiro and Shannon Sand-
stone. The Shannon is a Cretaceous sandstone unit
in Wyoming that contains two or more upward-
coarsening sequences. Harms and others (1982)
and Tillman and others (1984) interpreted these
sequences to record marine bars developed on a
shelf dominated by unidirectional currents (wind-
induced or oceanic). Spiro current patterns were
probably more complex. Precise paleocurrent di-
rections are difficult to ascertain because of limited
exposures. Nonetheless, we have observed at least
three current-direction modes; these are, in order of
decreasing frequency: southwest, west-southwest,
and north. These presumably reflect dominant
storm tracks, prevailing wind directions, oceanic
currents, and/or less-significant tidal currents.
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Figure 4. Marine-bar model for sand units within the Spiro.

Wilburton-Red Oak Region

In this easternmost region (Fig. 1), the Spiro is
the dominant ridge former with measured thick-
nesses approaching 200 ft. Commonly, the Spiro
is exposed only on Limestone Ridge. Locally, as
in Bandy Creek, south of Wilburton, the Spiro is
exposed on the two limbs of an overturned anti-
cline (Bowsher and Johnson, 1968). At the eastern
margin of the region, at least one imbricate thrust
above the Choctaw is present. This imbricate
thrust also contains an overturned anticline
(Frost, 1981).

Although there is considerable variation in the
vertical succession of rock types at different mea-
sured sections, the overall pattern in this region is
rather simple. Furthermore, there is good corre-
spondence between this pattern and that shown
by net-sand contours (Fig. 3). Those sections with
net-sand values >100 ft consist of approximately
four stacked, upward-shoaling bar-crest sequences.
These sequences are characterized by thick to very
thick beds of fine- to medium-grained quartz-
arenite, generally developed in upward-thicken-
ing packages. Sedimentary structures are abun-
dant and include tabular and tangential cross-

bedding and ripple bedforms. Based on these
structures, there were at least two predominant
directions of transport. The more common tabular
and tangential cross-beds record a south to south-
west transport direction; whereas, the less com-
mon rippled beds record a southwest to west-
southwest transport direction. Measured sections
immediately east and west of this area contain less
net sand and, for the most part, contain bar-flank
and bar-margin sandy facies, and interbar carbon-
ate facies. Several shoaling sequences can also be
recognized in these overall lower-energy succes-
sions.

Hartshorne Region

The Hartshorne region (Fig. 1) extends from
just west of Wilburton to just west of the Indian
Nation Turnpike. It contains a dramatic transition
in structural style from predominantly one major
thrust fault (Choctaw fault) that brings the Spiro to
the surface, to multiple thrusts that also expose
the Spiro.

Within the Hartshorne region there is consider-
able variation in the lithologic character of the
Spiro. Measured sections at both the east and west
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ends apparently lack sandstone. Most sections
consist predominantly of limestone facies, and
generally contain a relatively thin basal sandstone.
At the west end of the region, the northernmost
measured section on the Indian Nation Turnpike
contains calcareous sandstone or sandy limestone
in the middle of the Spiro.

Two general types of interbar limestone are
recognized within the Spiro. In the vicinity of Harts-
horne, the most common limestone is sponge-
spicule biomicrite, which may comprise over half
of the total thickness of the Spiro. Farther to the
west, limestones occur in lithologically variable
shoaling sequences that generally include, from
base to top, spicule biomicrite, foraminiferal and
algal biomicrite, and skeletal or oolitic biosparite.

Within this region, there is only one significant
area where sandstone units are well developed.
This area includes several measured sections
south and southwest of Hartshorne that are lo-
cated on the more basinward thrust sheets (Fig. 3).
In fact, the only significant development of bar-
crest facies occurs in the most basinward mea-
sured section (MS 10 of Grayson, 1980; MS 315
[locality 7] of Grayson and Sutherland, 1988). This
section of stacked bar-crest facies is now known to
indisputably represent the Spiro, because Mauldin
(M.S. thesis, in preparation) has identified Wapa-
nucka in sequence a short distance to the west
along the same ridge. Although sandstone units
in the remaining sections enclosed by the 50-ft
net-sand contour (Fig. 3) are comparable in the
amount of sand, they represent primarily bar-
margin and bar-flank facies. Using well logs, simi-
lar pods of sandstone can be identified in the sub-
Choctaw thrust interval (Fig. 3).

Kiowa Region

Surface exposures of the Spiro in the Kiowa re-
gion (Fig. 1) consist predominantly of limestone
facies. Along Limestone Ridge, sandstones occur
only at the eastern margin of the Kiowa region. In
the more-basinward sections, south of Kiowa,
sand units are present at several localities, where
they occur in an upward-thickening and -coarsen-
ing sequence. Although these successions include
bar-crest facies, they consist largely of bar-flank,
bar-margin, and interbar facies. Based on well-log
analysis, the Spiro within the subthrust interval
also includes discontinuous pods of sandstone
(Fig. 3).

In the southwestern portion of this region,
along Limestone Ridge, limestone facies within
the Spiro record a southwestward increase in
paleowater depth. The most northeastward sec-
tion contains upward-shoaling limestone se-
quences that are capped by thick, cross-bedded,
skeletal biosparites; sponge-spicule biomicrites
are not well developed. In contrast, at the south-
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west limit of Limestone Ridge, the Spiro consists
predominantly of spicule biomicrite; algal bio-
micrite and biosparite units are comparatively
thin.

REGIONAL SYNTHESIS

The Arkoma shelf is a major Paleozoic feature
of the southern Midcontinent that was recognized
by Sutherland (1988) as including portions of the
Ozark Mountain and Arkoma basin regions. We
have broadened the usage of that term to include
portions of the Ouachita Mountains. The rationale
for this is the fact that deposits characteristic of the
Arkoma shelf are also present in the northern
Ouachita Mountains.

The Wapanucka, middle shale, and Spiro are
stratigraphic units that together comprise a major
platform complex that existed on the Arkoma
shelf. They record overall aggradation and progra-
dation, punctuated by several localized transgres-
sive events. Accumulation of these units on the
Arkoma shelf ended with a major transgression as
the Arkoma foreland basin became established. In
the frontal Ouachita Mountains, the Wapanucka,
middle shale, and Spiro record events that oc-
curred at the distal end of the broad Arkoma shelf,

Regression in late Morrowan or early Atokan
time, associated with either tilting of the Arkoma
shelf (Sutherland and Henry, 1977) or the develop-
ment of a forebulge on the Arkoma shelf, estab-
lished “Foster” fluvio-deltaic environments. These
SE-NW-trending channels locally incised the up-
per part of the Wapanucka limestone (Lumsden
and others, 1971). In the frontal Ouachita Moun-
tains, the lateral equivalent of the “Foster” chan-
nels is the middle shale. The middle shale records
fine clastic influx that restricted carbonate sedi-
mentation to the western portion of the Arkoma
shelf (Figs. 1,3). During transgression, carbonate
sedimentation was reestablished on the outer Ar-
koma shelf. Although comparable to Wapanucka
sedimentation, Spiro carbonate sedimentation was
areally more restricted owing to sand influx from
the northeast. Presumably, reworking of the previ-
ously deposited “Foster” fluvio-deltaic deposits
was the source for this influx. In the frontal Ouach-
itas, sand and carbonate deposition ceased en-
tirely as incipient foreland-basin subsidence led to
the development of deeper water depositional set-
tings and accumulation of Atoka flysch.

Sand Trends

Two depositional trends (“Foster” and Spiro)
can be recognized in isopach maps constructed by
Lumsden and others (1971). One trend (SE-NW),
which they referred to as the Foster sand, was in-
terpreted as representing fluvio-deltaic channel
sands. Although not specifically stated, their Spiro
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isopach map reveals a SW-NE trend. Lumsden
and others (1971) recognized within this trend sev-
eral generalized facies, which were interpreted to
represent one or more of the following environ-
ments: lagoonal, tidal flat, tidal channel, bar, and
beach. Lumsden and others (1971) noted the fact
that within the Spiro, sand and carbonate facies
are intimately related, a relationship that is also
characteristic of the surface exposures in the fron-
tal Ouachita Mountains. Our net-sand map (Fig.
3), which is plotted on a palinspastic basis, is con-
structed with the premise that there is complete
depositional and stratigraphic continuity between
the Spiro in outcrop and in the Arkoma basin. For
this reason and because descriptions of the Ar-
koma basin Spiro match what is seen in outcrop
(Houseknecht and others, 1989), we propose that,
like the Spiro in outcrop, Spiro in the Arkoma ba-
sin primarily represents offshore shelf bars.

On the other hand, Houseknecht and McGil-
very (1990), in a study of the Red Oak field, showed
several porosity trends that they interpreted to
represent channel deposits within the Spiro. Some
of the accumulations contained only cross-bed-
ded sandstone, whereas others consisted of both
cross-bedded limestone and sandstone. House-
knecht and McGilvery (1990) interpreted the
former to represent fluvially dominated channel
deposits and the latter to reflect tidally dominated
channel deposits. In Figure 3, their Spiro porosity
trends have been superimposed on Lumsden and
others (1971) Spiro isopach data. In our deposi-
tional model, these Spiro “channels” are bar-crest
facies, which in outcrop consist of either cross-
bedded sandstone or limestone. Likewise, we
would recognize Houseknecht and McGilvery’s
(1990) interchannel deposits as interbar, bar-
margin, and bar-flank facies.

We have not been able to establish bar-crest
trends within the sand-bar tracts, based on surface
data (Fig. 3). However, Houseknecht and McGilvery
(1990) data lead us to speculate that the bar crests
may be oriented roughly perpendicular to the
trends in the Spiro isopach and net-sand contours.
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Trends of Sandstone Porosity in the Anadarko Basin—
A Preliminary Evaluation

Timothy C. Hester

U.S. Geological Survey
Denver, Colorado

INTRODUCTION

This report presents the preliminary data and
results of an ongoing study relating porosity and
thermal maturity of sandstones of the Anadarko
basin, Oklahoma (Hester and Schmoker, 1990).
Treating porosity as a function of thermal matur-
ity normalizes the overprint of burial history on
porosity evolution, allowing porosity data from
basins with different thermal histories to be
merged and/or compared in the same context
(Schmoker and Hester, 1990).

To best characterize sandstone-porosity trends
in the Anadarko basin, three data sets have been
compiled—two data sets representing Anadarko
basin reservoir and nonreservoir sandstones, and
one composite data set of sandstones from nu-
merous basins, exclusive of the Anadarko basin,
representing sandstones in general. Each data set
consists of many sandstone porosity-vitrinite re-
flectance (R,) data pairs that provide trends repre-
sentative of that particular subset of sandstones.
Porosity-R, trends of Anadarko basin reservoir and
nonreservoir sandstones are each compared to a
set of porosity-R, trends representing sandstones
from basins other than the Anadarko, and the two
are also compared to each other. Anadarko basin
sandstone-porosity trends are thus evaluated rel-
ative to a framework of sandstones in general
(Schmoker and Hester, 1990).

The data presented here are preliminary. Nev-
ertheless, they are useful in the following ways:
(1) they provide a means of estimating sandstone
porosity in advance of drilling; (2) they provide
comparative insights into porosity trends of reser-
voir and nonreservoir sandstones; and (3) they
provide a standard with which to identify anoma-
lously high- or low-porosity sandstones in the
Anadarko basin.

DATA SETS

The first data set provides a porosity-R0 trend
typical of Anadarko basin nonreservoir sandstones
as a whole. The porosity data consist of more than

800 log porosity measurements representing
>7,000 net ft of Paleozoic-age sandstone from 33
wells (Fig. 1) in the central and southern Anadarko
basin. Sandstone was identified on each well log,
(compensated-neutron and formation-density
logs run on limestone matrix) and was then sub-
divided into intervals of uniform log character.
The porosity curves of each interval (>4 ft thick)
were averaged and true porosity determined using
standard neutron-density crossplots. R, values for
Anadarko basin nonreservoir sandstone intervals
were calculated using an empirical R,-depth rela-
tionship developed for the Anadarko basin by
Schmoker (1986). In this report, the term “nonres-
ervoir” indicates that the porosity data were taken
directly from well logs of nonproductive sand-
stones; the term does not necessarily preclude the
presence of hydrocarbons.

DATA LOCATIONS

RESERVOIR SANDSTONES @
NON-RESERVOIR SANDSTONES A

100 MILES

———
100 KILOMETERS

Figure 1. Map showing Anadarko basin total-sedi-
ment isopachs (ft) and data locations.

Hester, T. C., 1993, Trends of sandstone porosity in the Anadarko basin—a preliminary evaluation, in Johnson,
K.S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium:

Oklahoma Geological Survey Circular 95, p. 225-229.
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The second data set provides a porosity-R,
trend typical of Anadarko basin hydrocarbon-
bearing sandstone reservoirs. The porosity data
consist of averaged log porosity measurements of
105 Paleozoic-age sandstone oil and gas reservoirs
of the Anadarko basin (Fig. 1) from published oil-
and gas-field compilations (Cramer and others,
1963; Berg and others, 1974; Pipes, 1980; Harrison
and Routh, 1981). R, values were calculated as in
the previous data set (Schmoker, 1986).

The third data set represents a sampling of sand-
stones of diverse ages, geologic settings, diagenetic
facies, and thermal histories, and provides a frame-
work of porosity-R, trends typical of sandstones in
general (Schmoker and Hester, 1990) with which to
compare both Anadarko basin nonreservoir and
reservoir sandstone-porosity data. The framework
data consist of many thousands of individual poros-
ity and R, measurements from Cenozoic and Meso-
zoic sandstones in 27 locations in the Northern
Hemisphere, exclusive of the Anadarko basin. The
data, from published core-plug porosity and R,
measurements (Schmoker and Hester, 1990), are
represented in this report by least-squares regres-
sion lines fit to the 10th, 25th, 50th, 75th, and 90th
porosity percentiles of the framework data set.

50—

POROSITY (%)

P
1

| I

|

T. C. Hester

POROSITY-R, TRENDS

A least-squares regression line fit to the poros-
ity-R, data for nonreservoir sandstones of the cen-
tral and southern Anadarko basin shows that non-
reservoir sandstone porosity generally declines
with increasing thermal maturity (Fig. 2). How-
ever, the data appear to consist of two separate
populations—a less thermally mature population
represented by R, <1.1%, and a more thermally
mature population represented by R, >1.1%. Cor-
relation coefficients (r?) of the least-squares re-
gression lines, fit to each of the two data popula-
tions (Fig. 3), show a much stronger dependence
of porosity on R, for the less mature trend of non-
reservoir sandstones (where R, <1.1%, r? = 0.40)
than for nonreservoir sandstones taken as a whole
(Fig. 2, r=0.15). The better correlation of the less
mature trend compared to that of the nonreservoir
sandstone data set as a whole suggests that the
two data populations might best be considered
separately, with a preliminary boundary placed at
aboutR,=1.1%.

In both populations of points shown in Figure
3, porosity generally declines as a power function
(Schmoker and Hester, 1990, equation 1) of in-

0.2 T T T T T T
0.2

1.0
VITRINITE REFLECTANCE (%)

‘ T 1 T

Figure 2. Porosity of Anadarko basin nonreservoir sandstones versus vitrinite reflectance (R;) with least-

squares regression line.
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Figure 3. Porosity of Anadarko basin nonreservoir sandstones versus vitrinite reflectance (R) with least-
squares regression lines (heavy lines) fit to each of two nonreservoir-sandstone data populations separated
at R, = 1.1%. Also plotted are least-squares regression lines fit to 10th, 25th, 50th, 75th, and 90th porosity
percentiles of the framework data set representing sandstones in general (Schmoker and Hester, 1990).
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Figure 4. Pdrosity of Anadarko basin reservoir sandstones versus vitrinite reflectance (R,) with least-squares
regression line. Also plotted are box-diagram percentiles representing Anadarko basin nonreservoir sand-

stone data.
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Figure 5. Summary diagram showing least-squares regression line for Anadarko basin reservoir sandstones,
box-diagram percentiles for Anadarko basin nonreservoir sandstones, and porosity-R, envelope bounded by
least-squares regression lines fit to the 10th and 90th porosity percentiles of the framework data set repre-
senting sandstones in- general (Schmoker and Hester, 1990).

creasing thermal maturity. The least-squares re-
gression lines fit to the data for R, <1.1% show that
the rate of porosity decrease with increasing R, for
nonreservoir sandstones is greater than that of the
average trend of the porosity-R, framework repre-
senting sandstones in general. For R, >1.1%, the
rate of porosity decrease with increasing R, for
Anadarko basin nonreservoir sandstones is lower
than that of sandstones in general,

For this preliminary report, sufficient data to
substantiate a probable cause for the change of
slope of the porosity trend of Anadarko basin non-
reservoir sandstones are not yet available. To
speculate, the two populations of nonreservoir
sandstone-porosity data (apparent in Figs. 2-5)
may represent sandstones from different geo-
graphic areas, depositional environments, or sub-
surface pressure regimes, or sandstones with dif-
ferent burial or cementation histories. Identifica-
tion and stratigraphic correlation of the nonreser-
voir sandstones, with the addition of petrographic
information, are suggested here as a first approach
to examining the nature of the two populations of
Anadarko basin nonreservoir sandstones.

The porosity-R, trend of Anadarko basin hydro-
carbon-reservoir sandstones (Fig. 4) follows a dif-

ferent pattern. The least-squares regression line
shows that the rate of porosity decrease with in-
creasing R, for reservoir sandstones is much lower
than that of both nonreservoir sandstones with R,
<1.1% (Fig. 4) of the central and southern Ana-
darko basin and sandstones in general (Fig. 5).
This relatively low rate of porosity decline with in-
creasing R, could be due to geologic factors such
as overpressuring or the inhibiting effects of early
hydrocarbon emplacement on sandstone diagen-
esis, and/or to economic factors such as the bias
inherent in the selection of sandstone hydrocar-
bon reservoirs.

As R, increases from low levels to ~1.1%, the
porosity trends of Anadarko basin reservoir and
nonreservoir sandstones cross (Fig. 4), effectively
restricting the porosity of reservoir sandstones to
increasingly higher percentiles of the porosity
range of nonreservoir sandstones. These diverging
trends predict that sandstone porosity sufficient
for commercial hydrocarbon reservoirs becomes
extremely rare at only moderate levels of thermal
maturity. At about R, = 1.1%, however, the slope of
the porosity trend for Anadarko basin nonreser-
voir sandstones levels off (Figs. 3-5). The average
porosity of Anadarko basin reservoir sandstones
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then remains within about the upper 10% of the
porosity range of nonreservoir sandstones. As
thermal maturity levels increase above ~1.1% R,,
the similar slopes of the porosity trends of Ana-
darko basin reservoir and nonreservoir sand-
stones suggest that sandstones of the central and
southern Anadarko basin may retain sufficient
porosity for economic accumulations of hydro-
carbons, even at high thermal maturities.
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Midcontinent Fluvial-Dominated Deltaic Depositional
Environments and Their Influence on Enhanced Oil Recovery*

William I. Johnson and David K. Olsen

National Institute for Petroleum and Energy Research
Bartlesville, Oklahoma

Integrated geological and engineering analyses
based on published and unpublished reports and
theses were conducted to evaluate the feasibility
of recovering heavy oil in the Midcontinent (Okla-
homa, Kansas, and Missouri). Data on reservoir
characterization of sandstone members of the
Cherokee Group, (Desmoinesian Series, Middle
Pennsylvanian) in the Cherokee and Forest City
basins were collected from geological societies,
geological surveys, state oil and gas boards, uni-
versities, U.S. Department of Energy, and other
sources. Analyses of heavy- and light-oil reservoirs
and successful and unsuccessful EOR projects
were analyzed to determine their common char-
acteristics.

Heavy- and light-oil reservoirs are present in
reservoir rocks of the same age. For example, the
Bartlesville sandstone (a fluvial-dominated deltaic

deposit in the Cherokee Group) is commonly a .

reservoir rock for both heavy and light oil in the
study area. The primary difference between
heavy- and light-oil reservoirs is the gravity and
viscosity of oil entrapped in the reservoir rock.
Cherokee Group sandstones in the Cherokee
and Forest City basins were deposited in a fluvial-
dominated deltaic environment. These sandstones
are dominated by those laid down as channel fill-

1This report was prepared as an account of work spon-
sored by an agency of the United States Government.
Neither the U.S. Government nor any agency thereof,
nor any of their employees, makes any warranty, ex-
press or implied, or assummes any legal liability or re-
sponsibility for the accuracy, completeness, or useful-
ness of any information, apparatus, product, or proc-
ess disclosed, or represents that its use would not in-
fringe privately owned rights. Reference herein to any
specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorse-
ment, recommendation, or favoring by the U.S. Gov-
ernment or any agency thereof. The views and opin-
ions of authors expressed herein do not necessarily
state or reflect those of the U.S. Government or any
agency thereof.

ing, multi-storied, multiple-stacked, discontin-
uous, fining-upward, point-bar deposits in chan-
nels cut into underlying older Pennsylvanian and/
or Mississippian rocks. Individual channels com-
monly were no more than ~1,300 ft wide at any
given time. However, many Cherokee Group oil
fields are much wider than 1,300 ft due to lateral
migration and stacking of sand bodies as the
stream meandered across the flood plain. The
larger fields are made up of multiple sandstone
bodies (correlated as the same sandstone) that
were deposited as point-bars in active migrating
channels.

Ultimate recovery of oil from reservoirs in
Cherokee Group sandstones is affected by facies,
small-scale sedimentary structures, bedding-
boundary and intergranular small-scale perme-
ability barriers, and diagenetic changes, com-
monly noted as heterogeneities, within the sand-
stone body. Lower sandstone facies probably con-
tain the largest volume of oil economically recov-

‘erable by primary, waterflood, and/or enhanced

oil-recovery production. Upper sandstone facies
that are part of the oil reservoir will contribute
small quantities of oil throughout the productive
life of the reservoir, but production will be less
cost-effective (Fig. 1).

The upper facies of these sandstones com-
monly contain oil entrapped in discontinuous
depositional compartments. This compartmental-
ization is effected by both depositional features
and diagenetic changes. Depositional compart-
mentalization refers to the presence of sandstone
lenses smaller than the prevailing well spacing (10,
20, 40, or 80 acres). Depositional compartments
may be one acre, or smaller. Bedding-boundary and
intergranular small-scale permeability barriers are
associated with depositional compartmentaliza-
tion. Bedding-boundary permeability barriers are
formed by early, partial to almost complete ce-
mentation of very fine-grained sediment depos-
ited along boundaries of sand lenses. Small-scale
intergranular permeability barriers may be formed
by precipitation of diagenetic clays, or by defor-
mation of clay or shale pebbles deposited with the

Johnson, W. L; and Olsen, D. K., 1993, Midcontinent fluvial-dominated deltaic depositional environments and
their influence on enhanced oil recovery, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir
geology in the southerm Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 230-235.
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sand grains (Fig. 1). Depositional compartmental-
ization and bedding-boundary and small-scale
intergranular permeability barriers are commonly
referred to as reservoir “heterogeneities.”

Oil entrapped in reservoirs after waterflooding
is often labeled “bypassed” or “unswept” oil, im-
plying that all of this oil could be recovered with
suitably designed polymer floods or some similar
method for improved sweep efficiency. However,
our analysis of reservoirs in the Midcontinent has
shown that much of this oil is trapped in deposi-
tional compartments and would only be recover-
able by infill-drilling programs. Other reservoir
parameters and economic factors could be evalu-
ated to determine if recovering such oil by infill
drilling is economical or not.

Thin (a few inches to 3 ft thick), laminated, par-
allel-bedded sandstones are present in some up-
per facies deposits. If parallel-bedded sandstone

- has porosity, permeability, and oil saturation as
good as those of lower facies deposits, oil may be
swept by secondary and EOR processes from this
zone. Parallel-bedded sandstone may also act as a
“thief” zone (zone where fluids can flow faster) for
waterflood or enhanced-waterflood operations,
creating a direct path between wells. The direct
path is created by the horizontally continuous per-
meability path between wells in parallel-bedded
sandstone. In contrast, permeability paths are dis-
continuous between wells in depositionally com-
partmentalized sandstone. If permeability is
continuous between wells, the sweep efficiency
should be significantly higher. If permeability is
discontinuous between wells, as with deposition-
ally compartmentalized sandstone, overall sweep
efficiency will be poor.

When infill wells are drilled late in the life of a
Cherokee Group sandstone field, an operator may
complete “good” oil-producing wells. These wells
commonly decline within a few days to a few
weeks and become stripper wells producing 0.5-2
b/d. These wells may be economical and pay out
in months to years, depending on the rate of de-
cline. If the “good” oil-producing well has been
completed in an upper facies with depositional
compartmentalization of oil in the reservoir, pay-
out may be in a few months, years, or never. Verti-
cal infill wells drilled for recovery of the “unswept”
oil entrapped in depositional compartments may
not be economical. Horizontal wells will encoun-
ter the same problems as those of vertical infill
wells. Therefore, horizontal-well technology with
present completion technology may not be the
solution for recovering depositionally compart-
mentalized oil at this time. Well stimulation by
hydraulic fracturing with a proppant will create
vertical fractures, tending to be aligned perpen-
dicular to the direction of least principal stress
(approximately NE-SW in the Midcontinent)
when implemented in reservoirs deeper than

W. L Johnson and D. K. Olsen

~1,000 ft. These fractures, created by hydraulic
fracturing, will contact a limited number of sand-
stone compartments (lenses) or the same com-
partment in which the well is located. This offers a
temporary solution for increasing oil recovery, since
fractured wells will have the same problems as
those of vertical wells in compartmentalized facies.

The lower trough-bedded facies of Cherokee
Group sandstones will have the best oil recovery.
Trough-bedded sandstone is generally fine- to
medium-grained quartz sandstone with less depo-
sitional compartmentalization than the upper
facies. The lower facies sandstones are more con-
tinuous and less “heterogeneous” than the upper
facies sandstones. When waterflooding and en-
hanced waterflooding are implemented in this
facies, oil will be swept between wells from injec-
tor to producer. This facies is preferentially swept
by injected fluids because the more continuous
lower facies has a more continuously favorable
porosity and permeability resulting in better
sweep efficiency. A direct flow path in the direc-
tion of sediment transport sometimes develops in
lower-facies reservoir rocks that are unevenly dis-
tributed across the reservoir. This may be recog-
nized by early breakthrough of injected fluids in
lower facies or in thin, parallel-bedded upper
facies. Lower-facies reservoir rock may have po-
rosity, permeability, and oil saturation equal to, or
greater than, that of the upper facies. Oil from an
upper facies will be produced by imbibition dur-

- ing secondary and enhanced waterflooding. Wells

producing small quantities (0.5-2 b/d) of oil after
40-50 years of waterflooding are probably pro-
ducing oil by imbibition from an upper facies into
other facies.

Horizontal wells drilled as oil producers early in
the life of a Cherokee Group sandstone field prob-
ably would have drained the reservoir more rap-
idly. However, horizontal wells will currently ben-
efit the region less because Midcontinent sedi-
mentary basins are in a late-maturity stage of oil
exploration and development. Horizontal-well
technology may be feasible in thick, trough-
bedded, lower-facies reservoir rock as injectors for
secondary and enhanced waterflooding, but most
of the lower facies in developed fields have already
been swept by decades of air and water injection.

Rocks of the Midcontinent are naturally frac-
tured. The primary.set trends northeast-south-
west; a secondary set of fractures is more or less
perpendicular to the principal direction. Natural
fracturing in an oil reservoir may cause problems
of direct linedrive between wells when secondary
or enhanced waterflooding is implemented. Rec-
ognition of the probability of fracturing in the sub-
surface is possible through the identification of
surface fractures by aerial photography over the
oil-producing area. Although structural compart-
mentalization caused by faulting does not appear
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to be causing problems in Midcontinent oil reser-
voirs, horizontal-well technology (presently devel-
oped), with wells drilled perpendicular to the di-
rection of natural fracturing, and advanced well-
stimulation technology (for future development)
may make it possible to contact multiple deposi-
tional compartments with one well.

Identification of upper and lower facies of
Cherokee Group sandstones on electric logs is of-
ten possible. If cores are available for comparison
of geology and petrophysical characteristics with
electric-log characteristics, identification of upper
and lower facies on electric logs in wells that have
not been cored is possible (Fig. 2). Many old oil
fields have changed owners throughout their life.
Cores, if any, and logs and drillers’ records may
have been lost or misplaced when they should
have been passed along to new owners. Prior to
implementation of an EOR process, an operator
should seriously consider drilling a few new wells
scattered throughout the producing area. Core
analysis of petrophysical and sedimentologic
properties will help to identify depositional com-
partmentalization in the reservoir, swept and un-
swept zones, and will facilitate the design of an
EOR project with injection patterns to fit previous
and new data.

This study illustrates why economic-feasibility
analysis and engineering design of waterfloods
and/or EOR projects should incorporate geologi-
cal, chemical, and petrophysical information ob-
tained during reservoir development and primary
production. In calculating the remaining recover-
able reserves in an oil reservoir where waterflood
and EOR processes are to be applied, the geologi-
cal facies to be swept should be characterized and
the geological data should be integrated with pro-
duction and reservoir information mentioned
above. Results of the study show that depositional
facies of fluvial-dominated, deltaic channel-fill-
sandstone reservoirs should be identified prior to
design and implementation of EOR processes.
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to Fractured Hunton and Sycamore Development,
Eola Field, Garvin County, Southern Oklahoma
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ABSTRACT.—A transpressive tectonic model has been applied to shallower pool development
of the Eola field. The transpressive model accounts for structural incongruity of a large normal
fault at the core of a zone of intense shortening and for stratigraphic mismatches across the fault.
Ayounger east-directed low-angle thrust cuts off the top of the structure and further defines the

limits of the reservoirs.

INTRODUCTION

The Eola field is the down-plunge extension of
the Arbuckle Mountain front. It was initially devel-
oped in the 1950s as an Ordovician Simpson-sand
field producing 200 million bbl of oil and 210 Bcf of
gas from depths of 11,000-15,000 ft. The mecha-
nism forming the Eola field has been variously de-
scribed in the literature as compressional thin-
skinned overthrusts (Swesnik and Green, 1950), ex-
tensional normal faults (Harlton, 1964), and a mas-
sive gravity slide (Phillips, 1983). The concept of
transpression, simultaneous translation and com-
pression along a fault system, has been applied to
generate a predictive model of reservoir distribution
and geometry. This model has guided the strategy
for developing the shallower fractured Mississip-
pian Sycamore Limestone and the Devonian Hun-
ton limestones at depths of 6,000-8,000 ft.

STRATIGRAPHIC MISMATCHES

The stratigraphic changes in the Hunton, Syl-
van, and Sycamore strata across the Eola fault sug-
gest that juxtaposed rocks were originally much
farther apart then they are now. The Hunton
Group is 250 ft thick north of the fault, whereas im-
mediately south of the fault, only the bottom 45 ft
of the Hunton is present. The north-south cross
section in Figure 1 shows the dramatic thinning of
the Hunton across the Eola fault, The Sylvan Shale
has the same thickness across the fault, but the
lower 100 ft is carbonate-rich south of the fault.
Sycamore strata are also the same thickness on
both sides of the fault, but the 60-ft-thick lime-

stone beds are present only south of the fault. A
relatively simple two-dimensional palinspastic
restoration of cross section A-A’ (Fig. 1) cannot
account for these abrupt stratigraphic changes.

STRUCTURE
Structural Incongruity

The structure at Eola field is that of an over-
turned syncline/anticline pair, with the main Eola
fault cutting through the crest of the anticline (Fig.
1). The folding was caused by a major component
of compression across the fault system. The prob-
lem is that there is 300500 ft of apparent normal
offset on the Eola fault, and a large extensional
normal fault is not compatible with the compres-
sion inferred from the folding. A simultaneous lat-
eral component of motion along the Eola fault
would resolve this incongruity. The apparent off-
set along a transpressive fault is not kinematically
significant. It is a function of where, along the
fault, the apparent offset is measured. There is no
direct measure of the amount of lateral movement
on the fault. A minimum of 1-3 mi lateral move-
ment is indicated by the lack of a stratigraphic
match in the area of the field. The structural style
indicates that the ratio of compressional shorten-
ing to lateral translation is approximately 1:1.

Late Low-Angle Thrusting

After the trarispressive event, alow-angle thrust
fault cut off the top of the overturned anticline and
the Eola fault, carrying them 500-1,000 ft to the

Kendall, J. J., 1993, Application of a transpressive tectonic model to fractured Hunton and Sycamore develop-
ment, Eola field, Garvin County, southern Oklahoma, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-
reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95,

p. 236-239.
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east. Figure 1 shows this offset. Cross section D-D’
(Fig. 2) is perpendicular to this thrust fault. The in-
set map in Figure 2 shows the relative orientation
of the lines of section and major structural fea-
tures. This thrust defines the upper limit of Syca-
more and Hunton reservoir development. Reser-
voirs in the hanging wall, though enhanced by
fractures, are unattractive primary objectives be-
cause they are isolated from the main body of the
reservoir and have limited reserves.

CONCLUSIONS

The stratigraphic mismatches and structural
inconsistency of an apparent normal fault in the
core of a zone of extreme shortening is best ex-
plained by incorporating a lateral component of
fault motion. There is a minimum of 1-3 mi of lat-
eral offset, with regional considerations indicating

239

that movement was probably left-lateral. Accord-
ing to the transpression model, the target for ex-
ploration and development is north of the Eola
fault and below the younger thrust faults.

REFERENCES CITED

Harlton, B. H., 1964, Tectonic framework of Eola and
Hoover oil fields and West Timbered Hills areas,
Garvin and Murray Counties, Oklahoma: American
Association of Petroleum Geologists Bulletin, v. 48,
p. 1555-1567.

Phillips, E. H., 1983, Gravity slide thrusting and folded
faults in western Arbuckle Mountains and vicinity,
southern Oklahoma: American Association of Pe-
troleum Geologists Bulletin, v. 67, p. 1363-1390.

Swesnik, R. M.; and Green, T. H., 1950, Geology of Eola
area, Garvin County, Oklahoma: American Asso-
ciation of Petroleum Geologists Bulletin, v. 34, p.
2176-2199.



Oklahoma Geological Survey Circular 95, 1993

Lithology and Reservoir Development of the Arbuckle Dolomiite,

Wilburton Field, Latimer County, Oklahoma

Paul K. Mescher and Douglas J. Schultz
ARCO 0il and Gas Co., Plano, Texas

Steven J. Hendrick, Mark A. Ward,
and Jeffrey A. Schwarz
ARCO 0il and Gas Co., Midland, Texas

ABSTRACT.—ARCO’s 1987 discovery of gas-prone Cambrian-Ordovician Arbuckle dolomite in
Wilburton field resulted in development of extensive dry gas reserves, currently estimated at 500
Bef from 15 producing wells. Approximately 180 Bcf has been produced through February 1991.
The Arbuckle produces from a major southwest-dipping horst block, bounded by high angle nor-
mal faults. The faults create as much as 1,800 ft of vertical offset, and commonly result in Silu-
rian-Devonian sediments (Hunton/Woodford) juxtaposed against the Arbuckle. Shallower,
thrusted Pennsylvanian Cromwell, Spiro, and Wapanucka strata overlie the major horst block.

Cores from three ARCO production wells and two exploratory tests reveal Arbuckle sediments
formed in a peritidal complex, as shown by algal mats, stromatolites, tidal laminites, rip-up
clasts, bioturbated intervals, and bioclastic/ooid grainstone beds. Dolomitization is pervasive,
and cross-cuts all depositional facies. The upper 220-250 ft of the reservoir (West Spring Creek
Formation) contains mostly intact host rock with intercrystalline (matrix) porosities ranging
from 4 to 18%, and permeabilities as much as 936 md. Gamma ray log markers correlate consis-
tently across this interval.

A major intraformational unconformity exists within the West Spring Creek Formation below
this upper zone. An unconformable contact between the West Spring Creek and the top of the
Kindblade Formation is inferred from conodont data. Cores from the West Spring Creek below
the intraformational unconformity reveal numerous karsted intervals containing cave-fill sedi-
ments and abundant crackle, mosaic, and chaotic collapse breccias. Cave-fill zones contain au-
tochthonous detrital cherts, dolomite clasts, quartz grains, and other terrigenous material. These
zones commonly have irregular gamma ray “spikes” that correlate only locally. Chaotic breccias
consist of angular breccias that commonly have well-developed fracture networks, and appear
to have originated as breakdown breccias from cave ceilings and chamber walls. The extensive
nature of cave fill and brecciated intervals suggests multiple periods of subaerial exposure in the
Wilburton area, followed by resumption of Arbuckle deposition.

Pennsylvanian (Ouachita) tectonism reactivated and/or created additional faulting and frac-
turing, serving to break up relict karst and stratigraphic zonations, as demonstrated by excellent
pressure and production communication among the wells in the field.

INTRODUCTION

Wilburton is a large multizone dry gas field in
Latimer County, Oklahoma. Prior to 1987, Lower
Pennsylvanian Spiro sands (Atokan), Cromwell
sandstone, and Wapanucka Limestone {(Morrowan)
were the main producing intervals in the field. Si-
lurian Hunton carbonate and Ordovician McLish
sandstone may also prove to be productive. The
Arbuckle portion of the field produces from a ma-
jor horst block below thrust-faulted Pennsylva-
nian rocks (Fig. 1). The Arbuckle portion of the res-
ervoir has produced >180 Bcf from 15 wells

through February 1991. Field rates peaked at 250
MMcfgd in December 1990.

STRUCTURAL SETTING

The Arbuckle portion of Wilburton field is a
high-angle, fault-bounded horst feature that de-
pends on tight shales, sandstones, and dolomites
juxtaposed across these bounding faults for lateral
seals (Figs. 1,2). Vertical trapping is formed by the
overlying Woodford and Caney Shales, and by the
truncation of high-angle, basement-seated faults
by thrust faults in the lower Atokan and Morrowan

Mescher, P.K,; Schultz, D. ].; Hendrick, S.J.; Ward, M. A,; and Schwarz, J. A., 1993, Lithology and reservoir devel-
opment of the Arbuckle dolomite, Wilburton field, Latimer County, Oklahoma, in Johnson, K. S.; and
Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Okla-

homa Geological Survey Circular 95, p. 240-245.
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Figure 2. South—north structure section in the area of the Wilburton gas field, Arkoma basin, Oklahoma
(modified from Hendrick, 1992). Line of section shown on Figure 1.

sections. The reservoir was likely sourced by the
Woodford and Caney Shales, which were juxta-
posed against the Arbuckle reservoir during for-
mation of the horst block. All of the bounding
faults have throws in excess of 1,000 ft at some
point around the horst, which allows the sourcing
contacts to occur.

The horst feature probably formed when crustal
downwarping occurred during the early phases of
the Ouachita orogeny. East-west-trending rift
faults running parallel to the advancing thrust belt
interacted with pre-existing crustal weaknesses
parallel to the Ozark Mountain fault system (north-
east—southwest) to form roughly polygonal fault
blocks in the Wilburton field area. As the thrust
advance continued, wrench adjustment of these
basement blocks occurred, creating the current
structural geometry (Fig. 2).

KARST ZONATION AND STRATIGRAPHY
OF THE ARBUCKLE HORST BLOCK

Cores from ARCO production and exploratory
wells reveal Arbuckle carbonates were dominantly
deposited in a shallow, peritidal setting. Depo-
sitional fabrics and textures include algal mats
(fenestral and birdseye fabrics), stromatolites with
associated intraclastic packstones to wackestones,
tidal laminites, rip-up clasts, thrombolitic tex-
tures, bioturbated intervals, and thin zones con-
taining bioclastic/ooid grainstones. Dolomitiza-
tion is pervasive and cross-cuts all depositional
facies. The major zonations of the horst block are
shown in a stratigraphic cross section (Fig. 3).

The upper 220-250 ft of the reservoir (Zone I of
Fig. 3) contains mostly intact host rock, with
sucrosic intercrystalline (matrix) porosities rang-
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ing from 4 to 18%, and measured permeabilities as
much as 936 md. Gamma ray log signatures corre-
late consistently across this interval. Conodont
analyses by R. L. Ethington (unpublished report,
1989) indicate that this portion of the reservoir is
the same age as the lower part of the West Spring
Creek Formation. An intraformational uncon-
formity is inferred to occur at the base of this up-
per interval, and electric log and gamma ray corre-
lations become tenuous below this contact. This
intraformational unconformity is present in the
ARCO no. 2 Paschall (sec. 21, T.5N., R. 18 E.) core
ata depth of 13,487.5 ft, where reddish-hued algal
boundstones are scoured and have a weathered
appearance, and are overlain by dark-gray pel-
oidal mudstones.

The Paschall well, which was extensively cored
(13,238-13,744 ft}, was also analyzed for cono-
donts by Ethington, whose data suggest that the
65- to 70-ft interval below the unconformity may
also be the same age as the lower part of the West
Spring Creek Formation. Core from this interval
(Zone II) from the Paschall well and the ARCO no.
3 Costilow (sec. 14, T. 5 N, R. 18 E.) contain thin
intervals containing muddy “cave fill” sediments
similar to those described by Kerans (1988,1989).
Gamma ray “spikes” in this interval correlate er-
ratically. The cave-fill zones consist of small-scale
cavern and collapse zones 4-10 ft thick, containing
detrital carbonate muds that occur at relatively
steep and variable angles, along with transported
detrital quartz sand grains and carbonate and
chert clasts. The fill zones contain low measured
porosities and permeabilities.

Based on conodont data, the contact with the
underlying Kindblade Formation occurs at a depth
ranging 290-300 ft below the top of the Arbuckle.
Cores from this interval reveal large scale chaotic
and mosaic breccia zones that are inferred to have
originated as breakdown breccias from cave ceil-
ings and chambers. Fracture porosity is abundant
in this interval of the reservoir. This coarse breccia
system is probably correlative to the “Brown
Zone” productive interval of Healdton field in Car-
ter County, Oklahoma (Latham, 1968), at least in
part. A karst origin for the breccias is inferred from
lateral correlations, reddish-hued coloration from
oxidation (by subaerial exposure or meteoric wa-
ters), and geopetal and gravity sediment fills. No
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true soil horizons are present in core. FMS log in-
terpretations reveal each well penetrates multiple
irregular breccia zones, while major fault cuts in
individual wells are relatively rare.

Although multiple periods of subaerial expo-
sure probably occurred in the Wilburton area dur-
ing Arbuckle deposition, the middle Ordovician
unconformity at the top of the Arbuckle probably
represents a major period of subaerial exposure of
10-30 m.y. (Mussman, 1988). The West Spring
Creek section has been documented at >1,000 ft
thick in southern Oklahoma (Latham, 1968), sug-
gesting that a considerable amount of section has
been removed at Wilburton. During this time of
exposure, older karst breccias and faults with ex-
isting permeability networks were probably active
fluid conduits and contributed to extensive col-
lapse and brecciation.

Pennsylvanian (Ouachita) tectonism reacti-
vated and/or created additional solution path-
ways, serving to break up the earlier relict karst
and stratigraphic zonations, as demonstrated by
excellent pressure and production communica-
tion among the wells in the Arbuckle reservoir.
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Lithology and Reservoir Development of Arbuckle Dolomite

EAST

. |
4
:
=1
o o
ox
o, o
%‘. E ST tn: i W ! b—v T 7 T |I.F ] Pt T
N E S 3z S| Wi iy al oo slnehim ool ol mlowad ol
. 4 4 . o . H z M H .
T " . ——
ﬂow B o T e e ek St —— —
o
88ixe i}
o 3 Ty
s == = S
o% 2 $ e
g% o : T S
- = S S : - A FEE N R F H i B B : P : :
b { vk - i \pﬁw. . vf.\iptg'b()»/.lrlﬁ...f.,..X.:.lirn)L\_(f».)s.lr.?rﬂa.k{.;..n.tl{.,..r{{.:\_.c{s..fr,
- 1 1 13 1 1 1 1 1 1 H <t 1 1 ) 1 ) 1 *
dadq
. L] = i y
Zou wm,,, — sirp————— 1 ==
oov o - — —_ e o 4 ant 8 ——nn
= T o i : o Eaiaan e 2T Y e gy AT T
u.mmﬁ =S58 SR R S DR TS GRS | S e
gy? " — T - . " " ”
= i Ry " S H - H P 4 "
mu e A, L Y L ._w\.#{r.b_.g.,.l- e AT A !?L.,.P?‘(Jr‘;q.,.i‘..,;,{.,u I -
- [ Y ] 1 i i [ [ 1 ¥ P i T i i ]

PR 3 R H - H H H f H T
5 RN TR m _1
<Ou i
ae N v Y Y s it ¥
mmMﬁM. me - s - s - I
[-4 k v 7 - TRy
Nwe b 2 B 1 I AR e Sl
o8- i i | . i 2 e B
i1 e = .
< f- P Mt NA oo B
2k ¥ A N PPN RN L NNE U RN N
\. [ e 1 ] i H ] 1 ] B 'k mzow

_Olw<z:<u ANOGONOD ¥33HD ONIYdS 1S3IM

HIMO1 |'/ - SVYNNY4

21-5N-18E
wo aas

i i

ARCO-2 PASCHALL
LATIMER CO., OKLA.

r ARBUCKLE PRODUCERS, WILBURTON FIELD J

Oklahoma.

Figure 3. Stratigraphic section of the Arbuckle Group, Wilburton gas field, Arkoma basin

Well locations shown in Figure 1.



Oklahoma Geological Survey Circular 95, 1993

Kinta Field—Characterization and Geology
of a Multi-Reservoir Giant Arkoma Basin Gas Field

Robert A. Northcutt

Consulting Geologist
Oklahoma City, Oklahoma

David P. Brown

Geological Information Systems
Norman, Oklahoma

ABSTRACT.—The giant Kinta gas field is located in the Arkoma basin of eastern Oklahoma on
the basinward part of the shelf, and it extends southward across the abrupt shelf edge into the
deep part of the basin. Both structural and depositional conditions have created the many gas
traps found in this multi-reservoir field. Gas production in 1990 was 84.6 Bcf; cumulative gas

production at the end of 1990 was 2.1 Tcf.

INTRODUCTION

The currently defined Kinta gas field, officially
designated in 1962, is located in parts of Pittsburg,
Latimer, Haskell, Le Flore, and Sequoyah Counties
in eastern Oklahoma and incorporates an area of
512 mi2

A map of the Arkoma basin area in eastern
Oklahoma (Fig. 1) locates the Kinta field and its re-
lationship to other significant fields.

The Kinta no. 1 field, the oldest of several fields
that were eventually merged into the present-day
Kinta field, was discovered in 1924. However, in
the area now known as the Kinta field, gas was be-
ing produced as early as 1906 from shallow Atokan
sandstones near Spiro in northeastern Le Flore
County. By 1916, gas was also being produced
from Hartshorne sandstones near Kinta in Haskell
County.

Production data used in the preparation of this
report are from the Natural Resources Information
System (NRIS), courtesy of the Oklahoma Geologi-
cal Survey and the University of Oklahoma, and
from the Petroleum Data Systems PDS/TOTL file,
courtesy of Dwights Energydata, Inc.

Gas production in the field has been reported
from 20 named subsurface units (gas-producing
units are shown in Fig. 2). However, of the 20 units
named, 12 are part of the Atoka Formation and are
not necessarily 12 distinct lithologic units.

GEOLOGIC CONDITIONS
AND TYPES OF TRAPS

The first major tectonic activity in the Kinta
area occurred after deposition of the Spiro sand-

stone, possibly during early Atokan time and re-
sulted in extensional down-to-the-south block
faulting. During middle Atokan time, extensional
faulting continued and was accompanied by a
rapid influx of clastic sediments resulting in a zone
of growth faults north of the basin axis (Koinm and
Dickey, 1967). A structure map of Kinta field con-
toured on the top of the Spiro sandstone (Fig. 3)
indicates this extensive normal faulting. The San
Bois fault zone, along the southern edge of the
field, has down-to-the-basin faults with as much
as 6,000 ft of vertical separation. The Atoka Forma-
tion doubles in thickness south of this significant
structural boundary. The compressional Ouachita
orogeny, during Desmoinesian time, produced
thrusting along the south flank of the basin, which
extended into the southernmost part of the Kinta
field (Ts.6-7 N., Rs. 18-19E.).

Representative reservoir properties and data
for some of the producing units are presented in
Table 1. Average depths of producing units range
from 2,446 to 7,345 ft. The produced gas is all
nonassociated, with pressure depletion as the res-
ervoir drive,

The pre-Pennsylvanian rock units (Simpson,
Viola, and Hunton) in the Kinta field produce from
structural traps generally associated with the early
Atokan deformation. The Simpson sandstones
were deposited in a nearshore-marine environ-
ment and have undergone relatively little dia-
genesis. The Ordovician Viola limestone and Silu-
rian Hunton Group rocks were deposited in a shal-
low carbonate shelf environment (Amsden, 1990);
subsequent diagenesis has greatly enhanced poros-

ity. ,

Northcutt, R. A.; and Brown, D. P., 1993, Kinta field—characterization and geology of a multi-reservoir giant
Arkoma basin gas field, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the south-
ern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 246-253.
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Geologic Column

'I:I‘

System Serles Group Formation Gas-Producing Units®
2 McAlester Fm. Booch ss.
Desmoinesian | 2§
x Hartshorne Fm. Hartshorne ss.
Upper Atoka ss.
Gllcrease ss.
Alma ss.
z Dirty Creek ss.
< .
= Middle Atoka ss.
N
Fanshawe ss.
; Atokan Atoka Fm.
g Red Oak ss.
=z
ut Panola ss.
a.
Brazi! ss.
Cecil ss.
Lower Atoka ss.
Spiro ss.
Wapanucka Ls. Wapanucka lIs.
Morrowan
Union Valley Fm, Cromwell ss.
<2( Chesterian Pitkin Is.
E M i
% eramecian *Caney” Sh.
24 Osagean
(72}
g Kinderhookian
— Woodford Sh.
=z Upper
<
> Middle
o) Frisco Ls.
u>J Lower ) Bois d’Arc Ls.
(a] kS Haragan Ls.
Z s Henryhouse Fm Hunton dol.
° .
< Upper £
[0 3
2 T Chimneyhill
= Lower Subgroup
)
E Upper Sylvan Sh.
I'S) Viola Gp. Viola Is.
C>) Middle Simpson Gp. Simpson ss.
[a]
g Lower
= Arbuckle Gp.
<
14
[oa) Upper
2 Timbered Hills Gp.
(]

*Names of gas-producing units in the Atoka Formation are the names reported by operators. Several of these
names were imported from other areas. Their application in the Kinta field may or may not have been based on
adequate correlations. Also, the 12 names listed do not necessarily correspond to 12 discrete lithologic units.

Figure 2. Geologic column showing the gas-producing intervals in the Kinta field identified from the Oklahoma
Geological Survey, NRIS data files.
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250 R. A. Northcutt and D. P. Brown
TaBLE 1. — KiNTA FIELD RESERVOIR DATA
Average Average Initial shut-in
Discovery depth netpay  Porosity pressure
Reservoir year (ft) Trap type?® (ft) (%) (psi)

Booch sandstone 1972 2,900 Combination 6 134 323
Hartshorne sandstone 1919 2,446 Combination 20 16.0 290
Atoka (Brazil) sandstone 1977 7,005 Combination 30 12.0 1,542
Red Oak sandstone 1963 6,954 Combination 19 14.0 2,950
Spiro sandstone 1951 6,878 Combination 25 13.0 1,425
Wapanucka limestone 1967 7,345 Combination 35 9.0 995
Cromwell sandstone 1951 7,241 Combination 25 11.0 1,630
Hunton limestone 1964 6,871 Combination 20 12.0 2,625
Simpson sandstone 1964 6,337 Structural 20 11.0 2,610

2Combination trap is anticline and facies change.

Pennsylvanian rock units in the field produce
from stratigraphic traps with minor structural in-
fluence. The Cromwell sandstone (Morrowan) is
part of a mixed carbonate-siliciclastic unit that
was deposited in shallow-shelf and nearshore-
marine environments (Jefferies, 1982) where dia-
genesis has enhanced porosity. The depositional
systems of the Desmoinesian and Atokan rocks
were predominately fluvial-deltaic in the northern
part of the Kinta field, grading southward into
prodelta and submarine fan environments south
of the San Bois fault zone (Vedros and Visher,
1978; Houseknecht and others, 1983; House-
knecht, 1987). Diagenesis has strongly influenced
porosity development in the basal Atokan Spiro
sandstone (Lumsden and others, 1971). In the
post-Spiro Atokan and Desmoinesian rocks, grain
size and sorting are primary factors in the porosity
development, with minor diagenetic influence.

For specific examples of trap types in the Kinta
field, see the studies done by Lahoud (1961),
Wonick (1968), Lumsden and others (1971), and
Adams (1974). Trapping conditions in Kinta field
are characteristic of those throughout the Arkoma
basin (Brannan, 1968).

KINTA FIELD GAS PRODUCTION

The Kinta gas field has expanded to its present
area through the coalescence of 27 previously de-
fined fields. A chart of this chronology of expan-
sion is shown in Figure 4.

Cumulative gas production reported for the
Kinta field at the end of 1990 is 2,117,014,968 Mcf
(2.1 Tcf). A graph of the monthly production for
1983-90 and the amount produced from selected
reservoir units is shown in Figure 5.

Of the cumulative production through 1990
(2.1Tcf), 14.5% was produced prior to 1968 and
production is not reported by producing zone.
According to NRIS production data, from 1968
through 1990 the contribution from individual
units was as follows:

Spiro sandstone 44.8%
Other Atoka sandstones 30.5%
Cromwell sandstone 7.6%
Hartshorne and Booch

sandstones (Desmoinesian) 1.8%
Wapanucka, Hunton, Viola,

and Simpson 0.8%

Figure 6, Map A, reflects the current area of
Spiro sandstone production. The Spiro is the dom-
inant producing horizon in the Kinta field. The
areas in which other Atokan sandstones produce
are shown on Map B (Fig. 6). The combined pro-
duction from the Spiro and all other Atokan sand-
stones represented just over 70% of Kinta’s total
production in 1990 (Fig. 5).

From the available records, at least 1,232 wells
(gas and dry) have been drilled in the Kinta field. In
1990, 801 operating gas wells produced 84,629,015
Mcf of gas. At present and projected levels of pro-
duction, the Kinta field can now be considered a
giant gas field and should achieve accumulative gas
production of 3 Tcf by the year 2000.
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Figure 5. Graph of Kinta field gas production by months for period from Jan. 1, 1983, through Dec. 31, 1990,
with cumulative gas production shown by upper line and the scale on the right. Patterned areas represent the
contribution from selected producing intervals. Monthly gas production is proportioned for selected units.
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Figure 6. Kinta field Atoka gas production from 1983 through 1990: Map A shows the area where the Spiro
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Outcrop Characteristics of Asphaltic Lewis Sandstone,
Black Warrior Basin, Alabama: Application to
Subsurface Studies of Reservoir Heterogeneity

Jack C. Pashin and Ralph L. Kugler

Geological Survey of Alabama
Tuscaloosa, Alabama

INTRODUCTION

Much additional oil may be produced from the
Black Warrior basin using improved recovery strat-
egies, especially from fields where production is
now declining. Characterizing reservoir heteroge-
neity may provide information regarding how im-
proved recovery strategies, such as waterflooding,
injection, strategic well placement, and infill drill-
ing, can best be applied (Weber, 1986). Mississip-
pian strata in the Black Warrior basin of Alabama
are rich in asphalt (Wilson, 1987), and outcrops
provide instructive transects of fossil oil reservoirs.
Exceptional exposures of asphaltic sandstone oc-
cur in the Lewis interval of the Pride Mountain
Formation (Chesterian) in Colbert County (Fig. 1),
and they form the basis of this study. Lewis out-
crops enable direct observation of sandstone het-
erogeneity and furnish sedimentologic and petro-
logic analogs for reservoir heterogeneity of the
principal producing subsurface reservoirs in the

basin (Lewis sandstone and Carter sandstone).
Therefore, characterization of sandstone hetero-
geneity in outcrops may be advantageous in iden-
tifying specific strategies that will facilitate im-
proved recovery of liquid hydrocarbons from Mis-
sissippian reservoirs in the Black Warrior basin.
The Lewis interval overlies the Tuscumbia
Limestone disconformably and consists of three
major units: (1) Inflatiabeds, (2) Lewis sandstone,
and (3) Lewis limestone (Fig. 2) (Pashin and oth-
ers, 1991). The Inflatia beds are the basal Pride
Mountain carbonate units that represent trans-
gressive storm deposits and oolite shoals. The Lewis
sandstone comprises numerous lensoid, asphaltic
quartzarenite bodies that are encased in clay
shale. In Colbert County, the sandstone represents
regressive deposits, including storm-dominated
shelf sand patches and chenier-like beach-barrier
systems. Some of the beach systems evidently
formed as shelf-sand bodies that were exposed
and reworked in a mesotidal shore zone. The Lewis
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Figure 1. Map of study area showing location of outcrops of asphaltic Lewis sandstone, Colbert County,

Alabama.
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Figure 2. Outcrop diagram showing facies heterogeneity in Lewis sandstone beach-barrier deposits,

Tuscumbia quarry.

limestone forms the top of the Lewis interval and
represents transgressive carbonate sedimentation
in a spectrum of intertidal to open-marine envi-
ronments (DiGiovanni, 1984). Relict topography
inherited from sea-floor and shore-zone evolution
was a critical control on the facies architecture of
the Lewis limestone (Pashin and others, 1991).

Reservoir heterogeneity can be classified ac-
cording to scale of observation. The broadest scale
of heterogeneity (level 1) is the reservoir; namely,
a body of reservoir rock that is surrounded by
nonreservoir rock. Level-2 heterogeneity occurs
among wells, whereas level-3 heterogeneity, or
interwell heterogeneity, occurs between wells.
Level-4 heterogeneity occurs at the scale of a core
or wellbore, and level-5 heterogeneity occurs at
the scale of pores and pore throats. Lewis sand-
stone reservoirs are the result of an elaborate in-
terplay of depositional and diagenetic variables
that operated from microscopic to megascopic
scale. This report relates sedimentologic and pet-
rologic outcrop data to the five levels of sandstone
heterogeneity.

RESULTS

Level-1 heterogeneity is a primary control on
the producibility of Lewis oil, because the sand-
stone comprises small, isolated bodies of reservoir
rock that are confined vertically and laterally by
impermeable shale (Fig. 2). Bitumen-rich sand-
stone bodies were observed only in beach facies,
but major subsurface oil production in the Lewis
sandstone is from storm-dominated-shelf facies
(Holmes, 1981). Improved recovery operations,
such as injection, can utilize margins of reservoir
sandstone bodies to confine flow and to direct the
migration of oil toward desired extraction points.

Well spacing in Black Warrior basin oil fields
is typically between 40 and 80 acres, so level-2
heterogeneity was observed only in the most ex-
tensive exposures, such as the Tuscumbia quarry
{Fig. 2). In the Lewis sandstone, level-2 heteroge-
neity is related to cementation patterns and facies
continuity. Ferroan-carbonate cement predomi-
nates at the margins and particularly at the bases
of beach-sandstone bodies (Fig. 3). Therefore, oil
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Figure 3. Interlaminated asphaltic (dark) and carbonate-cemented (light) sandstone, Allsboro quarry.

may be least mobile at the edges of the barrier-
sandstone bodies and most mobile along the bar-
rier axes. Subsurface studies of heterogeneity in
beach-barrier sandstone indicate that porosity,
permeability, and oil production are greatest along
barrier axes (Sharma and others, 1990). Using infill
drilling in tandem with acidizing along sandstone-
body margins may optimize oil recovery from
Lewis reservoirs by dissolving carbonate perme-
ability barriers.

Level-3 heterogeneity, or interwell heteroge-
neity, is readily observed in Lewis outcrops. The
most significant level-3 heterogeneity occurs in
inlet- and lagoonal-channel facies (Fig. 2). Inlet-
channel fills contain abundant asphalt, but the
fills extend in cross section for only 4-25 ft and
contain ferroan-carbonate cement along the mar-
gins. Therefore, inlet facies may be difficult to pre-
dict in the subsurface without the aid of stochastic
models, and mobility of hydrocarbons is probably
limited. However, the channel fills probably form
linear to sinuous shoestrings in longitudinal sec-
tion, and the asphalt deposits may thus be tubular.
A tubular geometry suggests that liquid hydrocar-
bons can be mobilized along channel axes, there-
by improving recovery. An alternative recovery
method may involve a fracture design that pro-
motes migration of hydrocarbons from the inlet

facies into the beach axis. Lagoonal channels are
filled with mud and silt, and are major permeabil-
ity barriers that can compartmentalize reservoirs.
These channels have limited width and are thus
difficult to identify using well logs.

The distribution of ferroan-carbonate cement,
claylaminae, and primary sedimentary structures
is the dominant control on level-4 heterogeneity in
the Lewis sandstone. Carbonate-cemented inter-
laminae occur in most asphaltic-sandstone bodies
(Fig. 3) and are permeability barriers that increase
tortuosity of fluid flow or may render oil immobile.
Commonly, coarser laminae contain carbonate
cement, whereas finer laminae contain asphalt.
The coarser laminae were cemented by calcite
early in the diagenetic evolution of the sandstone.
This cement subsequently was replaced by ferroan
calcite and ferroan dolomite/ankerite. Carbonate
cementation occurred preferentially along the
coarser, more permeable laminae prior to migra-
tion of oil into the sandstone. Clay laminae extend
for considerable distances in the sandstone and
probably restrict vertical flow rather than lateral
flow; the laminae probably increase tortuosity and
impound oil where they converge along wedge-
shaped cross beds. Primary sedimentary struc-
tures, such as ripple cross laminae, may also in-
crease tortuosity of flow. Burrows that pierce clay
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laminae may provide interlaminar-flow conduits.
However, mixing of mud in sand by bioturbation
generally reduces reservoir quality.

Level-5 heterogeneity is dominated by diage-
netic factors (Fig. 4). Quartz overgrowths are ubig-
uitous but do not adversely affect the quality of the
best reservoirs. Carbonate cements include early-
stage siderite and calcite and late-stage ferroan
dolomite/ankerite and ferroan calcite which, in
contrast to quartz overgrowths, tend to occlude all
pores. Fossils provided nucleation sites for pore-
filling calcite which subsequently was replaced
by ferroan-carbonate minerals. Pore-filling and
grain-replacing kaolinite is microporous but im-
permeable. The presence of irreducible water in
kaolinite should be considered when determining
reservoir-water saturation from well logs. Asphalt
coats authigenic quartz, carbonate, and kaolinite,
thus confirming that oil entered the sandstone
bodies late in the diagenetic evolution of the sand-
stone. At the time hydrocarbons entered the reser-
voir, the pore system consisted of interconnected,
modified primary and secondary macropores be-
tween detrital framework grains and ineffective
micropores within patches of kaolinite, mud frag-
ments, and clay laminae.

CONCLUSIONS

Heterogeneity in the Lewis sandstone is con-
trolled by depositional and diagenetic processes.

' ,} S
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Figure 4. Scanning-electron micrographs of (A) macropore containing ferroan-dolomite rhomb and asphait,
Tuscumbia quarry, and (B) microporous kaolinite coated with asphalt, Tuscumbia quarry.

The products of these processes are related in that
the distribution of authigenic minerals is in-
fluenced by depositional texture. The dominant
megascopic structures (levels 1-3) that control
reservoir continuity and asphalt distribution, par-
ticularly the lensoid nature of the sandstone and
the presence of inlet- and lagoonal-channel fills,
are the result of depositional processes. Diage-
netic factors, particularly occlusion of porosity by
carbonate cement and authigenic kaolinite, are
the dominant mesoscopic and microscopic (levels
3-5) controls on asphalt distribution within the
sandstone bodies. Synthesis of outcrop data with
the five-level heterogeneity classification provides
insight into how lithologic variability affects fluid
flow, and thus the producibility of oil from analo-
gous subsurface reservoirs. Diverse depositional
and diagenetic controls on heterogeneity in the
Lewis sandstone indicate that improved-recovery
strategies, such as waterflooding, injection, and
strategic well placement, may be tailored to spe-
cific depositional and diagenetic reservoir settings
to increase oil production from sandstone reser-
voirs in the Black Warrior basin.
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INTRODUCTION

The San Andres dolomite is a prolific oil-pro-
ducer extending over a large area of the Permian
basin of West Texas and eastern New Mexico. Wa-
terflooding is typically used as a means of second-
ary recovery from the San Andres dolomite. One
problem with waterflooding in some oil fields pro-
ducing from the San Andres is flow anisotropy in
reservoirs caused by preferential flow along frac-
tures. If the locations and orientations of major
fractures in reservoirs were known, waterfloods
could be better designed to use well configura-
tions that would delay water breakthroughs and
improve recovery. Oil fields of the San Andres
dolomite typically have wells uniformly spaced at
400 m in a grid pattern parallel with section bound-
aries. Pressure-interference testing is often not
successful because of large distances between
wells, and the well density is insufficient to accu-
rately infer flow direction from breakthrough pat-
terns alone. Microseismic monitoring is an alter-
native method for determining the location and
prevalent orientations of fractures. Los Alamos
National Laboratory has successfully used the
method for mapping hydraulic fractures in crystal-
line rock (Fehler and others, 1987). The method
relies on the observation that microearthquakes
occur along fractures when stress along the frac-
tures is changed by increases in fluid pressure. By
determining the locations of the induced micro-
earthquakes, some knowledge of the locations and
orientations of the dominant fluid paths can be
obtained. If the method is successful in the San
Andres dolomite, it could be a useful tool for opti-
mizing waterfloods in many San Andres fields in
the Permian basin.

The focus of this study was to determine if
microseismicity was detectable in the San Andres

at rates high enough to be practical for mapping
fractures. Microseismicity was monitored within
the Chaveroo oil field during pressurized stimula-
tion of a well, and intermittently over the following
five-week period while a pilot waterflood opera-
tion was underway. Figure 1 shows the well con-
figuration in the square-mile section of the Cha-
veroo field where the experiment took place. Dur-
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Figure 1. General location map and well configu-
ration of Murphy Operating Corp.’s Haley unit, Cha-
veroo oil field, New Mexico. Map area is sec. 34,
T. 7 S., R. 33 E., Roosevelt County.
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Figure 2. Number of microearthquakes detected per
12-hour recording session from the analog tape
(above), and the number of microearthquakes de-
tected per 40-hour recording session by the digital
field recorder (below). Monitoring was intermittent;
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ing the pressurized stimulation, 3,000 bbl of wa-
ter were injected into well 34-10 over a 5.5-hour
period. Subsequently, the four pilot waterflood in-
jection wells (Fig. 1) each took 200-250 bbl of
water per day under hydrostatic pressure. A single,
three-component, downhole seismometer was
placed at the reservoir depth (1,280 m) in well 34-7
located 400 m north of the stimulation well 34-10.

MONITORING AND EVENT OCCURRENCE

Monitoring was intermittent over the total five-
week period during 1989; however, microseismic-
ity was detected during each monitoring period.
Figure 2 shows the monitoring time intervals and
the number of events detected during each moni-
toring period. Data were recorded on both analog
tape and digital field recorders. The digital field
records provided an event-occurrence count, but
the frequency bandwidth was too narrow for de-
termining locations. Digitized analog records rep-
resented the signals’ full frequency bandwidth be-
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cause a higher sample rate was used. A more sen-
sitive triggering algorithm was also used when
digitizing the analog records, resulting in the de-
tection of more microearthquakes over a given in-
terval of time.

Minor microseismicity was detected during the
pressurized stimulation. Most of the microearth-
quakes were detected during normal waterflood
production. The histograms in Figure 2 show the
number of events detected for which both com-
pressional- (P-) and shear-wave (S-wave) phases
could be identified. Identification of both phases is
required for locating events with a single seis-
mometer. For each event identified with both the
P- and S-wave phases, there were four to five other
events showing only a P-wave phase. Therefore,
during normal waterflood production, hundreds
of events were sometimes detected within as little
as a 12-hour period. In principle, all events could
be located if detected on a multi-station network
of seismometers.

MICROEARTHQUAKE LOCATIONS

Microearthquake locations were determined
using the hodogram technique in which the direc-
tion to an event is taken as the orientation of the
major axis of the best-fitting ellipsoid of the par-
ticle motion (Matsumura, 1981). The distance to
the event is determined from the time difference
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Figure 3. Microearthquake-location map for events
detected on June 19 and 23, 1989, shown along with
the wells of sec. 34 (see Fig. 1). The map represents
a plan view of event locations at production depth
{1,300 m). | = injector well; M = monitor well.
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between the P- and S-wave arrivals. From the ana-
log records, 73 events could be reliably located,
all of which occurred on June 19 and 23, during
waterflood production. Particle motions of the
three-component data indicated that microseis-
micity was occurring at or near the depth of pro-
duction (1,300 m). The location map shown in Fig-
ure 3, therefore, represents a plan view of micro-
earthquake locations at production depth. Events
were detected as far as 1,700 m from the monitor
well, but most were within 900 m. A distance of
900 m implies, in principle, that a 2.5-km? area
could be monitored from a single downhole seis-
mometer station. Linear features indicative of
fracture patterns are not apparent from the micro-
earthquake locations.

CONCLUSIONS

Microseismic monitoring shows promise of
being a practical tool for mapping fractures in
the San Andres dolomite, in terms of the rate of
microearthquake occurrence and the areal cover-
age possible from a single downhole seismometer.
Microearthquakes were detected during normal
waterflood production, but monitoring was not
complete enough to correlate injection/produc-
tion activity with microseismic-event recurrence.
Constant monitoring with at least three downhole
seismometers is needed to more accurately locate
events, and to reliably characterize seismic recur-
rence in the field. In addition, modeling pressure
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variations in the reservoir may help explain the
mechanism that produces the microearthquakes.
Data useful in modeling the pressure variations
could be from tracer experiments, pressure-inter-
ference tests, and individual well production-in-
jection volumes. Understanding the mechanism
of producing the microearthquakes should, in
turn, allow the correlation of the microseismicity
with fluid flow within the reservoir.
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The Brown zone reservoir, 500600 ft thick, is in
the upper part of the Arbuckle Group and consists
primarily of dolostones with a few limestones in
the Healdton field. Three major depositional fa-
cies in the Upper Arbuckle have been recognized
from cores obtained from four wells. The charac-
ter and distribution of these three facies—mud-
rich (Fig. 1A), grain-rich (Fig. 1B), and algae-rich
(Fig. 1C) carbonates—indicate a transgressive se-
quence overlain by a regressive sequence of inner-
shelf carbonates deposited in intertidal to subtidal
environments. These depositional facies con-
trolled the type of secondary porosity, the karst
development, and the reservoir properties of the
Brown zone in the Healdton field.

The mud-rich facies includes mudstones and
wackestones, which formed the bulk of the reser-
voir rock. This facies can be subdivided into bio-
turbated, mottled, laminated, and silty subfacies.
Burrows, within mud-packstone units, that are
filled or nearly filled with dolomite provide effec-
tive intercrystalline and residual porosities (Fig.
1A). The grain-rich facies occurs interbedded with
other facies as thin layers or lenticular beds, 0.1-
5.0 ft thick. The common grain types are intra-
clasts, ooids, peloids, and bioclasts. Dolomitiza-
tion of this facies in the Lower West Spring Creek
Brown zone produced intercrystalline porosity,
but reduced the interparticle and intraparticle
porosities (Fig. 1B). Two types of algal fabrics, stro-
matolitic and algal-framework, occur in the algae-
rich facies. The former consists either of very fine
dolomite with small amounts of intercrystalline
porosity, or of calcite with no visible porosity. The
algal-framework fabric is found primarily in the
dolomitic Brown zone. It is completely dolomi-
tized, but displays an irregular ghost of the frame-
work and has secondary porosity (Fig. 1C).

Three genetic types of porosity occur within the
Brown zone: (1) residual, (2) solution, and (3) frac-
ture and breccia.

Residual porosity is the primary porosity that re-
mains after dolomite replacement and precipita-
tion. It can be classified into five categories: (1) al-
gal-framework, (2) fenestral, (3) interparticle, (4)
intraparticle, and (5) intercrystalline. This type of
porosity is developed primarily in the intervals
3,511-3,526 ft and 3,587--3,751 ft in the HAU no. 5-3
well (sec. 4, T. 4 S., R. 3 W.). Estimates of the visible
porosity, based on thin-section analysis, range from
5 to 10%. The distribution of residual porosity is
apparently related to the crystal sizes of the host
dolostone. Almost all the rocks that have this type
of porosity are coarse- or medium-crystalline dolo-
stones. The dolomite cement that is associated
with the porosity also is either coarse- or medium-
crystalline dolomite; therefore, chips composed of
coarse- and medium-crystalline dolomite in drill
cuttings from an uncored well may be an indicator
of the presence of residual porosity.

Solution porosity is represented by vugs, chan-
nels, and caves. Only the vugs can be seen in thin
sections and cores. All vugs have been partly filled
by (1) coarse baroque dolomite, (2) dark muddy
sediments (Fig. 1D), or (3) blocky calcite. Channels
and caves might be represented by missing inter-
vals (3,408-3,429; 3,530-3,614; and 3,684-3,744 ft)
in the HAU no. 5-3 well. Vugs are most common in
the algae-rich and grain-rich facies.

Petrologic studies indicate that porosity within
all the large vugs developed in the following gen-
eration sequence, which is illustrated in Figure 2.
Primary pores (interparticle, intraparticle, inter-
framework pores, and burrows) were partially
occluded by marine cements and infiltrated sedi-
ment. Porosity evolution within the reservoir de-
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Arbuckle Brown Zone Reservoir in the Healdton Field

veloped as follows: dolomitization (intercrystal-
line and residual primary porosity) — dissolution
(vugs) » dolomite cementation (coarse- and
baroque-dolomite cements) — deposition in karst
features (muddy sediments) — fracturing — cal-
cite cementation (blocky calcite) (Fig. 2).

Pore systems in the Brown zone reservoir can
be divided into two classes (I and If) based on the
dominant pore type and a third class that contains
both class I- and II-type porosity (Fig. 2).

Class I pore systems are dominated by breccia-
and/or fracture-porosity and are most common
in the mud-rich facies, particularly in laminated
mudstone in the upper part of the Brown zone res-

) %"! "‘-r 59

Figure 1. Photographs of thin sections from the
HAU no. 5-3 well (sec. 4, T. 4 S., R. 3 W.) showing
facies and porosities; bar scales are 4 mm long.
A—Strongly bioturbated, mud-rich facies: dolostone
with ghost of bioturbated structure and organic
remains (arrows) within burrow. Depth 3,650.4 ft.
B—Grain-rich facies: medium- to coarse-crystalline
dolomite with ghost of grainstone texture and re-
sidual remains of primary intraparticle (arrows) and
interparticle (too small to be seen in the same scale)
porosities. Solution pores are indicated by triangles
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ervoir. Rocks with class I pore systems generally
have low porosity but relatively high permeability.

Class 1 pore systems are dominated by porosity
controlled by depositional fabric and formed by
dolomitization of algae-rich and grain-rich facies.
These facies occur in the lower part of the reser-
voir interval. Rocks with class II pore systems gen-
erally have relatively high porosity and low per-
meability.

Rocks with class III pore systems have texturally
controlled (class I} porosity enhanced by fractur-
ing and brecciation. They have both high porosity
and high permeability and provide the best quality
reservoir in the field.

10 W

in the lower part of the photomicrograph. Depth
3,750 ft. C—Algae-rich facies: coarsely crystalline
dolomite with ghost of algal-framework structure
and residual interframework porosity (arrows). Depth
3,589.5 ft. D—Vugs in coarsely crystalline dolomite
of algal-rich facies: note that black, muddy sedi-
ments, deposited after the coarsely crystalline
baroque dolomite, are not only on the bottom of the
vugs but also somewhat on the roof, which may indi-
cate that the muddy sediment was deposited in a
phreatic zone. Depth 3,604 ft.
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Stratigraphic Controls on Natural-Gas Accumulation
in Morrowan Reservoirs, Batson Field Area,
Arkoma Basin, Arkansas

Doy L. Zachry, Roy VanArsdale, and Patrick Harris

University of Arkansas
Fayetteville, Arkansas

INTRODUCTION

The Arkoma basin of western Arkansas and east-
ern Oklahoma contains large reserves of natural gas
in reservoirs of Paleozoic age. Sandstone units near
the base of the Atoka Formation, and within the
underlying Morrowan Hale and Bloyd Formations,
provide most of the natural gas in the northern part
of the Arkoma basin in northwestern Arkansas.

The Batson field area includes the Batson field
and the adjacent Ozone field in Johnson County, Ar-
kansas (Fig. 1). The area is inmediately south of the
Cass fault system. North of the fault, Morrowan res-

ervoir units are exposed in the southern Boston:

Mountains. Prominent exposures of Morrowan res-
ervoir units and associated strata also occur within
a south-trending outcrop belt on the Jasper arch, a
few miles east of the fields.

MORROWAN RESERVOIR STRATIGRAPHY,
BATSON FIELD AREA

The Morrowan section in the outcrop belt and in
the Batson field area (Fig. 2) is underlain by lime-
stone beds of the Mississippian Pitkin Formation.
The interval is overlain by sandstone and shale units
of the Atoka Formation. In surface exposures the
Morrowan sequence is divided into the Hale For-
mation (below) and the Bloyd Formation (above).

The Hale Formation is composed of two mem-
bers; the Cane Hill Member and overlying Prairie
Grove Member. The Cane Hill Member ranges
from 200 to 320 ft thick and is a complex succes-
sion dominated by intervals of shale with subordi-
nate intervals of thin-bedded, very fine sandstone
interbedded with shale. Sandstones as much as 60
ft thick occur in the lower and middle parts of the
member.

Outcrop samples indicate that the unit is com-
posed of fine- to medium-grained sandstone and
is not calcareous. Cane Hill sandstone units in the
subsurface form elongate belts 0.25-0.5 mi wide
and 1.0-1.5 mi long. They are productive in the

Batson field area and are referred to as Lower Hale
by petroleum geologists in the Arkoma basin.
The Prairie Grove Member of the Hale Forma-
tion overlies the Cane Hill Member throughout the
area and ranges from 40 to 130 ft thick. Samples
from surface sections are composed of sandstone
that varies considerably in carbonate content. The
carbonate occurs as skeletal fragments and cement,
and may form as much as 45% of the rock. The Prai-
rie Grove Member is a major reservoir unit in the
Batson field area, and is recognized by petroleum
geologists as the Middle Hale or Second Hale sand.
The Prairie Grove Member of the Hale Forma-
tion is overlain conformably by the Bloyd Forma-
tion. Surface sections are normally subdivided
into the Brentwood Limestone, Bloyd sandstone,
Dye Shale, and Kessler Limestone Members. The

- Bloyd sandstone and sandstones within the Brent-

wood Member are important reservoir units in the
Arkoma basin.

In the Batson field area, the Brentwood Lime-
stone Member is a succession of shale and sand-
stone that ranges from 120 to 240 ft thick. Thin lime-
stone units occur within the shale intervals. Indi-
vidual sandstones may exceed 60 ft in thickness and
occur as elongate bodies 1-3 mi in length. They are
never >0.25 mi wide, and are commonly only sev-
eral hundreds of feet wide. Although porosity is
high, Brentwood sandstones have not been produc-
tive in the Batson field area. Petroleum geologists
refer to the sandstones as the Upper Hale or First
Hale sand, as well as Brentwood sand.

The Bloyd sandstone overlies the Brentwood
Member throughout the northern part of the Bat-
son field area. It is also prominent in the northern
part of the outcrop belt. The unit ranges from 20 to
80 ft thick and is composed of medium-grained
sandstone. The sandstone is rarely calcareous and
contains no shale. The unit is productive in several
wells in the Batson field area, but production and
sedimentologic trends are apparently not related.
The Kessler Limestone Member of the Bloyd For-
mation is not a reservoir unit in the Arkoma basin.

Zachry, D. L.; VanArsdale, Roy; and Harris, Patrick, 1993, Stratigraphic controls on natural-gas accumulation in
Morrowan reservoirs, Batson field area, Arkoma basin, Arkansas, inJohnson, K. S.; and Campbell, J. A. (eds.),
Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey

Circular 95, p. 265-267.
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Figure 1. North-south cross section from the Ozark shelf to the northemn Arkoma basin, showing the
structural position of the Batson field adjacent to the Cass fault. The Morrowan sequence is exposed

immediately north of the fault.

PETROGRAPHY OF RESERVOIR UNITS
Hale Formation

The Cane Hill sandstone reservoir unit in sur-
face exposures east of the Batson field area is com-
posed of fine-grained sandstone that crops out in
beds 2-6 in. thick. The beds are ripple laminated
and display ripple marks on bed surfaces. Thin-
section analyses indicate that the sandstone is well
sorted and is cemented by quartz overgrowths.
Porosity counts of thin sections impregnated with
blue epoxy yield porosity values of 4-5%. This is
comparable to porosity values of 6-8% deter-
mined from density logs. The petrographic char-
acter of the Cane Hill sandstone is fairly constant
in outcrop sections, and is projected to be so in the
subsurface of the Batson and Ozone fields.

The Prairie Grove Member is the most important
reservoir unit in the Morrowan section of the Batson
field. It is also the most diverse in petrographic char-
acteristics. Three lithofacies dominate the member
in surface sections, and are suggestive of reasons for
the distribution of subsurface porosity.

Much of the Prairie Grove sandstone contains
little or no carbonate. The sandstone ranges from
fine to medium grained, and is composed of quartz
with minor quantities of feldspar and chert rock
fragments. It is well sorted, and thin-section point
counts indicate porosity values ranging from 9 to
20%. The porosity is mostly intergranular, although

scattered molds of skeletal grains contribute to po-
rosity. Large-scale, trough cross-stratification is
abundant.

Carbonate-free sandstone, with relatively high
porosity, grades laterally into carbonate-cemented
sandstone without significant numbers of skeletal
grains. Porosity, as determined by point-count, is
low. Sets of large-scale, trough cross-strata are
abundant, and a bidirectional current regime is
indicated by directional measurements.

Sandstone with abundant skeletal grains that
grades into sandy skeletal limestone occupies
large parts of the Prairie Grove Member in the out-
crop belt. Most porosity is occluded by carbonate
cement, Large-scale cross-stratification is essen-
tially absent, and small-scale current-related struc-
tures are rare.

Significant effective porosity in the Prairie
Grove is intergranular and is restricted to intervals
with little or no carbonate cement. These intervals
are laterally restricted.

Bloyd Formation

Elongate sandstone bodies of the Brentwood
Member are composed of quartz sandstone with
minor amounts of carbonate cement. The sand is
fine grained and well sorted. Partial cementation
by quartz overgrowths is common, but the cement
is rarely pervasive. Porosity is intergranular and
rarely exceeds 9%. Except for thin beds of shale-
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Figure 2. Resistivity log from the Batson field and a measured surface section from the Jasper arch,
~10 mi to the east, illustrating the Morrowan succession and reservoir units.

pebble conglomerate at the bases of the sand bod-
ies, the petrographic character of the units is uni-
form.

The Bloyd Sandstone Member is composed of
fine- to medium-grained sandstone with abun-
dant granules and pebbles of quartz. Sand-size
components are dominantly quartz, but feldspar
and metamorphic-rock fragments are common.
The sandstone is moderately well sorted. Quartz
cement is common, but not pervasive. Porosity is
both intergranular and moldic, formed by dissolu-
tion of noncarbonate, framework grains. Porosity
values range up to 20% and are generally higher
than for other reservoir units in the Morrowan se-
quence.

SUBSURFACE DISTRIBUTION
OF RESERVOIR UNITS

Cane Hill Sandstone

Porous strata in the Cane Hill sandstone are con-
centrated in T. 11 N., R. 23 W. in the Batson area.
The sandstone is an elongate body trending ap-
proximately north-south. Maximum thicknesses
exceed 60 ft and decline east and west to zero. Pro-
duction in the Batson area is entirely within the

mapped trend and is restricted to a cluster of seven
wells at the northern margin of the township.

Prairie Grove Sandstone

Porous strata in the Prairie Grove sandstone are
restricted to several elongate to lobate trends with
north-south orientations. The trends are con-
centrated in the southern part of T. 12 N. and
throughout T. 11 N. A major trend in R. 25 W. is
bilobate, with thicknesses ranging from 10 to 130 ft.
Prairie Grove production is concentrated in an east-
west-oriented belt across the northern margin of
the trend near the township boundary, and south-
eastward in an elongate trend on the western mar-
gin of the western lobe. Production also occurs in
four wells in the northern part of an elongate trend
inT. 11 N., R. 24. W. Porous strata in other parts of
the Prairie Grove trends are not productive.

Brentwood Sandstone

Sandstone trends within the Brentwood Mem-
ber are narrow and highly elongate. They are re-
stricted to the eastern part of the Batson area and
are not now productive. Unit thicknesses exceed
60 ft, and reservoir characteristics seem excellent.



