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Seismic Estimation of Porosity in a Permian San Andres
Carbonate Reservoir, Welch Field, Dawson County, Texas

George P. Watts and Gregory D. Hinterlong
OXY USA Inc.
Midland, Texas

ABSTRACT.—OXY USA Inc. and the U.S. Department of Energy are partners in an advanced-technol-
ogy demonstration project (DE-FC22-93BC14990) at OXY’s West Welch Unit in Welch field in Dawson
County, Texas. The project requires detailed reservoir characterization of porosity, utilizing modern well
logs integrated with core data, which is to be extended into the interwell space with a three-dimensional (3-
D) seismic volume. Qil production at the West Welch Unit is from a stratigraphic trap in a low-permeability
San Andres reservoir of Permian age similar to many shallow-shelf carbonate reservoirs in the Permian
basin. Porosity was determined from compensated neutron/density logs and integrated with laboratory
measurements of porosity on core samples. Three seismic attributes—structure, amplitude, and phase—
were found to have high correlation to the porosity. A multiple variable transform equation was developed,
and porosity values were estimated at each seismic-bin location. The seismic-guided porosity estimates
were mapped and compared to the porosity map from the well data only. The seismic-guided porosity map
ties the well data accurately, provides all the detailed variation in the interwell space expressed by the 3-D
seismic data, and reveals extensions of the reservoir beyond the well control. The seismic-guided porosity

estimates are also in a form ready for input to a geological model for the reservoir simulator.

INTRODUCTION

In August 1994, a grant was awarded to OXY USA Inc.’s
Western Region in Midland, Texas, by the U.S. Department
of Energy for an advanced-technology demonstration project.
The demonstration site is within OXY’s West Welch Unit in
Welch field, Dawson County, Texas. The project’s primary
objective is aimed at proving that the remaining oil reserves
in lower quality, shallow-shelf carbonate reservoirs can be
economically produced by applying reservoir characteriza-
tion and a combination of carbon dioxide (CO,) flooding and
cyclic CO, stimulation. The project combines the latest tech-
nology for reservoir characterization with reservoir simula-
tion to improve production forecasting, production econom-
ics, and recovery in a DOE Class II reservoir. The reservoir
characterization will include data from cores, modern well
logs, a 3-D seismic volume, and 15 cross-wellbore seismic-
tomography lines. Only the contribution of the 3-D seismic
data to the reservoir-characterization effort will be discussed
here.

The rock data within a reservoir-simulation model require
the following pieces of data for each reservoir pay zone at
each grid node: (1) elevation (structural depth), (2) thickness
(isopach), (3) average porosity, (4) average permeability, (5)
average fluid saturations, (6) average compressibility, (7) rela-
tive permeability, and (8) capillary pressure (Crichlow, 1977).
The greatest challenge to the reservoir characterization is de-
scribing the rock data in the areas between and outside the
well control. The overall objective of the 3-D seismic evalua-
tion is to translate as many of these rock data as possible to

the concentration of 3-D seismic data points via the measur-
able seismic attributes within the seismic volume.

One of the initial seismic objectives was to develop a soft-
ware capability to convert seismic-attribute data to log prop-
erties. This was accomplished by using a non-geostatistical,
data-driven method suited for 3-D seismic-data volumes where
data points are uniform, closely spaced, and extensive (Schultz
and others, 1994a). The data input are reservoir properties
derived from well logs and attributes transformed from 3-D
seismic volumes. Every log property is cross-plotted with each
seismic attribute. A significance measure is applied to each
cross-plot to determine how well each seismic attribute re-
lates to a property. Underlying physical relationships between
the seismic attributes and log properties are important, but not
necessary, in this method. A calibration function is sought to
best convert one or more attributes to a property. The coeffi-
cients for the fit of an over-determined linear-regression solu-
tion are applied to the seismic-attribute data to estimate the
log property. A residual correction is added to the converted
property values to ensure good ties with the well data. Confi-
dence estimates are made by leaving selected wells out of the
procedure and comparing the seismic-attribute converted val-
ues to the log-projected values at the missing well locations
(Schultz and others, 1994b).

By design, OXY’s proprietary geological-workstation soft-
ware for the personal computer called the Stacked Curves
System (SCPC) allows the management, manipulation, inte-
gration, and mapping of data from cores, well logs, seismic
lines and volumes, tomography lines, and other sources
(Srivastava, 1994). The SCPC system was upgraded to ex-
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tract representative samples from grid files across selected
areas, to cross-plot and determine probability of relationship
for a pair of variables, and to perform multiple variable-lin-
ear-regression analysis. With this new SCPC capability, all
components necessary for converting seismic attributes to log
properties are in place.

WEST WELCH UNIT

The San Andres Formation in Welch field is representa-
tive of DOE Class II reservoirs. The field is in the northwest
corner of Dawson County, Texas, on the northern shelf of the
Midland basin (Fig. 1) and produces from dolomite of Per-
mian age (Guadalupian) in the San Andres Formation (Fig. 2)
at an average measured depth of 4,825 ft. The producing in-
terval is approximately 400 ft below the top of the formation.
The reservoir thins to the north, toward the paleoshoreline,
and is overlain by impermeable evaporites and anhydritic
dolomites. Permeability decreases to the east and west. The
southern limits of the field are determined by downdip high
water saturations.

The average porosity for the unit is 9.5%, with a geometric
average permeability of I md. As of Decem-
ber 1995, the West Welch Unit had produced

The M1 log pick marks the top and the M5 pick marks the
base of the main-pay interval. The M3 log pick is the bound-
ary separating the two major cycles within the main-pay in-
terval. The other log picks---M2S, M2S2, M4S, M4T, and
M4S2—define the four minor cycles within the two major
cycles. Northward in the unit, the minor cycles become more
pronounced and are also capped by supratidal facies. In the
northernmost part of the unit, the subtidal rocks are very thin
and are capped by the thick supratidal rocks, creating the trap
for oil and gas, as demonstrated on north—south cross section
A-A’ (Figs. 3,5) across the West Welch Unit.

Available core and log data have been used to define the
depositional cycles and to map flow units; however, the con-
tinuity of the individual porosity layers in the interwell area
cannot be accurately determined with the current data set. The
3-D seismic volume will help to map interwell pay continuity
and thus create a more accurate simulation, which we can use
to better design, implement, and monitor the CO, flood.

As is the case with many older reservoirs, the distribution
of data is sporadic. In order to maximize the number of con-
trol points, both the core and the log data had to be integrated

67 MMBO, 11 BCFG, and 129 MMBW.
Since waterflood operations began in 1960,
254 MMBW has been injected. The West
Welch Unit currently has 340 active produc-
ing wells, with 207 active injection wells, and
covers more than 12,000 surface acres. Cur-
rent monthly production is 2,837 BO, 518
MCFG, and 22,896 BW. The unit-wide av-
erage water cut is 89%. The DOE project area
covers 564 acres in the south-central part of
the West Welch Unit (Fig. 3). Within the
DOE project area, the average porosity is
12%, and the average permeability is 2.2 md.
This area alone has produced 7.7 MMBO.
The project area currently has 38 producing
wells, 23 injection wells, two observation
wells, and one water-supply well. Eleven of
the wells within the project area have been
cored.

-

GEOLOGY AND PETROPHYSICS

The San Andres reservoir in the West
Welch Unit is composed of shallowing-up-
ward carbonate cycles. The main pay in the
southern part of the West Welch Unit includes
four distinct shallowing-upward cycles: two
major cycles with subtidal facies capped by \
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thick supratidal deposits, and two minor
cycles with relatively deep subtidal deposits
consisting of mudstones and wackestones
shallowing upward into tight packstones and
grainstones deposited in a high-energy
subtidal environment or intertidal environ-
ment. This sequence and the corresponding
porosity and permeability relationships are
illustrated on the type log in Figure 4.
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Permian Paleogeography
of the Permian Basin

Figure 1. Simplified map of Permian basin, showing location of West Welch Unit
with respect to other, similar DOE Class Il San Andres reservoirs.
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il.ltO a Smgle data set. Only the modern IOgS (den_ Age Geologic Delaware Central Basin Midland
sity/compensated neutron) were used to deter- g Epoc Basin Platform Basin
mine average porosity (PHIA). Wells with core Dewey Lake
data alone were used only if the entire interval Ochoon Rustler
had been cored and analyzed, thus avoiding Salado
bias. Wells for which both log and core data - Castile e
were available were used for quality control. P Bell Capitan T:nsi"

Porosity was determined from the compen- : Late Canyon Reef ates

. . z Seven Rivers

sated neutron/density logs after correcting for Mmo| s
lithologic variations. Although additional wells A |3 Cherry Goat Seep Queen
were logged with older neutron logs, scaled in N é Middle aren | Getaway Grayburg
counts per secc?nd, the error in gonverting thos.e 3 Cherry Canyon Upper [N
logs to a porosity measurement introduces addi- Tongue ASS" san |
tional unreliable porosity values. Therefore, those Early Brushy Canyon neves | Lower Andres
logs were not used for porosity determination. | [ | | Glorleta | " Clear
Once satisfactory porosity measurements were L den | somesorna | Clear Fork | Fork
determined, an arithmetic average (PHIA) was eonarcian Bone Spring (Yeso) Spraberry
determined for the M1-MS5 interval, without us- Tubb-Drinkard Dean

ing a porosity cutoff, to better reflect the rock
volumes sampled by the seismic data.

The average-porosity map (Pl. 1) shows a
trend of increasing porosity to the south and
southeast. The increase in porosity coincides with the increas-
ing volume of subtidally deposited rocks. As a general rule,
these rocks tend to have better preservation of porosity. Sub-
sequent diagenesis creates most of the variation seen in this
map, as anhydrite fills in the pores.

basin.

THREE-DIMENSIONAL SEISMIC DATABASE

The 3-D seismic data were acquired across Welch field
from December 1992 through February 1993. The acquisi-

Figure 2. Geologic correlation chart for Permian formations in the Permian

tion parameters and the seismic-data-processing sequence are
summarized in Tables 1 and 2. The seismic area (Fig. 3) cov-
ers 36 mi?, and the 3-D seismic data dedicated to the DOE
project is a 5.9-mi? area. The seismic-bin locations are spaced
110 ft north—south by 165 ft east-west. There are a minimum
of 24 seismic data points in the interwell spaces (P1. 2), and
the seismic volume also supplies approximately 150 additional
control points for every well with log- and/or core-porosity
determinations to help provide a more complete description
of the reservoir continuity.
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Figure 3. Location plat of
Welch field, showing out-
lines of the producing
units, the DOE demonstra-
tion site, and the 3-D seis-
mic-data areas.
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Table 1.—Seismic-Data-Acquisition Parameters,
Welch Field, Dawson County, Texas

Table 2.—Seismic-Data-Processing Sequence,
Welch Field, Dawson County, Texas

Recording Parameters

Recording equipment: Input/output two system

Channels: 480 with roll along
Receiver lines: 8

Groups per line: 60

Geophones per group: 12 (buried)
Sample rate: 2 milliseconds
Record length: 4 seconds
Low-cut filter: 3 hertz

High-cut filter: 120 hertz

Notch filter: Out
Pre-amplifier setting: 48 decibels

Receiver Line and Group Parameters
Receiver line intervatl: 1,320 ft aligned north—south
Receiver group interval: 220 ft
Geophone spacing: Approximately 9 ft
Geophones per group: 12 in 100-ft linear array
Geophone type: Mark Products L200 10 hertz

Energy-Source Parameters
Vibroseis equipment: 4 Failing Y2400 vibrators on

Pelton Advance Il electronics
on line at all times

Sweep length: 8 seconds

Sweeps per point: 8

Sweep frequency: 8-120 hertz, nonlinear,
6 decibels/octave

1,320 ft aligned east—west

330 ft, staggered between lines

Source line interval:
Source point interval;

Sampling Effort
Variable bin spacing: 110 ft N—S by 165 ft E-W or
110 ft N-S by 82.5 ft E-W
8-9 for 110-ft x 165-ft bins and
5-6 for 110-ft x 82.5-ft bins
36 mi2

5.9 mi?

Fold at 4,500-ft level:

Total survey size:
DOE 3-D seismic area:

Synthetic seismograms were produced from nine sonic logs
within the DOE seismic area to obtain correspondence be-
tween the well data and the seismic data. The synthetic wave-
let that best matches the seismic data is produced from an
8/12-80/90 hertz bandpass filter. The seismic volume was
found to be 90° out of phase with the sonic data. The best fit
occurs when the seismic volume is rotated by 270° and the
synthetic seismogram is rotated by 180° (Figs. 6,7). The M1
horizon (top of main pay) ties to a seismic peak-to-trough
crossover, and the M5 horizon (base of main pay) ties to a
seismic trough-to-peak crossover. Therefore, the San Andres
main-pay interval corresponds to a relatively low-amplitude
seismic trough (Fig. 7). The seismic trough correlates to the
M3 log pick, which is the boundary separating the two major
depositional cycles within the main-pay interval. Although
both of these major depositional cycles were mapped for the
study, only the total main-pay interval (M1-M35) is discussed
in this paper.

1. Geometries 6. Velocity analysis

2. Preprocessing steps
Spherical divergence
Binary-gain removal
Linear-noise removal

7. Residual statics
8. Normal moveout

9. Final stack
3. Trace deconvolution
10. Time-variant filter
4. Brute stack
11. Single-pass 3-D

5. Refraction statics migration

The M1 and M5 horizons were correlated throughout the
DOE 3-D volume, using the Vest 3DSEIS workstation soft-
ware, which is designed for the personal computer. The seis-
mic expression of the San Andres main-pay interval is domi-
nantly a seismic trough of varying low amplitudes throughout
the volume. There are places where isolated seismic peaks are
scattered within this trough. These scattered peaks are more
concentrated in the northern half of the DOE seismic area,
which are exhibited on trace 115 (Fig. 7), a typical north—
south seismic section from the middle of the seismic volume.
A seismic-trough reflection disrupted with sporadic seismic
peaks would produce variations in certain seismic attributes
(amplitude and phase in particular) that are extracted across
the seismic trough. The pay zones in the northern part of the
study area thin, become tight owing to diagenesis, and pinch
out in places. Mapping the variations in seismic attributes can
help identity and delineate these kinds of changes within the
reservoir (Watts and others, 1995b).

SEISMIC-ATTRIBUTE DATA

Seismic-attribute data are commonly associated with the
amplitude, frequency, and phase information within the seis-
mic record. More recently, data requiring specialized data
processing—i.e., acoustic impedance, spectral ratio, and doz-
ens of other measurements—are referred to as seismic at-
tributes. And for purposes of seismic-guided estimation of
log-derived properties, the term is even broader. Seismic-at-
tribute data are all measurable quantities extracted from the
seismic volume at the reservoir level and also include time or
depth structure and isochron or isopach values.

Average velocity gradients were established from the seis-
mic datum to each of the M1 and M5 horizons, using the well
data for depth values and the seismic data for time values.
The velocity gradients were applied to the seismic time picks
to create subsea-depth structure values. The difference between
the two depth structure values provides the isopach or reser-
voir-thickness value. The structural surfaces (Pls. 3,4) dip at
approximately 1° to the south-southeast. A terrace feature is
in the center of the map, with a low area in the form of a broad
trough to the northwest. Notice the increased level of detail in
the seismic map (Pl. 4), even though there are a large number
of control points for the well-data map (PL. 3).
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The Hilbert transform capability within Vest 3DSEIS was
used to create seismic-attribute values of instantaneous am-
plitude, instantaneous frequency, and instantaneous phase. The
3DSEIS system was also used to average all three seismic
attributes between the M1 and M5 horizons to create reser-
voir-amplitude, reservoir-frequency, and reservoir-phase files.
The amplitude and phase maps (Pls. 5,6) both contain posi-
tive and negative values across the area. The negative ampli-

tudes represent the main-pay seismic trough and increase in
negative value to the south. The isolated areas of positive
amplitudes across the northern half of the map represent the
sporadic seismic peaks within the main-pay seismic trough.
The seismic volume is phase rotated by 270°, which is the
same as —90°. The mapped phase values are from the —90° rota-
tion. Therefore, the negative- and positive-phase values coin-
cide with the negative- and positive-amplitude distribution.
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Plate 1. Gridded-map distribution of the average-porosity values derived from the modern well-log
data combined with core measurements.
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Plate 2. Base map showing the spatial relationships of the wells, wells with porosity measurements,
cross-well seismic-tomography lines, and 3-D seismic bins.
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Figure 6. Sonic-log curve from West Welch Unit well 4852 with
synthetic seismic waveform derived from sonic-generated re-

flection coefficients. M1 and M5 log picks are correlated to the
synthetic seismogram.
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CORRELATION OF SEISMIC ATTRIBUTES
TO POROSITY

The five seismic attributes from above—reservoir struc-
ture (M1 horizon), reservoir thickness (M 1-M5 isopach), res-
ervoir amplitude, reservoir frequency, and reservoir phase—
were all sampled to the well locations. The average porosity
(PHIA) values were cross-plotted with each seismic attribute.
All five cross-plots have considerable scatter, and each was
evaluated with a significance measure derived from the slopes
of the data points called Kendall’s tau indicator (Schultz and
others, 1994a). The tau indicator is a measure of the probabil-
ity of relationship for both linear and nonlinear distributions,
and it is posted above each cross-plot in the SCPC system.
The tau indicator for each seismic attribute evaluated with the
porosity is summarized in a quality matrix as follows:

PHIA Quality Matrix—Kendall’s Tau Indicator (%)

|
Seismic Ml MI1-M5 M1-M35 MI1-MS5 MI1-MS5 |
attribute | structure | isopach | amplitude | frequency phase
Tau
indicator 98.7 20.3 95.7 492 97.6

The tau indicator is required to be greater than 70% to be
considered in the development of a calibration equation. The
quality matrix shows that the cross-plotted distributions for
the structure (SUBC), amplitude (AMPS), and phase (PHAZ)
meet this requirement.

The multiple variable-linear-regression-analysis capabil-
ity within OXY’s SCPC software is used to produce regres-

289 218 228 238 N

|
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i

il T[&

L}
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AR

Figure 7. North—south seismic section, trace 115, from the 3-D volume inlaid with the synthetic
seismogram from WWU well 4852, showing the correspondence between the sonic and seis-
mic reflectivity. Seismic section courtesy of Geotrace Technologies, Inc.
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Plate 3. Gridded structure map of the top of the M1 well-log picks.
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Plate 4. Seismic-structure map of the M1 horizon tied to the top of the M1 well-log picks.
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Plate 5. Map of the seismic-amplitude distribution between the M1 and M5 horizons.
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Plate 6. Map of the seismic-phase distribution between the M1 and M5 horizons.
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sion coefficients. The average porosity (PHIA) was entered
as the dependent variable, and the three qualifying seismic
attributes (SUBC, AMPS, and PHAZ) were input as indepen-
dent variables. The regression coefficients were generated and
used in the equation

PHIA = -38.1103—(0.0274 SUBC)- (0.0006 AMPS)—(1.0168 PHAZ)

to calculate a predicted PHIA value at each seismic-bin loca-
tion. The map of the seismic PHIA predictions (P1. 7) gives esti-
mates of the log- and core-determined PHIA that do not exactly
tie the well data. The cross-plot of the seismic-predicted PHIA
versus the well-data PHIA (Fig. 8) illustrates the discrepancy. If
the points are distributed along a diagonal, the seismic-predicted
porosity values would agree exactly with the log- and core-de-
rived PHIA values. Because it is desirable in reservoir simula-
tion for the predictions to agree at the wells, a residual correc-
tion is necessary (Jones and others, 1986).

SEISMIC-GUIDED MAPPING

The seismic PHIA predictions at the well locations were
subtracted from the actual PHIA computations from the well
data to create a PHIA differences (residuals) file. The PHIA
residuals were gridded, sampled to the seismic-bin-location
files, and added to the seismic-PHIA-prediction values to cre-
ate a seismic-guided PHIA file. The cross-plot of the seismic-
guided PHIA with the log-derived PHIA (Fig. 9) is greatly
improved over the cross-plot involving the seismic-predicted
PHIA (Fig. 8). All 59 seismic-guided PHIA values agree with
the well PHIA to within 1%.

The seismic-guided PHIA map (Pl. 8) has significantly
greater detail than the original PHIA distribution displayed
on the map from the well data (P1. 1). A comparison of the
two maps reveals that the seismic-guided PHIA has higher
porosity values in the east-central part of the study area. The
areas of low porosity to the north are certainly delineated with
greater definition in the seismic-guided distribution. And the
seismic-guided map provides extension of the reservoir to the
southern part of the study area. The seismic-guided-mapping
method has used seismic measurements to shape the interwell
geologic variability and to map beyond the well control with
reliability (Watts and others, 1995a).

SUMMARY AND CONCLUSIONS

The most common distance between wells with modern log
suites and/or core data is 957 ft with a non-uniform distribution.
Therefore, much lateral interpolation is needed to produce a res-
ervoir-simulation model at a grid-node spacing of 100 by 100 ft.
The current interpretation of depositional cycles subdivides the
main-pay interval into an eight-layer model. This interpretation
provides bed thicknesses to as little as 6 in. The 3-D seismic data
are able to resolve bed thickness to 35 ft, and the two major
cycles of deposition within the main-pay interval are the small-
est mappable seismic units. The 3-D seismic-data evaluation has
provided reservoir-elevation values (structure grids), reservoir-
thickness values (isopach grids), and average-porosity estimates
across the reservoir intervals (seismic-guided PHIA grids) at a
uniform spacing of 110 ft north—south by 165 ft east-west across
the DOE 3-D seismic area. The lateral interpolation to a 100- by
100-ft grid will be minimal.

G. P.Watts and G. D. Hinterlong
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Figure 8. Cross-plot of the average porosity from the well data
with the seismic-predicted porosity. Probability of relationship
using Kendall’s tau indicator = 99.6%.
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Several benefits are gained by using the 3-D seismic data
in the reservoir-simulation model. All the detailed areal varia-
tion in the interwell space expressed by the seismic-attribute
information is contained in the structure, isopach, and poros-
ity interpretations. The seismic interpretations are accurately
tied to the well data. The seismic interpretation reveals exten-
sions of the reservoir outside the well control in the southern
part of the DOE 3-D seismic area.

The seismic-bin spacing (110 by 165 ft) supplies approxi-
mately 150 additional control points for every well with po-
rosity measurements to provide a more complete description
of reservoir continuity. The porosity profile from the well data
can be proportioned to match the seismic-guided porosity
values at each bin location. This will effectively extend the
vertical resolution of the well control to the seismic-data vol-
ume within the constraints of the seismic-guided porosity val-
ues. The final reservoir-porosity volume will be consistent
with the core, the well-log, and the seismic data.
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Reservoir Chrracterization of the Upper Permian Grayburg Formation

in Preparation for a Horizontal-Well CO, Flood,
South Cowden Unit, West Texas
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ABSTRACT.——Since initial development in the late 1940s, South Cowden Unit (SCU), on the eastern
margin of the Central Basin platform of the Permian basin, has produced 35 million barrels of oil from the
Upper Permian Grayburg Formation. Under waterflood since 1965, SCU is approaching the economic
limit of waterflood operation, and a carbon dioxide (CO,) flood employing horizontal injection wells has
been proposed. A detailed geologic description of the reservoir interval was prepared for integration into
a reservoir-simulation model used to predict CO,-flood performance.

The reservoir interval at SCU has a gross thickness of approximately 150 ft and is composed mainly
of burrow-mottled dolopackstones. These dolostones are characterized by a distinctive gray/tan mottling
reflecting variations in porosity and oil staining. Tan oil-stained areas, interpreted to be carbonate-sand-
filled burrows, are dolograinstones, dolopackstones, and washed dolopackstones. Porosity in these areas
typically ranges from 10% to 32% and is intergranular, intercrystalline, and moldic. Permeability gener-
ally varies from 2 to 400 md. Gray interburrow areas, lacking oil staining, are dolopackstones and
dolowackestones with 2-9% moldic and intercrystalline porosity and 0.002—2-md permeability. The rela-
tive amounts of tan and gray dolomite, determined by the degree of bioturbation, can profoundly affect
reservoir porosity and permeability.

Reservoir porosity and permeability are also a function of anhydrite content. An inverse relationship
exists between porosity and permeability and the amount of poikilotopic anhydrite cement in the tan-
dolomite areas. Limited core data suggest that the decrease in porosity in the northwestern (paleolandward)
part of SCU is related, at least in part, to an increase in anhydrite content.

Reservoir permeability is a function of bioturbation, anhydrite content, and pore size in the tan-dolo-
mite areas. Pore size is related to depositional texture, diagenesis, and consequent crystal size. Very finely
to finely crystalline tan dolomites, most likely reflecting dolomitization of muddy burrow-filling sedi-
ments, are characterized by very small intercrystalline pores and permeabilities generally ranging from <1
to 16 md. Finely to medium-crystalline tan dolograinstones and washed dolopackstones, reflecting dolo-
mitization of carbonate-sand-filled burrows with relatively minor mud-size material, are characterized by
larger intergranular pores and significantly better permeabilities typically ranging from 100 to 500 md.
Tan dolomites with similar porosities may have markedly different permeabilities because of differences
in pore size, and thus more than one porosity/permeability transform is necessary to characterize rocks of
the SCU reservoir interval.

The vertically oriented character of the porous and permeable tan-dolomite burrow structures, charac-
terizing rocks of the SCU reservoir interval, provides a favorable condition for the application of horizon-
tal injection wells. The vertical movement of fluids and gases through the reservoir interval may be
partially restricted, however, by rare, laterally continuous, relatively low-permeability sandy dolopackstone
layers. It is critical to determine the stratigraphic positions of these low-permeability layers relative to
those of the proposed horizontal, CO;-injection wells.

INTRODUCTION

More than 10 billion barrels of oil has been produced from
the San Andres and Grayburg Formations of the Permian ba-
sin, west Texas and southeast New Mexico (Bebout and oth-
ers, 1987). The San Andres and Grayburg fields, discovered
mainly in the 1920s, 1930s, and 1940s, have cumulative pro-
ductions ranging from <1 million to >750 million barrels of

oil (Ward and others, 1986). Major Permian basin San Andres
and Grayburg fields, including South Cowden Unit, the focus
of this study, are shown in Figure 1.

San Andres and Grayburg reservoirs exhibit low recovery
efficiencies, generally <30%, in response to conventional pri-
mary- and secondary-recovery practices. Galloway and oth-
ers (1983), Tyler and others (1984), Ruppel and Cander (1988),
and Fogg and Lucia (1990) stated that the low recovery effi-

Caldwell, C. D.; Harpole, K. J.; and Gerard, M. G., 2000, Reservoir characterization of the Upper Permian Grayburg Formation in prepa-
ration for a horizontal-well COs flood, South Cowden Unit, west Texas, in Johnson, K. S. (ed.), Platform carbonates in the southern
Midcontinent, 1996 symposium: Oklahoma Geological Survey Circular 101, p. 339-353.
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ciencies of these reservoirs are a function of inefficient sweep  voir architecture and the integration of geologic and engineer-
of the reservoirs related to an incomplete understanding of  ing data to develop and improve infill-drilling programs, car-

reservoir heterogeneities. The aforementioned authors sug- bon dioxide (CO,) and waterflood programs, and selective
gested that a significant amount of the remaining mobile oil completion procedures. This study provides a detailed petro-
can be produced through a better understanding of the reser- graphic description of the South Cowden Unit reservoir inter-
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Figure 1. Paleocgeographic map of the Permian basin, west Texas and
southeast New Mexico, and the Leonardian and Guadalupian stratigraphic
column for this region. The paleogeographic map shows those San Andres
and Grayburg fields that have produced >10 MMBO. Named fields (black)
are referred to in the text. The square shaded area on the map is Ector
County, Texas. (Modified from Bebout and Harris, 1986.)

val for integration into a reservoir-simulation
model for a proposed CO, flood using horizontal
injection wells.

FIELD/UNIT HISTORY

South Cowden field, discovered in 1932, is in
Ector County, Texas, on the eastern margin of the
Central Basin platform (Fig. 1). The field is part
of a nearly continuous trend of Upper Permian
Grayburg production extending northward into
Foster and Johnson fields. As of January 1994,
South Cowden field had produced 154 million
barrels of oil from the Grayburg Formation
(Ruppel and Bebout, 1995). The number of pro-
ducing wells in the field reached 516 in 1980
(Ward and others, 1986).

South Cowden field is divided into several units.
The most productive units are, from north to south:
the Unocal Moss Unit, the Fina Emmons Unit, and
the Phillips Petroleum South Cowden Unit (Fig.
2). South Cowden Unit (SCU), the focus of this
study, produces from an anticlinal structure formed
by the drape of Grayburg strata over a lobe-shaped
San Andres depositional “thick” (Ruppel and
Bebout, 1995). The gross thickness of the
Grayburg reservoir interval at SCU is approxi-
mately 150 ft, with the top of the interval occur-
ring at drilling depths of approximately 4,500
4,700 ft.

Hydrocarbon production from the area that is
now South Cowden Unit began in 1948. Since
then, approximately 100 producing wells were
drilled in the area on 20-acre spacing. The area
was unitized for secondary waterflood operations
in 1965 with initial water injection from periph-
eral wells around the edge of the anticlinal struc-
ture. Leaseline cooperative water injection along
the northern unit boundary was added in the early
1970s, and several additional water-injection wells
were drilled in the interior of the unit in the late
1970s and early 1980s. In early 1995, SCU, near-
ing its economic limit for waterflood operations,
was producing just over 400 BOPD at a water cut
greater than 95% from 39 producers and 11 water
injectors (Fig. 3). The cumulative primary and sec-
ondary recovery from SCU is estimated to be 35
million STB of oil, or approximately 20% of the
original oil in place.

CO, feasibility studies conducted in the early
1990s indicated that SCU was a good technical
candidate for a conventional CO, flood, but the
project did not meet economic criteria. Harpole
and others (1996) suggested that most of the wells
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@ STUDY CORES

Figure 2. Map showing structure at top of Grayburg Formation.
South Cowden Unit (SCU) is shaded. Fina Emmons Unit is
sec. 8, blk. 42, directly north of SCU. The remaining area to
the north and northwest is the Unocal Moss Unit. Wells from
which cores were studied are shown.

in the unit were not suited for conversion to a CO, water and
gas (WAG) injection because of mechanical or completion
problems, and the cost for new injection wells and related fa-
cilities for a conventional CO, flood was too high relative to
the recoverable oil. Thus, a CO, flood was proposed using
two horizontal injection wells drilled from a centralized facil-
ity, thereby reducing upfront capital costs. Engineering stud-
ies and a detailed reservoir description, the latter of which is
summarized in this paper, will be integrated into a reservoir-
simulation model for a CO, flood using horizontal injection
wells. This project was selected as a demonstration project
under the U.S. Department of Energy (DOE), Class I Oil Pro-
gram, for shallow-shelf carbonate reservoirs and is financially
supported in part by the DOE.

METHODS OF INVESTIGATION

Approximately 1,300 ft of core was described from five
SCU wells (SCU 8-19, 470 ft; SCU 7-10, 249 ft; SCU 8-11,
170 ft; SCU 6-23, 237 ft; and SCU 6-24, 180 ft). An addi-
tional 120 ft of core was reviewed from the Unocal No. 16-14
Moss Unit well. Locations of the cored study wells are shown
in Figure 2. Cored intervals are primarily from the Grayburg
Formation; the lower 120 ft and 35 ft of the overlying Queen
Formation were cored in the SCU 8-19 and 6-23 wells. In
addition to macroscopic descriptions, 211 thin sections were
described and point counted (SCU 8-19, 97 t.s.; 7-10, 63 t.s.;
8-11,12t.s.;6-23, 15 ts.; 6-24, 13 t.5.; and Moss Unit 16-14,
11 t.s.). Most of these thin sections are from the Grayburg
reservoir interval. A total of 53 samples from the SCU 8-19,
7-10, and 8-11 wells were analyzed by X-ray diffraction. The
most complete Grayburg—Queen section was recovered from
the SCU 8-19; thus, this well serves as the type well for much
of the following discussion (Fig. 4). The Grayburg Formation
at SCU is divided into seven stratigraphic intervals, desig-
nated zones A—G (Fig. 4). The basis for this division is dis-
cussed later in this report.

LITHOFACIES DESCRIPTIONS

Eleven rock types defined from the SCU Grayburg and
Queen core studies are grouped into five dolostone lithofacies
(Fig. 4, key), as follows: (1) fusulinid dolowackestone, (2)
ooid-peloid dolograinstone, (3) sandy dolopackstone, (4) bur-
row-mottled dolopackstone, and (5) fenestral dolopackstone.

Fusulinid dolowackestones and ooid-peloid dolograinstones
make up the lower part of the cored Grayburg Formation at
SCU (zone A, Fig. 4). The middle part of the Grayburg (zones
B, C, and the lower part of zone D, Fig. 4) is interbedded
sandy dolopackstone, ooid-peloid dolograinstone, fusulinid
dolowackestone, and burrow-mottled dolopackstone. The
upper Grayburg (zones E, F, G, and the upper part of zone D)
is dominated by burrow-mottled dolopackstone. Sandy
dolopackstones and fenestral dolopackstones make up the
cored portion of the Queen Formation. The SCU reservoir
interval, zones C through F, is composed mainly of burrow-
mottled dolopackstones.

Although most Grayburg dolostones at SCU contain <2%
anhydrite, some Grayburg intervals contain as much as 15—
20% anhydrite. Anhydrite occurs as replacement nodules and
cements intercrystalline, intergranular, moldic, and fracture
porosity. In the SCU 8-19, the lower 50 ft of the Queen For-
mation is 1-10% anhydrite, and the overlying 70 ft of cored
Queen is 15-45% anhydrite. Gypsum is rare in the Grayburg—
Queen cored interval and is generally restricted to white alter-
ation rims on anhydrite nodules.

Siliciclastics, mainly very fine- to fine-grained detrital
quartz and feldspar, are <5% in all Grayburg—Queen lithofacies
with the exception of the sandy dolopackstone lithofacies.
Sandy dolopackstones of the Grayburg and Queen Formations
are 10-20% and 10—40% siliciclastics, respectively. Gypsum
and calcite are generally absent or occur in trace amounts in
the Grayburg and Queen Formations. Depositional textures
are difficult to distinguish in all lithofacies owing to diagen-
esis, in particular dolomitization.

Fusulinid-Dolowackestone Lithofacies

Much of the lower Grayburg Formation at South Cowden
Unit is composed of fusulinid dolowackestones and dolopack-
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Figure 3. Graph showing production history of South Cowden
Unit, Ector County, Texas
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61-8 NIAMOD S

Figure 5. Core photographs of Grayburg and Queen lithofacies, South Cowden Unit. Numbers indicate depths in feet. (A) Fusulinid
dolowackestone with moldic porosity (SCU 8-19, core unit 5). (B) Sandy dolopackstone with common stylolites (SCU 8-19, core
unit 15). (C,D) Burrow-mottled dolopackstone lithofacies showing characteristic vertically oriented gray/tan mottling. Tan areas
are oil stained and have significantly better porosity and permeability than adjacent gray-dolomite areas (SCU 8-19, core units
14A and 16). (E) Fenestral-dolopackstone lithofacies, displaying inclined bedding typical of tepee structures. The large, anhy-
drite-cemented desiccation structure (layer) in the upper part of the slab contains internal sediment visible along the right side of
the core (SCU 8-19, unit 29).
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stones (Figs. 4, SA). Fusulinid dolostones are rare in the middle
part of the Grayburg Formation and absent in the upper
Grayburg and overlying lower part of the Queen Formation.
Fusulinids are scarce to common, and echinoderm debris is
rare in rocks of this lithofacies; no other bioclasts are distin-
guishable. Intergranular areas are generally dolomitized car-
bonate mud, which in places appears pelleted. Very fine- to
fine-sand-size detrital quartz is <3%, and coarsely to very
coarsely crystalline anhydrite, typically cementing or partially
cementing biomoldic pores, varies from 3% to 14%. Small
anhydrite nodules are rare.

Carbonaceous and argillaceous stylolitic seams and lami-
nae are numerous in some fusulinid dolowackestone/dolo-
packstone intervals, e.g., core units 4 and 5, SCU 8-19, result-
ing in slightly higher gamma-ray-log values for these inter-
vals (Fig. 4). The “hotter” gamma-ray log signature associ-
ated with core units 4 and 5 is observed at this stratigraphic
level throughout SCU.

Burrow mottling significantly affects porosity and perme-
ability in rocks of this lithofacies. Fusulinid dolostones lack-
ing burrow mottling have core-analysis porosities of 5-17%
and maximum-permeability (K. values of 0.4-2.5 md. Bur-
row-mottled, oil-stained fusulinid dolostones have core-analy-
sis porosities ranging from 15% to 20% and K,,,, values from
280 to 880 md. The better porosity and permeability in bur-
row-mottled dolostones are related to the presence of inter-
granular porosity within bioturbated areas. In areas lacking
bioturbation, porosity is mainty biomoldic and intercrystalline
(Fig. 6A). Biomolds are typically leached or partially leached
fusulinids. As stated above, biomolds are commonly cemented
or partially cemented by anhydrite.

The normal-marine biota, bioturbation, and generally
muddy character of fusulinid dolowackestones and dolo-
packstones suggest deposition in an open-marine outer-plat-
form setting in waters generally below normal wave base,
perhaps 10-20 m or less in depth. Rare fusulinid intraclast
dolograinstones and washed dolopackstones interbedded with
the muddy fusulinid rocks suggest times or areas of higher
energy traction deposition. Numerous authors have proposed
a similar outer-platform or outer-ramp depositional setting for
San Andres and Grayburg fusulinid wackestones and
packstones of the Permian basin (Bebout and others, 1987;
Ruppel and Cander, 1988; Tyler and others, 1991; Kerans and
others, 1994). Sonnenfeld’s (1991) study of San Andres-age
rocks of the Permian basin suggests that the optimal depth for
fusulinids was approximately 10 m. Fusulinids may have been
transported downslope, however, to depths of 60 m (Kerans
and others, 1994).

Ooid-Peloid Dolograinstone Lithofacies

Ooid-peloid dolograinstones and washed dolopackstones
occur mainly in the lower and middle parts of the Grayburg
Formation (zone B and the upper part of zone A, Fig. 4). Rocks
of this lithofacies are mottled or display small- to medium-
scale trough cross-stratification. In places, mottling appears
to be related to bioturbation. Burrowed areas are commonly
oil stained. Framework grains are mainly medium- to coarse-
sand-size ooids and peloids. Echinoderm debris, peloidal
intraclasts, and grapestone grains are rare. Detrital quartz is

generally absent. Owing to dolomitization, ooid nuclei and
oolitic coats (cortices) are difficult to distinguish (Fig. 6B).

Porosity in rocks of this lithofacies is intergranular and,
relatively rare, moldic (Fig. 6B). Core-analysis porosity is typi-
cally 6-16%, and K, generally varies from 3 to 40 md, with
some dolograinstone intervals having permeabilities of 100
300 md. Intergranular porosity has been partially occluded by
finely to medium-crystalline dolomite cement and small
amounts (<1% to 3%) of coarsely crystalline calcite cement.
The ooid-dolograinstone interval that occurs at the top of the
Grayburg Formation throughout SCU (core unit 18, Fig. 4) is
partially cemented by coarsely to very coarsely crystalline
anhydrite. Cored dolograinstones elsewhere in the Grayburg
Formation are generally <1% anhydrite.

Cross-stratified and bioturbated ooid-peloid dolograin-
stones and washed dolopackstones record deposition on mod-
erate- to high-energy shoals and in near-shoal areas. Water
depths in this setting were a few meters or less. Wave and
current energy on shoal crests winnowed mud-size material
and produced oolitically coated grains. Carbonate sands
washed into off-shoal areas were bioturbated in places.

Sandy-Dolopackstone Lithofacies

Thin, areally extensive sandy-dolopackstone and dolomitic-
sandstone beds are used to establish the internal stratigraphy
of the Grayburg reservoir interval at SCU (see Stratigraphy
and Depositional Cycles section). Sandy dolopackstones and
dolomitic sandstones are relatively scarce in the Grayburg For-
amation but dominate the cored portion of the overlying Queen
Formation (Fig. 4). Sandy dolopackstones in the two forma-
tions display some noteworthy differences addressed below.

Angular to subangular, very fine- to fine-sand-size siliciclastic
material typically varies from 10% to 20% in sandy dolo-
packstones of the Grayburg Formation and from 10% to 40% in
sandy dolopackstones/dolomitic sandstones of the Queen For-
mation. Siliciclastic material in both formations is approximately
85-90% quartz and 10—15% alkali feldspar, as determined by
X-ray-diffraction (XRD) analysis. Carbonaceous and argilla-
ceous stylolitic seams and laminae are locally common in rocks
of this lithofacies (Fig. 5B), and some beds contain small amounts
of sand-size opaque material resembling detrital carbonaceous
debris. The clay-mineral content, determined by XRD analysis,
varies from 1% to 7%. The relatively “hot” gamma-ray-log char-
acter of sandy dolopackstones and dolomitic sandstones (Fig. 4)
is related to the presence of clay minerals, carbonaceous debris,
and detrital alkali (potassium-bearing) feldspars. Anhydrite is
generally <1% in sandy dolopackstones of the Grayburg For-
mation and varies from 1% to 45% in sandy dolostones of the
Queen Formation.

Carbonate grains in sandy dolopackstones of the Grayburg
Formation are predominantly fine-sand-size peloids (Fig. 6C).
These grains are most likely fecal pellets and micritized
bioclasts. Medium- to coarse-sand-size ooids and less numer-
ous peloidal intraclasts and grapestone grains are rare to com-
mon in Grayburg sandy dolopackstones (Fig. 6D), and
fusulinids and echinoderm debris, though generally absent,
are present in some beds. Sandy washed dolopackstones of
the Queen Formation contain common peloids, ooids, and
intraclasts (Fig. 7A).
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Figure 6. Thin-section photomicrographs of the Grayburg Formation, South Cowden Unit. (A) Moldic and intercrystalline porosity
characteristic of the fusulinid-dolowackestone lithofacies. Large molds are leached fusulinids (SCU 8-19, core unit 5, 30x). (B)
Ooid-peloid-dolograinstone lithofacies, displaying good intergranular porosity (SCU 8-19, core unit 9, 30x). (C—E) Sandy dolostone
(C,D) and dolomitic sandstone (E) of the sandy-dolopackstone lithofacies. Siliciclastics are very fine sand. Fine- to medium-
sand-size peloids of uncertain affinity are shown in photo C. Photo D shows a coarse-sand-size coated grain (grapestone). Pores
in the photo C sample are intercrystalline, moldic (leached carbonate grains), and leached feldspars (C, SCU 8-19, core unit
10E, 30x; D, SCU 8-19, core unit 12A, 30x; E, SCU 8-19, core unit 15, 30x). All scale bars are 0.5 mm in length.

Sandy dolostones of the Grayburg Formation are commonly
mottled and display small burrows that are elliptical on the
slabbed-core surfaces. By contrast, sandy washed dolo-
packstones of the Queen Formation display horizontal and
low-angle stratification, ripple cross-stratification, and, less
commonly, burrows.

Porosity in these rocks is intergranular, intercrystalline,
and leached grain (Fig. 6C). Carbonate grains and detrital feld-
spars display evidence of dissolution. Core-analysis porosity
is typically 10-13%, and K,,,,, is 0.1-9 md. The effect of rela-
tively low-permeability sandy dolostones and dolomitic-sand-
stone layers on Grayburg production is discussed in the Res-
ervoir Character section.

Low-angle and ripple stratification and common ooids and
intraclasts in sandy washed dolopackstones of the Queen For-
mation indicate deposition in moderate- to relatively high-
energy marine waters a few meters or less in depth. The amount
of siliciclastic sand, typically >20%, suggests an inner-plat-

form nearshore or shoreline setting and differentiates these
oolitic rocks from ooid-peloid dolograinstones of the lower
and middle Grayburg. Sandy dolopackstones of the Grayburg
Formation typically contain <20% siliciclastic sand, are bur-
row mottled, and have relatively scarce ooids, intraclasts,
fusulinids, and echinoderms, suggesting lower energy depo-
sition in a more seaward setting.

Ruppel and Bebout (1995) suggested that the well-sorted,
very fine- to fine-grained Grayburg siliciclastic units at South
Cowden field record the subaqueous reworking of lowstand
eolian sediments during sea-level rise and marine transgres-
sion. A similar depositional process was proposed by Fischer
and Sarntheim (1988) for numerous Permian siliciclastic units
in the Delaware basin.

Burrow-Mottled Dolopackstone Lithofacies

Rocks of the burrow-mottled dolopackstone lithofacies
display a distinctive, vertically oriented gray/tan mottling re-
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flecting variations in porosity and oil staining (Fig. 5C,D).
Tan oil-stained areas are typically 2—8 cm in width, up to a
few tens of centimeters in length, and are dolograinstones,
dolopackstones, and washed dolopackstones. Gray, lower
porosity areas, lacking oil staining, are generally dolo-
packstones and dolowackestones and commonly display short
(<2-cm) anhydrite-cemented fractures. These fractures do not
extend into the adjacent tan-dolomite areas.

Owing to diagenesis, in particular d~'omitization and dis-
solution, grains are generally difficult to distinguish in both
the tan- and gray-dolomite areas. Distinguishable grains are
typically classified as peloids. Coated grains are recognizable
in some tan dolomites, and fusulinids and echinoderms are
visible in burrow-mottled dolopackstones in the middle part
of the Grayburg Formation (zones C and D). Bryozoans, green
algae, and intraclasts are rare. Quartz sand is generally ab-
sent.

The distinctive gray/tan mottling that characterizes rocks
of this lithofacies was observed at Rhodes Cowden Unit, just
north of Johnson/Foster field, by C. D. Caldwell and described
by numerous other authors working San Andres/Grayburg
fields of the Permian basin (e.g., Longacre, 1980; Bebout and
others, 1987, Dune field; Ruppei and Cander, 1988, Emma
field; Major and others, 1990, East Penwell Unit; and Leary
and Vogt, 1990, Seminole field). Most of these papers relate
this mottling to bioturbation and consequent variations in po-
rosity and oil staining. This lithofacies makes up the bulk of
the reservoir interval at South Cowden Unit and is the major
reservoir lithofacies at East Penwell and Rhodes Cowden Units.

Gray areas are a very finely to medium-crystalline anhedral-
dolomite mosaic (Fig. 7B). Dolomite crystals in these areas
are typically 0.01-0.1 mm in length, as determined from thin-
section study, with most crystals occurring in the coarser part
of this size range, i.e., 0.03-0.1 mm.

Tan-dolomite areas fall into one of three categories on the
basis of crystal size. Category I tan dolomites are very finely
to medium crystalline with crystals typically 0.01-0.1 mm in
length (Figs. 7C,D; 8A,C). Crystals are evenly distributed
throughout this size range, or in some samples occur mainly
in the coarser end of the size range (Fig. 8C). Category Il
dolomite crystals also range from 0.01 to 0.1 mm, but crystals
in this category occur mainly in the finer part of the size range,
i.e., 0.01-0.03 mm (Fig. 8D). Tan dolomites of category III
are very finely to finely crystalline with crystals typically <0.01
to0 0.03 mm in length (Fig. 8B). Pore size and permeability are
directly related to crystal size in most tan-dolomite samples.
The relationship of crystal size to permeability is discussed in
the Reservoir Character section.

Thin-section study suggests that tan dolomites have sig-
nificantly better porosity than gray dolomites in rocks of this
lithofacies (compare Fig. 7B, gray dolomite, and Fig. 7C,D,
tan dolomite). In an effort to quantify this relationship, 79
core plugs were taken specifically from the tan and gray areas
to determine the petrophysical properties of these two dolo-
mites. Plugs were taken from the SCU §8-19, 7-10, 6-23, and
8-11 cores.

Core plugs from the gray-dolomite areas generally have
2-9% porosity and 0.002-2-md permeability (Fig. 9). Poros-
ity in the gray areas is moldic and intercrystalline (Fig. 7B).

Table 1.—Average Porosity and Anhydrite
Content of Tan Dolomites, Burrow-Mottled
Dolopackstone Lithofacies, by Well

Average
porosity (%),
tan dolomites

Percentage of
anhydrite,
tan dolomites

Well (core analysis) (thin section)
6-23 21.0 1.0
7-10 21.0 5.5
8-19 24.0 1.0
6-24 N.A. 10.7
8-11 14.5 11.5
16-14 about 5.5-7 155

By contrast, tan-dolomite plugs have porosities typically rang-
ing from 10% to 32% and permeabilities ranging from 2 to
400 md (Fig. 9). Porosity in the tan areas is intergranular,
intercrystalline, and, less commonly, moldic. Intergranular
porosity is significantly better in the tan dolomites than in the
lower porosity gray dolomites. This intergranular porosity may
have acted as a conduit for the movement of diagenetic fluids,
some of which may have partially leached carbonate grains
and matrix-enhancing porosity in the tan dolomites. Tan-do-
lomite areas are interpreted to be carbonate-sand-filled bur-
rows, and gray, lower porosity dolomites are muddy inter-
burrow areas.

Core-plug data indicate that the relative amounts of gray
and tan dolomite, which are largely a function of bioturbation,
can markedly affect porosity and permeability in rocks of the
burrow-mottled dolopackstone lithofacies. Mottled dolopack-
stone porosity is also related to the amount of intergranular
and intercrystalline anhydrite cement. An inverse relationship
exists between porosity and anhydrite content (Table 1). The
possible role of late-stage anhydrite (or gypsum?) dissolution
in porosity development is discussed later in this report.

An average porosity and permeability were calculated, in
each of the five SCU study. wells, for rocks of the burrow-
mottled dolopackstone lithofacies. These calculations were
derived from whole-core data. Thus, core pieces used in these
analyses typically contain both tan and gray dolomites. The
average porosities from the five wells range from 12.8% to
15.5%, and the average maximum permeabilities vary from
4.9 to 30 md.

The variability of carbonate-grain types, including fusu-
linids and coated grains; the presence of vertical, relatively
large carbonate-sand-filled burrows; and the general absence
of siliciclastics in rocks of this lithofacies suggest subtidal
marine deposition generally below or near normal wave base
in a mid-platform setting. Coated grains, formed on higher
energy shoals in this setting, were washed into quieter water,
muddy near-shoal areas. An open, subtidal-platform setting
has been proposed by numerous authors for similar burrow-
mottled peloid packstones and grainstones on the Central Ba-
sin platform (Ruppel and Cander, 1988; Leary and Vogt, 1990;
Major and others, 1990).

Leary and Vogt (1986, 1990) studied the isotopic compo-
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Figure 7. Thin-section photomicrographs of the Queen and Grayburg Formations, South Cowden Unit. (A) Sandy-dolopackstone
lithofacies of the Queen Formation, displaying common medium-sand-size ooids and abundant very fine-grained siliciclastic
sand (SCU 8-19, core unit 26, 30x). (B) Gray dolomite of the burrow-mottled dolopackstone lithofacies. This sample displays
moldic porosity and at right center an echinoderm fragment (SCU 8-19, core unit 14C, 30x). (C,D) Porous category | tan dolomite
of the burrow-mottled dolopackstone lithofacies. Porosity is mainly intergranular (C, SCU 8-19, core unit 14C, 30x; D, SCU 8-19,
core unit 16, 80x). All scale bars are 0.5 mm in length.

sition of gray/tan-mottled San Andres dolostones from five
fields along the eastern margin of the Central Basin platform
(Seminole, Foster, Means, Hanford, and North Robertson).
Gray and tan dolomites studied by Leary and Vogt have §'*0
values of 4.6%o and 3.1%o, respectively. In paired gray and
tan samples, in which the tan and gray samples were taken
within 10 cm of each other, tan dolomites were depleted by as
much as 3.5%o. Leary and Vogt suggested a diagenetic se-
quence for the mottled dolostones that consists of an early
selective dolomitization of more permeable bioturbated areas
by mixed marine/meteoric fluids; a large-scale replacement
dolomitization by seawater evaporated to gypsum saturation,
responsible for the gray dolomite of the interburrow areas;
and a final phase of dolomitization or dolomite stabilization
of the more permeable, bioturbated tan areas by an isotopi-
cally lighter fluid.

Major and others (1990) presented an alternative diage-
netic model to explain similar isotopic compositions of gray
and tan dolomites at East Penwell Unit. In their model, a late-

stage leaching increased permeability in the tan areas by wid-
ening intercrystalline pore throats and preferentially remov-
ing the early isotopically enriched centers of dolomite rhombs,
thus resulting in the depleted oxygen-isotopic compositions
of the tan areas.

Isotopic data are not available for gray and tan dolomites
of the burrow-mottled dolopackstone lithofacies at SCU. It is
speculated, however, that these dolostones are isotopically
similar to those discussed in the aforementioned studies. It is
noteworthy that the dissolution of the central parts of dolo-
mite rhombs, described by Major and his coauthors, is rela-
tively rare in the South Cowden Unit burrow-mottled dolo-
packstones, and in most samples this dissolution had very little
effect on porosity, permeability, and presumably isotopic com-
position of the tan areas.

Fenestral Dolopackstone Lithofacies
Rocks of the fenestral dolopackstone lithofacies are re-
stricted to the Queen Formation in the five SCU study wells.
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Anhydrite layers and lenses, a few millimeters to several cen-
timeters thick, are associated with fenestral dolopackstones
and dolowackestones composing this lithofacies (Fig. 5E).
Bedding is rarely inclined with dips up to 30° (Fig. SE).

Carbonate grains in this lithofacies are fine-sand-size
peloids; less numerous medium- to coarse-sand-size peloidal
intraclasts and coated grains; and rare granule-size broken and
coated grains, some resembling vadose pisolites. Mollusk de-
bris, though generally rare, is common in some beds. Quartz
sand is <1%. )

Anhydrite occludes most of the intergranular and fenestral
porosity in dolopackstones and dolowackestones of this
lithofacies and in places replaces grains and matrix. Fenestral
dolopackstones are typically 20-25% anhydrite. Core-analy-
sis porosity and permeability data are not available for rocks
of this lithofacies, but wireline-log studies indicate porosities
of <4%.

Anhydrite layers and lenses described above record the
cementation of desiccation cracks by coarsely to very coarsely
crystalline, blocky to bladed anhydrite. Finely textured inter-
nal sediment lines the floor of some of the larger desiccation
structures. These desiccation structures, the aforementioned
fenestral fabric, and the relatively rare and restricted marine
biota that characterize this lithofacies suggest upper-intertidal
to supratidal deposition marked by periods of subaerial expo-
sure. The aforementioned inclined beds are most likely the
limbs of tepee structures.

DEPOSITIONAL MODEL

Grayburg/Queen lithofacies defined in this study are simi-
lar to San Andres and Grayburg lithofacies recognized by other
authors working in the Permian basin (Bebout and others,
1987; Rupple and Cander, 1988; Garber and Harris, 1990;
Leary and Vogt, 1990; Ruppel and Bebout, 1995). Fusulinid
dolowackestones, which compose most of the lower Grayburg
Formation at SCU, record outer-platform open-marine depo-
sition below normal wave base in waters 10-20 m or less in
depth. Published reports suggest that fusulinid wackestones
and packstones generally record maximum water depths in
San Andres-Grayburg deposits of the Permian basin. This
outer-platform setting passed landward (westward) into high-
energy carbonate shoals and intershoal areas characterized by
cross-stratified and burrow-mottled ooid-peloid dolograin-
stones. Where high-energy carbonate shoals did not develop,
outer-platform, muddy fusulinid-rich sediments passed west-
ward into a mid- or inner-platform setting characterized by
burrow-mottled dolopackstones. Ruppel and Bebout (1995),
in their depositional model for South Cowden field, placed
peloid wackestones/packstones, analogous to rocks of the
burrow-mottled dolopackstone lithofacies, in an inner-ramp
setting behind high-energy ramp-crest shoals, and Leary and
Vogt (1990) showed burrow-mottled pellet grainstones on a
shallow subtidal platform landward of open-marine fusulinid
wackestones and packstones. The inner-platform setting at
SCU is represented by sandy and fenestral dolopackstones of
the Queen Formation. Sandy, oolitic and intraclastic washed
dolopackstones record moderate- to high-energy shoreline
deposition, and interbedded fenestral dolopackstones and thin
anhydrites record upper-intertidal to supratidal deposition.

The Grayburg—Queen carbonate platform faced prevailing
winds from the northeast (Walker and others, 1995) and open-
marine waters of the Midland basin. Cyclicity of the outer-
platform, mid-platform, and inner-platform deposits is dis-
cussed below.

STRATIGRAPHY AND DEPOSITIONAL CYCLES

Laterally extensive sandy-do}ostone layers, characterized
by relatively “hot” gamma-ray-log signatures, were used to
establish the Grayburg reservoir stratigraphy at South Cowden
Unit. These sandy dolopackstones and dolomitic sandstones
form the basal units of zones C, D, and F of the Grayburg
Formation (Fig. 4). The relatively “hot” gamma-ray interval
at the base of zone E reflects the concentration of carbon-
aceous and argillaceous material along locally common sty-
lolites.

Bebout and others (1987) used similar, laterally extensive
dolomitic-siltstone layers to establish the Grayburg stratigra-
phy at Dune field, and Ruppel and Cander (1988) stated that
thin siliciclastic units form readily traceable marker beds at
Emma San Andres field. Bebout and his coauthors wrote that
the dolomitic-siltstone beds at Dune field represent geologic-
time lines and thus can be used to establish a time-stratigraphic
framework.

As discussed in the lithofacies descriptions, sandy dolo-
packstones and dolomitic sandstones of the Grayburg Forma-
tion at SCU may record marine reworking of lowstand eolian
sands during a sea-level rise or marine transgression (Kerans
and others, 1995; Ruppel and Bebout, 1995). In this model,
thin, sandy dolomite beds are the initial deposits of high-fre-
quency cycles (HFC) that make up the Grayburg Formation.
Kerans and his coworkers stated that these cycles are equiva-
lent to parasequences defined by Vail (1987) and Van Wag-
oner and others (1988).

Sandy dolopackstones and dolomitic sandstones compos-
ing core units 10K (base of C zone), 12A (base of D zone),
and 15 (base of F zone) in the SCU 8-19 (Fig. 4) correlate
with the basal transgressive units of three HFCs recognized
by Ruppel and Bebout (1995) at South Cowden field. A typi-
cal Grayburg HFC at SCU consists of a basal transgressive
sandy dolopackstone/dolomitic sandstone, recording marine
reworking of lowstand siliciclastics, overlain by outer-plat-
form fusulinid dolowackestone and/or mid-platform burrow-
mottled dolopackstone, and, capping the cycle, a regressive
ooid-peloid dolograinstone. Tidal-flat deposits, capping high-
frequency Grayburg cycles in the updip platform interior of
South Cowden field (Ruppel and Bebout, 1995), were not rec-
ognized in the five SCU study wells. Inner-platform tidal-flat
deposits, represented by rocks of the fenestral-dolopackstone
lithofacies, are restricted to the Queen Formation in the study
wells.

In an alternative depositional model, sandy dolopackstones
and dolomitic sandstones of the Grayburg Formation may re-
flect deposition in subtidal marine waters landward of the plat-
form-crest oolite shoals. In this model, fusulinid dolowacke-
stones and/or burrow-mottled dolopackstones record the ini-
tial phases of marine transgression. These rocks are overlain
by regressive ooid-peloid dolograinstones, and capping the
sequence are back-shoal sandy dolopackstones. This model
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Figure 8. Thin-section photomicrographs of the burrow-mottled dolopackstone lithofacies, Grayburg Formation, South Cowden
Unit. (A) Finely to medium-crystalline category | tan dolomite with 20% porosity and 190-md permeability. This sample appears to
be a peloid dolograinstone or washed dolopackstone (SCU 6-23, 80x). (B) Very finely crystalline category Il tan dolomite, peloid
dolopackstone, with 19% porosity and 4-md permeability (SCU 7-10, 80x). This sample and the photo A sample have similar
porosities but markedly different permeabilities. (C) Category | tan dolomite with 23% porosity and 137-md permeability. The right
half of the photomicrograph shows an area cemented by anhydrite. The left half of the photo shows an area where anhydrite
cement was not precipitated or was precipitated and subsequently leached (SCU 8-19, core unit 14C, 80x). (D) Category Il tan
dolomite with 16% porosity and 6.9-md peremeability. Anhydrite replaces dolomite and cements porosity. Anhydrite dissolution
would create pores markedly larger than those characterizing this sample (SCU 8-11, 80x). All scale bars are 0.5 mm in length.

lacks the regional insights of the work of Kerans and others
and of Ruppel, and at present is considered the least attractive
of the two models.

RESERVOIR CHARACTER
Porosity and Bioturbation

Grayburg porosity and permeability at SCU are a function
of original depositional texture and diagenesis, reflected in
the lithofacies classification. Biomoldic and intercrystalline
porosity, characterizing rocks of the fusulinid-dolowackestone
lithofacies, lower Grayburg, records secondary dissolution of
carbonate grains and intergranular carbonate mud. Bioturbated
areas in some fusulinid dolostones display intergranular po-
rosity. By contrast, the main pore type associated with ooid-
peloid dolograinstones in the lower and middle parts of the

Grayburg Formation is intergranular. Rocks of the fusulinid-
dolowackestone and ooid-peloid-dolograinstone lithofacies in
places display good porosity and permeability, but, in gen-
eral, these rocks occur below the SCU oil-water contact (ap-
proximately ~1,800 ft) and thus are not hydrocarbon produc-
tive. Sandy dolopackstones are generally finely textured and
have relatively poor permeabilities, and anhydrite cement oc-
cludes most of the primary and secondary porosity in sandy
dolopackstones and fenestral dolopackstones of the Queen
Formation.

Reservoir rocks at SCU are predominantly burrow-mottled
dolopackstones. Porosity in these rocks is mainly a function
of bioturbation and anhydrite cementation. As discussed in
the lithofacies descriptions, tan-carbonate-sand-filled burrows
have porosities generally ranging from 10% to 32%, and gray,
muddier interburrow areas have porosities ranging from 2%
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be related to regional variations in anhydrite dis-
solution discussed in the following paragraph.
Contrary to this general trend are significant local
variations in anhydrite content (e.g., tan dolomites
in the SCU 6-24 contain significantly more anhy-
- drite than tan dolomites in the nearby §-19 or 6-
23). Determining the cause of these local varia-
S tions requires additional study.

Sulfate dissolution and consequent porosity
enhancement have been reported from numerous
San Andres and Grayburg reservoirs in the Per-

mian basin (Bebout and others, 1987; Ruppel and
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Cander, 1988; Longacre, 1980; Siemers and oth-
ers, 1995), and Ruppel and Bebout (1995) sug-
gested that sulfate dissolution was critical to po-
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Figure 9. Cross-plot of porosity and permeability data for gray and tan  rosity development in mottled dolostones of South
dolomites of the burrow-mottled dolopackstone lithofacies, SCU 8-19, Cowden field. By contrast, anhydrite crystals

7-10, 6-23, and 8-11 cores.

to 9%. Porosity in the tan areas is mainly intergranular and
intercrystalline and, less commonly, moldic.

A clear mylar sheet with a 1-in.? grid pattern was used to
estimate the relative amounts of gray and tan dolomite and
nodular anhydrite for each 1-ft interval of burrow-mottled
dolopackstone in the five SCU study wells. Percentages of
tan and gray dolomite and megascopic anhydrite were calcu-
lated and plotted on wireline-log/core graphs (Fig. 4). Those
intervals dominated by gray dolomntite typically have relatively
low wireline-log porosities; intervals dominated by tan dolo-
mite typically have relatively good wireline-log porosities. A
comparison of the gray/tan plot and wireline-log porosity in
the SCU 8-19 reservoir interval shows that porosity variation
in this interval is largely a function of the varying amounts of
gray and tan dolomite related to the extent of bioturbation.

Some of the low-porosity gray-dolomite layers appear to
be correlative in the five SCU study wells. Laterally continu-
ous gray-dolomite layers may reflect times or areas where
conditions were less conducive to bioturbation. Some tan-do-
lomite layers also appear to be correlative on a local scale.

Porosity and Anhydrite Cementation

An inverse relationship exists between anhydrite content
and porosity in tan dolomites of the burrow-mottled dolo-
packstone lithofacies—i.e., as the amount of anhydrite in-
creases, porosity decreases (Table 1). Poikilotopic anhydrite,
the main form of anhydrite in the reservoir interval, is gener-
ally restricted to tan-dolomite areas and is typically difficult
to distinguish without the aid of thin sections. Poikilotopic
anhydrite cements intergranular, intercrystalline, and moldic
pores and replaces dolomite (Fig. 8C,D).

On the basis of limited data, there appears to be a general
increase in anhydrite, and a corresponding decrease in reser-
voir porosity, in the northwestern part of the study area. For
example, compare the anhydrite content and porosity in the
SCU 8-19 and 6-23 to those in the more westward SCU 8-11
and Moss Unit 16-14 (Table 1). This regional variation may
be related to a northwestward (paleolandward) source of an-
hydrite-precipitating fluids. Alternatively, this variation may

showing evidence of dissolution are rare or ab-

sent in most burrow-mottled dolopackstone sam-

ples studied for this report. Additionally, anhydrite
in the category II and III tan dolomites typically occurs in
small patches a few tenths of a millimeter across, the dissolu-
tion of which would result in pores significantly larger than
those observed in these rocks (Fig. 8D). By contrast, the dolo-
mite fabric of some category 1, anhydrite-cemented tan-dolo-
mite areas is similar to that of directly adjacent porous areas
lacking anhydrite cement (Fig. 8C). This similarity suggests
that porosity development in some category I tan dolomites
may be related in part to sulfate dissolution, resulting in the
relatively open dolomite framework that characterizes these
rocks. Ruppel and Bebout wrote that the fluids responsible
for sulfate dissolution at South Cowden field may have been
derived from the basin during a pre-oil-migration phase of
diagenesis. This basinal source of sulfate-leaching fluids would
be consistent with the general westward increase in anhydrite
observed at SCU.

Porosity/Permeability Relationships

Burrow-mottled dolopackstone permeability is a function
of bioturbation and anhydrite content, as described above, and
pore size. Pore size is related to depositional texture and di-
agenesis and consequent crystal size in the tan-dolomite ar-
eas. As previously discussed, tan dolomites can be placed in
one of three categories on the basis of crystal size. Categories
L, I, and 111 are characterized by progressively smaller crystal
size. Decreases in crystal size are accompanied by decreases
in pore-body and pore-throat size and lower permeabilities
(Fig. 10).

Markedly different permeabilities characterizing tan dolo-
mites of the burrow-mottled dolopackstone lithofacies are not
necessarily related to significantly different porosities. For
example, the average porosity of tan-dolomite plugs from the
SCU 6-23 and 7-10 wells is 21%, but the average permeabil-
ity of plugs from the 6-23 and 7-10 is 90 and 10 md, respec-
tively (Table 2). Whole-core-analysis data for burrow-mottled
dolopackstones from the 6-23 and 7-10 also show this rela-
tionship, suggesting that a single porosity/permeability trans-
form does not adequately describe the varying porosity/per-
meability relationships at South Cowden Unit (Fig. 11).
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Relatively low permeabilities that characterize tan dolo-
mites of the SCU 7-10 are a function of comparatively small
pore-body and pore-throat sizes (Table 3). Tan dolomites of
the 7-10 are predominantly those of category III (Fig. 8B),
whereas tan dolomites of the SCU 6-23 are predominantly
those of category I (Fig. 8A). The very finely to finely crys-
talline tan dolomites that characterize burrow-mottled
dolopackstones of the 7-10 suggest that burrow-filling sedi-
ments in the area of the 7-10 were generally finer grained and
muddier than burrow-filling sediments in the area of the 6-23.
Tan dolomites of the 7-10 are mainly dolopackstones with
intercrystalline porosity. By contrast, tan burrow-filling sedi-
ments of the 6-23 are dolopackstones, washed dolopackstones,
and dolograinstones, and pores in these rocks are
predominantly intergranular. Core data are limited,
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Table 2.—Average Porosity and Permeability of
Tan Dolomites, Burrow-Mottled Dolopackstone
Lithofacies, by Well

Average Average % Samples,
porosity, permeability, tan dolomites,

tan dolomites tan dolomites categories
Well (%) (md) 1 n m
6-23 21.0 90 50 30 20
7-10 21.0 10 0 33 67
8-19 24.0 175 83 17 0
8-11 14.5 8 0 100 0

but muddier burrow-filling sediments that resulted
in categories II and I1I tan dolomites, characteriz-
ing much of the SCU 7-10 and 8-11 reservoir in-

Table 3.—Porosities, Permeabilities, and Pore-Throat
Radii of Tan Dolomites (Categories |, Il, and 1ll) of the

Burrow-Mottled Dolopackstone Lithofacies

tervals, may dominate burrow fillings in more pro-

; ; : Pore-
tected, quieter water interior parts of the platform. Sample Core Core throat Tan-
Category I dolograinstones and washed dolopack- depth porosity permeability radius®  dolomite
stones, which characterize tan dolomites of the SCU Well (ft) (%) (md) (1m) category
6-23 and 8-19, may reflect deposition and biotur-
bation in higher energy, more seaward parts of the 8-19 4,709.0 26.1 338 6.80 |
platform. 4,723.6 26.7 374 6.03 |
4,724.3 19.4 100 6.80 |
Low-Permeability Sandy- 4,736.0 24.3 514 8.50 I
Dolopackstone Layers 7-10 4,639.6 25.0 8.14 4.27 !
Areally extensive sandy-dolopackstone/dolo- i’g;gg ggi 12625 8;?1 :::
mitic-sandstone layers, used to establish the inter- 4:682.3 175 55 109 1l
nal stratigraphy of the Grayburg reservoir interval 8-11 4,613.0 21.6 29 1 1.69 "
at SCU (Fig. 4, zones C—F), may in some cases 4,670.0 16.8 12.3 0.43 I
partially restrict the vertical movement of fluids 6-23 4.652.8 35.7 38.7 1.68 I
and gases within the reservoir. For example, the 4,702.8 191 14 0.84 I
sandy-dolopackstone layer at the base of zone D 4,640.7 201 190 5.34 |

(core unit 12A, Figs. 4, 6D), “separating” zone D
from underlying zone C, has an average K, of

& James Howard, personal communication (1996).

<0.1 to 0.55 md and an average porosity of ap-
proximately 10% in the five SCU study wells. This
low-permeability layer, and a thin, anhydrite-ce-
mented fusulinid-dolowackestone layer near the
middle of zone D (core unit 13A, K, 0.2-2.8 md
in the SCU study wells), may partially restrict ver-
tical flow between reservoir rocks in zone C and
the upper part of zone D. Data from the repeat for-
mation tester (RFT) tool from the SCU 8-19 and
6-23 suggest that vertical communication between
zones C and D is partially restricted. By contrast,
the relatively “hot” gamma-ray interval at the base
of zone E is not associated with a sandy dolostone
layer, and the average K, over this interval var-
ies from 0.37 to 15 md for the five study wells.
Core-analysis and RFT data suggest that reservoir
rocks of zone E and the upper part of zone D should
be in communication in most wells. Finally, the
average K, of the sandy-dolostone layer at the
base of zone F (core unit 15, Fig. 4), “separating”
zones E and F, varies from 0.02 to 0.6 md in the
SCU 8-19, 7-10, 6-23, and 6-24 but is significantly
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Figure 10. Cross-plot of porosity and permeability data for tan dolomites
of the burrow-mottled dolopackstone lithofacies, showing variations in
permeabilities associated with tan dolomites of categories |, 1l and lll.
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Figure 11. Cross-plot of whole-core-analysis porosity and per-
meability data from rocks of the burrow-mottled dolopackstone
lithofacies, SCU 7-10, 6-23, and Fina Emmons Unit 135.

higher, 6.6 md, in the SCU 8-11. The average core-analysis
porosity for this layer is 5-13.5%. Whereas petrographic and
core-analysis studies suggest that this layer may in places act
as a partial restriction to vertical flow, RFT data from the SCU
8-19 and 6-23 suggest that zones E and F are in pressure com-
munication.

Low-porosity burrow-mottled dolopackstone layers domi-
nated by gray dolomite should not form significant barriers to
the vertical movement of reservoir fluids and gases. These
layers—e.g., the low-porosity layer at the base of core unit
14C (Fig. 4, 4,730-4,733 ft)-—contain a reduced but still sig-
nificant amount (20—40%) of high-porosity and high-perme-
ability tan dolomite typically occurring as vertically oriented
burrow structures. These tan burrow structures should act as
conduits for the vertical movement of fluids and gases. RFT
data from zone E in the SCU 8-19 and 6-23 indicate this zone
to be in vertical communication throughout, despite the pres-
ence of low-porosity gray-dolomite layers.

SUMMARY

The Grayburg reservoir interval at South Cowden Unit has
a gross thickness of approximately 150 ft and is composed
mainly of burrow-mottled dolopackstones that record subtidal
mid-platform deposition. These dolomites are characterized
by a distinctive vertically oriented gray/tan mottling. Tan oil-
stained areas are carbonate-sand-filled burrows. These areas
have core-analysis porosities generally ranging from 10% to
32% and permeabilities ranging from 2 to 500 md. Porosity in
the tan-dolomite areas is mainly intergranular, intercrystalline,
and moldic. Gray interburrow areas typically have porosities
of 2-9% and permeabilities of 0.002-2 md.

Reservoir porosity is mainly a function of the degree of
bioturbation—i.e., the relative amounts of gray and tan dolo-
mite, and the extent of poikilotopic anhydrite cementation in
tan-dolomite areas. An inverse relationship exists between
anhydrite content and porosity. Limited core data suggest a
general increase in anhydrite and a corresponding decrease in
porosity in the northwestern (paleolandward) part of SCU.
On a well-to-well scale, anhydrite distribution is variable,
however, and can be difficult to predict. Anhydrite dissolu-
tion may have been an important porosity-forming process in

some of the more coarsely textured tan dolomites, and the
lower anhydrite content in the eastern and southeastern parts
of SCU may reflect increased anhydrite dissolution by basin-
derived fluids (Ruppel and Bebout, 1995) and/or decreased
anhydrite precipitation from platform-interior-derived fluids.

Reservoir permeability is a function of bioturbation and
anhydrite content, as described above, and pore size. Pore size
in the tan-dolomite areas is largely related to the original depo-
sitional texture of the burrow-filling sediment and diagenesis.
Very finely to finely crystalline tan dolopackstones, most likely
reflecting dolomitization of muddy burrow-filling sediments,
are characterized by very small intercrystalline pores and low
permeabilities typically ranging from <1 to 16 md. Finely to
medium-crystalline tan dolograinstones and washed dolopack-
stones are characterized by larger intergranular pores and sig-
nificantly better permeabilities that vary from 100 to 500 md.
Limited core data suggest that burrow-filling sediments may
be muddier in the more western (landward) parts of SCU, re-
sulting in more finely crystalline tan dolomites with smaller
pore throats and lower permeabilities. Owing to differences
in pore size, tan dolomites with similar porosities may have
markedly different permeabilities. As a result, more than one
porosity/permeability transform is needed to represent the SCU
reservoir interval.

In general, the vertically oriented, permeable tan-dolomite
burrow structures in the SCU reservoir interval provide fa-
vorable conditions for the application of a CO, flood, using
horizontal injection wells. Rare, areally extensive, relatively
thin sandy-dolomite/dolomitic-sandstone layers may, however,
act as partial barriers to the vertical migration of reservoir flu-
ids and gases. Thus, it is critical to understand the stratigraphic
positions of these rare low-permeability layers relative to those
of the horizontal CO; injection wells.
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Carbonate Development and Potential Petroleum Productivity
in the Southern Fort Worth Basin, Texas

Deborah K. Sacrey
Auburn Energy
Houston, Texas

A. H. Wadsworth
Wadsworth and Associates
Houston, Texas

ABSTRACT.—The Fort Worth basin is a peripheral wedge-shaped foreland basin, with as much as
12,000 ft of sediments in the deepest part. The basin is geographically and tectonically defined as south of
the Muenster arch, west of the Ouachita thrust belt, north of the Llano uplift, and east of the Bend arch.

The northern counties of Montague, Jack, Wise, Denton, and Parker have long been prolific oil and
gas producers. Pennsylvanian clastics and Mississippian and Cambrian—Ordovician carbonates have been
the main productive targets. The stratigraphic column is basically the same over the whole basin, so why
have the counties of Erath, Hamilton, Bosque, Somervell, and Coryell been underdeveloped?

During the Cambrian-Ordovician and through the Mississippian, the shelf edge of the eastern and
southern North American continent was a stable carbonate bank. As much as 10,000 ft of sediments,
ranging from wackestones and carbonate muds to algal mounds and reef buildups, was deposited. The
advancing Ouachita thrust belt created foreland basins, such as the Black Warrior, Arkoma, Fort Worth,
Val Verde, and Marfa basins. This deformation caused tilted and horsted fault blocks of limestones and
dolomites to be juxtaposed against Mississippian and Pennsylvanian source shales.

A series of carbonate-bank buildups and tilted fault blocks has been mapped by the authors throughout
the lower part of the Fort Worth basin. These anomalous areas, in conjunction with the use of satellite
data, have helped identify potential hydrocarbon traps. The proximity to known productive areas and the
availability of low lease costs, reasonable royalties, and shallow drilling could cause the southern part of
the basin to become as prolific as the northern part.

Sacrey, D. K.; and Wadsworth, A. H., 2000, Carbonate development and potential petroleum productivity in the southern Fort Worth
basin, Texas, in Johnson, K. S. (ed.), Platform carbonates in the southern Midcontinent, 1996 symposium: Oklahoma Geological
Survey Circular 101, p. 355.
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Sequence Stratigraphy and Reservoir Development,
Marble Falls Limestone (Pennsylvanian), Central Texas

Walter L. Manger
University of Arkansas
Fayetteville, Arkansas

Patrick K. Sutherland
University of Oklahoma
Norman, Oklahoma

ABSTRACT.—The Marble Falls Limestone of central Texas is a Pennsylvanian carbonate interval pack-
aged between black shales of Mississippian (Barnett) and Pennsylvanian (Smithwick) age. Exposures are
limited to the Llano region, but the unit is extensively developed in the subsurface between the Llano
uplift and north Texas. The Marble Falls reflects a complicated history of sea-level rise and fall related to
compressional events associated with the development of the Fort Worth basin and the rising Ouachita
fold belt and Electra and Muenster arches.

The lower carbonate member of the Marble Falls was deposited on a broad, elongate platform occupy-
ing much of central Texas. It is of Morrowan age in its entirety, but it has no equivalents elsewhere in the
Llano region. The lower Marble Falls member changes facies to dark shale eastward toward the Ouachita
fold belt and into coarser clastics northward toward the Muenster arch. Preservation of the lower member
along the eastern Llano uplift is related to normal faulting that initiated the development of the Fort Worth
basin. Significant hydrocarbons have been produced from this interval, called Comyn in the subsurface,
from grain-dominated shelf facies below the Morrowan—Atokan unconformity.

The upper carbonate member of the Marble Falls rests unconformaply on the lower member and is
extensively developed throughout central Texas. It was deposited as a transgressive pulse that followed
further compression of the Fort Worth basin. Mud-dominated carbonates exposed in the Llano region are
equivalent to alluvial sediments and granite wash derived from the rising arches that bound the Fort
Worth basin to the north and the Ouachita fold belt on the east side of the basin. In the subsurface north of
the Llano exposures, carbonate mounds in the upper member provide reservoir-quality intervals that have
produced hydrocarbons in Lampasas and Hamilton Counties.

The Smithwick black shale is the basinal equivalent of the Marble Falls Limestone. Deposition of this
shale drowned carbonate deposition as the Atokan transgression progressed across the Llano region and
Bend arch with continued downwarping of the Fort Worth basin. Reservoir-quality lithologies are devel-
oped in the Caddo Pool Member to the north and east of the Liano uplift.

Manger, W. L.; and Sutherland, P. K., 2000, Sequence stratigraphy and reservoir development, Marble Falls Limestone (Pennsylvanian),
central Texas, in Johnson, K. S. (ed.), Platform carbonates in the southern Midcontinent, 1996 symposium: Oklahoma Geological
Survey Circular 101, p. 356.
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Depositional Environments and Sequence-Stratigraphic Framework of the
Subsurface Council Grove Group (Permian) of the Hugoton Embayment, Kansas

Nicholas J. Pieracacos
Baylor University
Waco, Texas

ABSTRACT.—An integrated study of cores, well logs, thin sections, and conodont biostratigraphy has
been used to establish a sequence-stratigraphic framework for the subsurface Council Grove Group in the
Hugoton embayment of southwestern Kansas. Mixed carbonate—clastic deposits of the middle to upper
parts of the Council Grove Group consist of progradationally stacked sequences including facies depos-
ited within open-marine, high-energy-shoal, peritidal, and nonmarine environments.

From base to top, Council Grove Group sequences typically consist of lowstand calichified clastic
mud/siltstone abruptly overlain by a trangressive and highstand shallow-marine limestone. Highstand
deposits are in turn punctuated by a surface of abnormal subaerial exposure. Facies are systematically
stacked into parasequence sets. The inflection between progradational and retrogradational parasequence
sets, and non-Waltherian juxtaposition of terrestrial and marine facies, allowed delineation of sequence
boundaries.

Lowstand deposits consist of nonmarine clastic mudstone and siltstone with variable pedogenic devel-
opment. Red to variegated color, caliche, root traces, and subangular blocky-soil structure indicate paleosols
and subaerial exposure. Transgressive deposits abruptly overlie lowstand clastics and are separated from
the underlying paleosols by an abrupt flooding surface. A transgressive lag commonly overlies this flood-
ing surface and consists of clastic intraclasts from the underlying paleosol. Transgressive deposits consist
of thin, upward-deepening, shallow-subtidal, fossiliferous wacke/packstone to a maximum-flooding-sur-
face fusulinid wacke/packstone containing moderately abundant conodont faunas of the normal-marine
Idiognathodus—Streptognathodus plexus. Highstand deposits consist of thicker, upward-shoaling
parasequences terminated by subaerial exposure. Exposure surfaces are characterized by microkarsting,
brecciation, root mottling, and calichification.

Pieracacos, N. J., 2000, Depositional environments and sequence-stratigraphic framework of the subsurface Council Grove Group
(Permian) of the Hugoton embayment, Kansas, in Johnson, K. S. {ed.}, Platform carbonates in the southern Midcontinent, 1996
symposium: Oklahoma Geological Survey Circular 101, p. 3567.
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Characteristics of Cyclical, Mixed Carbonate/Siliciclastic Reservoirs:
Early Permian Chase Group, Northern Oklahoma

James R. Chaplin
Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—The Early Permian Chase Group contains the reservoir system of the Hugoton field in
Kansas and adjacent Oklahoma. The Chase Group outcrop belt in northern Oklahoma is a depositional
sequence (340 ft) characterized by clastic-dominated units in recurring carbonate/clastic cycles. These
cyclical carbonates and clastics are correlatable to both transgressive and regressive surfaces, respec-
tively.

Transgressive parts (highstand phase) consist of a thinner (3-60 ft), more carbonate-rich marine/mar-
ginal-marine facies dominantly composed of shallowing-upward units of coated-grain, fossiliferous
wackestones, packstones, and grainstones. Regressive parts (lowstand phase) of the cycles are character-
ized by a thicker (40-125 ft), more clastic-rich marginal-marine/continental facies consisting of reddish-
brown, greenish-gray, and maroon mudstones/shales locally capped by exposure surfaces and weakly
developed paleosols. The bulk of each major depositional cycle represents a single transgressive—regres-
sive cycle. However, minor limited transgressions resulted in periodic renewed carbonate deposition lo-
cally within spme siliciclastic-rich intervals. Each depositional cycle contains a vertical alternation of
laterally continuous, successively shallower reservoir-prone marginal-marine/marine carbonates and
siliciclastics capped by seal-prone marginal-marine/continental red beds and paleosols.

The overall cyclicity of these deposits suggests climate-influenced changes in sea-level oscillations. In
this geographic setting, the Chase Group is interpreted to represent nearshore to offshore deposition on a
gently dipping, low-relief surface (ramp-type depositional setting) rather than on an epeiric platform that
terminated abruptly at a raised shelf margin that dropped rapidly into a relatively deep basinal setting.

The development of criteria to recognize transgressive—regressive surfaces in mixed carbonate/silici-
clastic cycles, both at the surface and in the subsurface, may assist in correlating individual depositional
sequences. In addition, the application of these criteria will aid in understanding the sequence-strati-
graphic mechanisms that control reservoir distribution, quality, and development in shallow-marine/mar-
ginal-marine Midcontinent reservoirs.

Chaplin, J. R., 2000, Characteristics of cyclical, mixed carbonate/siliciclastic reservoirs: Early Permian Chase Group, northern Okla-
homa, in Johnson, K. S. (ed.), Platform carbonates in the southern Midcontinent, 1996 symposium: Oklahoma Geological Survey
Circular 101, p. 358.
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Sonic Velocity in Carbonates—A Product of Original Composition
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ABSTRACT.—Pure carbonate rocks, unlike siliciclastic sediments, show no direct correlation between
acoustic properties (P- and S-wave velocity) and age or burial depth of the sediment, so that velocity
inversions with increasing depth are common. Sonic velocity in carbonates rather is controlled by the
combined effect of depositional lithology and several post-depositional processes, such as cementation or
dissolution, that create carbonate-specific rock fabrics. Our study correlates these diagenetic fabrics to the
sonic velocity of the rocks.

Measurements of ultrasonic velocities -on unconsolidated carbonate muds under different stages of
experimental compaction show that compaction, which is a function of burial depth, increases velocity
where the sediment has not undergone intense diagenetic alteration after deposition. The susceptibility of
carbonates to diagenetic changes, which occur much more quickly than compaction, causes a special
velocity distribution in carbonates and complicates downbhole velocity estimations.

The importance of these diagenetic alterations to ultrasonic velocity in carbonates is documented by a
data set of 200 samples from different areas and ages that were measured under variable confining and
pore-fluid pressures. Despite the almost monomineralic composition of the carbonates, ¥, ranges from
1,500 to 6,500 m/s, and ¥, ranges from 600 to 3,500 m/s. This range is caused mainly by variations in the
amount and type of porosity. In general, the measured velocities show a positive correlation with density
and an inverse correlation with porosity, but departures from the general trends of correlation can be as
high as 1,500 m/s. These deviations can be explained by the occurrence of different pore types that form
during specific diagenetic phases. Thus we are able to link sonic velocity to the diagenetic stage of the
rock. Our data set further suggests that commonly used correlations like “Gardner’s Law” (¥, — density)
or the “time-average equation” (¥, — porosity) should be significantly modified toward higher velocities
before being applied to carbonates.

Anselmetti, F. S.; and Eberli, G. P,, 2000, Sonic velocity in carbonates—a product of original composition and post-depositional porosity
evolution, in Johnson, K. S. (ed.), Platform carbonates in the southern Midcontinent, 1996 symposium: Oklahoma Geological Survey
Circular 101, p. 359.
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