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Figure 6. Plot of minus-cement porosity versus percent po-
rosity shows that most of the sandstones have 30-38% of
minus-cement porosity, indicating compaction only had a
small influence on the reduction of initial porosity. The wide
variation in present porosity is from dissolution of primary
calcite cement. Sandy limestones and some bioclastic sand-
stones were highly compacted. Data from point counting of
thin sections of Garrett B-1 and Dromgold 35-1 (no. 7 on Fig.
1) wells.
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Figure 7. Plot of percent overgrowth quartz versus percent
calcite cement shows a decrease in quartz cement with in-
creased calcite cement. Overgrowth quartz is <8% of the bulk
rock volume and generally <5% where higher percentages of
calcite cement are present. This suggests that the phase 1
quartz cement may be no more than 5-8%. Point-counting
data from the thin sections of Garrett B-1 and Dromgold 35-1
wells.
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~ Table 2.—Analyses of Fluid Inclusions
within the Cements from the Spiro Sandstones
of Garrett B-1 Well

Melt Homogen-
Host First Final ization
Number mineral °C) (°C) (°C)
12385-A Calcite —24 -6 123
12385-B Calcite —22 -6 71
12385-C Calcite —24 -5 91
12385-D Calcite 121
12385-E ‘Calcite 114
12389-A Quartz* 140
12389-B Ankerite -32 -9 124
12389-B Ankerite 129
12389-C Calcite 101
12389-D Calcite 76
12389-D Calcite 81
12395 Calcite 96
12400-A Calcite —26? -7 108
12400-B Calcite 105
12400-C Calcite 74
12400-D Calcite 121
12406-A Calcite 74
12406-B Fe-dolomite 27 -8 126
12406-B Fe-dolomite 112
12406-B Fe-dolomite 116
12410-A Fe-dolomite 134
12410-A ‘Fe-dolomite 116
12411-A Fe-dolomite -28 -8 108
12411-B Fe-dolomite 109
12411-C Fe-dolomite 124

*Phase-2 quartz cement.

that the poikilitic ferroan dolomite contains 15-18%
FeCOj; (Table 3). Petrological relationships indicate
that ferroan-dolomite cement postdated phase 1 calcite
cement (Fig. 5D).

The homogenization temperatures of two-phase
fluid inclusions in the poikilitic ferroan dolomite range
from 108°C to 124°C; the first- and final-melting tem-
peratures are —27°C to —28°C and -8°C, respectively
(Table 2). The measured temperatures indicate a deep-
er burial and higher salinity for the precipitation of the
ferroan dolomite than for precipitation of the calcite
cement. The first melting temperatures suggest a
NaCl-MgCly-H,0 parent-solution system with 20-30%
concentration of NaCl equivalence and a depth from
8,200 to 9,800 ft (2,500—3,000 m) during precipitation of
the ferroan dolomite.

Ankerite

Ankerite occurs in minor amounts, 0.3-3.3 vol%, as
disseminated crystals. Individual, 0.1-0.5 mm in diam-
eter, disseminated ankerite crystals are generally
larger than the quartz detritus. They are interpreted to
have formed by precipitation in larger interstitial pores
after dissolution of calcite cement. The ankerite cement
contains 23% FeCOs (Table 3). Two fluid inclusions
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Table 3.—Result of Microprobe Analysis:
Carbonate Cements, Garrett B-1Well

Contents (%)

Number Sample* FeCO; MgCO; CaCO; SrCO,
12413-1 DAC 23.4 23.0 54.0 0.05

12413-2 DAC 235 221 54.1 0.031
12411-1 PAC 14.8 24.6 59.4 0.098
12411-2 PAC 17.9 24.4 57.5 0.085
12411-3 PAC 18.1 23.1 58.5 0.098
12411-4 CcC 0.07 1.2 97.3 0.19

*DAC, disseminated ankerite cement; PAC, poikilitic ankerite
cement; CC, calcite cement.

Table 4.—Result of Microprobe Analysis (%):
Chlorite, Garrett B-1 Well*

Number S0, Al0, MgO Ca0 FeO KO

12439 30.5 21.8 5.5 0.1 223 15

*Average of 30 analyses.

found in the ankerite had homogenization temperature
of 124°C and 129°C, a first-melting temperature of
—32°C and a final-melting temperature of —9°C (Table
2). These data indicate a slightly higher salinity of par-
ent solution and a much higher temperature of forma-
tion than that of the ferroan dolomite.

Pyrobitumen

Pyrobitumen is solidified asphalt cement that occurs
in cutting chips from several wells. The most abundant
pyrobitumen, however, is in the fine- to very fine
grained sandstones above and below the Spiro produc-
ing interval in the WC Camp 1-4 well (Fig. 1), where
the pyrobitumen occurs as a solid-phase cement filling
intergranular pore space. This pyrobitumen produced
by loss of volatiles also occurs as fragment-shaped rel-
ics within the intergranular pores. The lithological re-
lationship indicates that the pyrobitumen cementation
preceded phase 2 quartz overgrowth.

Chlorite

Chlorite occurs in the Spiro sandstones as crystal-
line plates oriented normal to the detritus surface. In
the South Haleyville and South Hartshorne fields, it is
volumetrically unimportant, generally <1 vol%, and
occurs as a very thin film, generally <5 wm thick on the
detrital quartz grains. Microprobe analysis shows a
small amount of K,0 (Table 4) that may indicate a
minor amount of illite. This cement type increases to-
ward the east, and coats from 5-15 pm thick occur on
the quartz grains.

This cement type is more abundant in the coarser

149

lower parts than in the finer upper parts of the Foster
sandstone sequences. Chlorite also sparsely occurs as
intergranular-filling cement in some very fine grained
Foster sandstones.

Other Cements and
Authigenic Minerals

Clay and hematite lining or filling pores resulting
from dissolution of carbonate components are abun-
dant and quite visible in outcrop samples but are very
sparse in subsurface Spiro samples (Table 1). Pyrite
spots (<1 mm across) are rarely associated with the
pyrobitumen cement. A matrix composed of a mixture
of clay, leucoxene, quartz, and apatite occurs occasion-
ally in the sandstone core from the Garrett B-1 well.
Authigenic feldspar occurs as small euhedral crystals
that have replaced calcite (Fig. 5D).

Dissolution

Dissolution of carbonate bioclasts and calcite cement
has provided the main porosity system in both the out-
crop and subsurface Spiro sandstones. Crinoid bio-
clasts, the most soluble detritus, have been dissolved
completely on the outcrop and have been dissolved to a
great extent in subsurface samples. The other fossils
(bryozoans, brachiopods, ostracodes, and foraminifers)
are also completely dissolved in outcrop samples but
appear more stable than crinoids in the subsurface.
Petrologically, the extent of dissolution of the bioclasts
is related to the total calcite content (Fig. 8). The point-
count data from subsurface samples show that the dis-
solution within the Spiro sandstones was largely an
uneven process controlled probably by both the litho-
logical characteristics and the movement of the corro-
sive solution. Based on the wells studied, the dis-
solution intensity in the Spiro interval of the South
Haleyville and South Hartshorne fields is greater than
that in the South Panola field. In the South Haleyville
field, the dissolution intensity in the Garrett B-1 well is
greater than in the Dromgold 35-1 well. Petrologically,
the extent of dissolution of the calcite cement and
bioclasts is related to the total amount of initial calcite
(carbonate grains plus calcite cement). The dissolution
was most pervasive in the sandstones with <15% car-
bonate grains or with 15-30% initial calcite (Figs. 9
and 10). Residual calcite cement in these reservoir
sandstones ranges from 2% to 10%. Dissolution was mi-
nor in the limestones and the carbonate-grain-rich
sandstones. ,

Similar dissolution observed in the Red Oak field
has been interpreted by Houseknecht (1987) to have
been promoted by organic acids and carbon dioxide
generated by thermal maturation of organic matter.
The differential movement of these corrosive solutions
resulted in the differential dissolution of calcite cement
and bioclasts between gas fields, wells, and intervals
within each well.

RESERVOIR POROSITY

Two types of porosity were recognized in the Foster
sandstones. Partial preservation of the primary inter-
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Figure 8. Plot of carbonate grains versus amount of calcite
cement plus porosity (equals total calcite cement before dis-
solution). Most of the data fall into three groups: (1) group A
shows that if the amount of carbonate grains is <15%, the
calcite cement plus porosity increases with an increase in
carbonate grains; (2) group B indicates that if the carbonate
grains range from 20% to 40%, the calcite cement stops in-
creasing; and (3) group C, sandy limestone containing 45—
60% of carbonate grains, has very low values of calcite ce-
ment plus porosity. The decrease of calcite cement from
group B to C suggests a decrease of the intergranular poros-
ity due to greater compaction and pressure solution in the
sandy grainstones.
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Figure 9. Plot of carbonate grains versus porosity shows: (1)
varied development of porosity in the sandstones with <15%
carbonate grains; and (2) porosity poorly developed in the
rocks with >20% carbonate grains, indicating increased com-
paction and calcite cementation may have obstructed forma-
tion of the secondary porosity.
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Figure 10. Plot of percent porosity against percent of poros-
ity + calcite grains + calcite cement. The parameter poros-
ity% + calcite grains% + calcite cement% represents initial
abundance of total calcite prior to dissolution of calcite ce-
ment. The figure shows: (1) porosity decreases with increas-
ing initial total calcite; and (2) the sandstones with 15-30%
initial calcite have the highest porosity. Point-count data from
thin sections of Garrett B-1 (dots) and Dromgold 35-1
(circles) wells.

granular porosity is the main porosity type within the
Foster facies and is interpreted to be the result of re-
tarded pressure solution and quartz overgrowth be-
cause of chlorite coating on the quartz grains (Lumsden
and others, 1971). The other results from the dissolu-
tion of bioclasts to produce moldic pores larger than
those of the quartz grains.

Porosity in the Spiro-sandstones includes primary
and secondary types. The primary intraparticle poros-
ity, mostly occurring in apertures of bryozoans and
foraminifers and pores in echinoderm plates, has minor
importance in the Spiro reservoir. Thin sections from
the Garrett B-1 and Dromgold 35-1 wells show that the
reservoir pore space is dominated by secondary inter-
granular porosity formed by dissolution of calcite ce-
ment and grains. The solution origin of this porosity
can be distinguished from primary porosity using pol-
ished, thinner thin sections. The boundaries of the in-
tergranular porosities in this kind of thin section dis-
play a typical hackly shape that records the marginal
replacement of quartz detritus by now-absent calcite
cement (Fig. 5E). Generally, a sharp contact that re-
cords the action boundary of the corrosive liquid occurs
between the areas of dissolution and the areas that are
still cemented (Fig. 5F). The quantitative relationship
between porosity and rock texture supplies important
information about the origin of porosity in Spiro sand-
stones. Figures 6, 11, and 12 give information on the
dissolution. Figure 6 is a plot of minus-cement porosity
versus porosity. If the reservoir porosity were mainly
primary, the compaction of interstitial pores would con-
tinue to decrease the porosity to the lowest value, esti-
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Figure 11. Plot of calcite cement versus porosity/(porosity +
calcite cement). The ordinate porosity/(porosity + calcite
cement) represents the abundance of secondary porosity
(secondary porosity index) resulting from dissolution of
original calcite cement. The plot shows a negative correlation
between secondary porosity and calcite cement in normal
sandstones.
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Figure 12. Plot of percent of quartz cement versus porosity.
The data points fall into three groups: (1) group |, sandstones
showing a positive-correlation between porosity and quartz
cement (porosity increases with increasing quartz cement);
(2) group ll, carbonate-grain—rich sandstone and sandy lime-
stone, showing no correlation between the low values of
quartz cement and low porosity; and (3) group Il showing a
decrease in porosity where the quartz cement exceeds 15%.
The positive correlation between porosity and quartz cement
in group | indicates: (1) phase 2 quartz cement formed after
calcite dissolution, and (2) dissolution origin of the reservoir
porosity. Note the sandstones with lower porosity have <8%
of quartz cement, meaning phase 1 overgrowth quartz is
<8% (~5%).

151

mated to be 21% by Mou and Brenner (1982). However,
many of the Spiro sandstones, especially the porous
sandstones, have 30—40% of minus-cement porosity,
which suggests that an earlier pore-filling cementation
contributed to rock strength and inhibitedcompactional
effects. Figure 12 is a plot of quartz cement versus po-
rosity. These data show a tendency of porosity to in-
crease with increasing quartz cement if the amount of
quartz cement is less than 15%. This is because the
major quartz cementation occurred after calcite cement
dissolution. Thus, the greater the dissolution the great-
er was the secondary porosity and the more developed
was the quartz cementation (see also caption of Fig.
12). The porosity of the Spiro reservoir sandstones in
thé Garrett B-1, Dromgold 35-1, and Jennings 23-1A
wells ranges from 8% to 20%. The dissolution is also
supported by degrees of porosity development (solution
porosity index) being highly negatively correlated with
the percent of carbonate cement (Fig. 11).

The moldic porosity after bioclasts, especially cri-
noids, may form 10% to 15% of the total pores in reser-
voir rocks but may form the major type of pores in the
carbonate-grain-rich, low-porosity sandstones.

The data from core analysis combined with point-
counting information show a porosity-distribution pat-
tern formed by large-scale, uneven dissolution of calcite
cement. The Spiro sandstone in the Garrett B-1 well
consists of interbedded alternating porosity beds, 8—15
ft (2.5-5 m) thick, and tight streaks, 6-20 ft (2-6 m)
thick (Fig. 3). The most porous interval from 12,387.7
to 12,401.8 ft (3776.7 to 3781.0 m) in this well consists
of porous, 10-80 cm thick, and calcite-cemented,
3-25-cm-thick layers (Fig. 13). These layers in the cores
are irregular in shape and varied in size. The Spiro
sandstones in the Dromgold 35-1 well have less poros-
ity and more initial total calcite than those in the
Garrett B-1 well. These observations suggest sig-
nificant vertical and lateral heterogeneity within the
Spiro in the South Haleyville and South Hartshorne
fields.

BURIAL HISTORY AND POROSITY
EVOLUTION: A DISCUSSION

Following the termination of Spiro and Foster sedi-
mentation on the stable shelf (Houseknecht, 1986), the
study area was buried maximally by no less than
15,000-25,000 ft (4,600-7,600 m) of sedimentary rocks,
mainly shale. Important aspects of the burial history of
the Spiro sandstones are connate formation water,
overburden, hydrocarbon maturity, and an anomalous
geothermal gradient. Diagenetic alteration and poros-
ity evolution that reflect the effects of these variables
are summarized into the following six stages. Figure 14
summarizes the diagenetic processes, and Figure 15
shows porosity evolution within the three sandstone
sublithofacies.

Stage of Early Compaction
and Quartz Cementation

This stage includes the period from the beginning of
burial until calcite cementation. Based on the mea-
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Cementation by‘overgrowth quartz re-

DEPTH POROSITY % LEGEND

0 5 10 15 duced the primary porosity to a varied ex-
ft/m . 2 . a tent. The relationship between overgrowth
-T— quartz and porosity shows that the quartz
';‘;'735% I — cement prior to the calcite cement is <8%
) 7 and commonly <5% of the whole rock vol-
ume. In porous sandstones, however, the to-
LIMESTONE tal quartz cements range from 3% to 20%,
and, if it is <15 vol%, tends to increase with
12,390 ‘ increasing porosity (Fig. 12). This suggests
3776.5 - that overgrowth quartz increases with in-
creasing secondary porosity because most of
e SANDSTONE WITH the quartz cement in the porous sandstones
----------------- CALCITE CEMENT precipitated after the dissolution of the
’ early calcite cement. After early compaction
and the first phase of quartz cementation,
the porosity in the Spiro sandstones had de-

33?3?};%N§ov§g§m creased from 40-45% to about 35%.

_‘____.___—----"""'" Stage of Calcite Cementation

......... — Diagenesis was dominated by compaction
DATA FROM GORE- a:nd pressure §olution before and during cal-
ANALYSIS REPORT cite cementation of the quartz sandstones in
the limestones and carbohate-grain-rich
sandstones of the Spiro interval. Point-
= count data show that 50-80% of the inter-
stitial porosity of the limestones and
BSITB?T 'E:RO%I\IQT carbonate-grain-rich sandstones was de-

. —

Figure 13. Profile shows the major porosity intervals in the Spiro sand-
stones of Garrett B-1 well. The sandstones consist of calcite-cemented
sandstone and sandstone with secondary porosity, which results in a

strong reservoir heterogeneity.

sured homogenization temperatures of fluid inclusions
within calcite cement (see below), the maximum tem-
perature during this stage of diagenesis may be lower
than 70°C. The interstitial solution was connate seawa-
ter. Diagenetic events of this stage were predominantly
compaction and the first phase of quartz cementation.

The well-rounded and well-sorted Spiro sandstones
probably had primary porosities of 40-45% when de-
posited. The present minus-cement porosity of the
sandstones in the Garrett B-1 well ranges from 20% to
40%, which indicates that primary porosity has been
reduced by 10-50% of the original value because of re-
orientation and pressure solution during compaction.
Most of the reservoir sandstone has minus-cement po-

_ rosity of 30—40 (Fig. 6), not far below the estimated
depositional value, indicating that pre-cement compac-
tion did not greatly reduce the sandstone’s reservoir
porosity.

The chlorite cementation might have started before
substantial compaction. It may mainly have occurred
in the sandstones associated with shale beds. The clay
from the shale may have contributed to the forming of
chlorite.

stroyed by compaction and pressure so-
lution. The interbedded limestones and
carbonate-grain—rich sandstones acted as
calcium and carbonate exporters. During
the stage of calcite cementation, pressure
solution of limestones provided CaCO;to
the interstitial water of the adjacent porous
sandstones; cementation occurred at tem-
peratures probably ranging from 70°C to
80°C. Measured homogenization tempera-
tures of the inclusions in the calcite cement
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Figure 14. Sequence of burial digenesis and diagenetic prod-
ucts in the Spiro sandstones of South Haleyville and South
Hartshorne fields.
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Figure 15. Diagenetic stages and porosity evolution; the porosity curves
show the maximum porosities of three main sandstone sublithofacies in

every stage.

range from 71°C to 123°C. The low values may be more
reliable because fluid inclusion stretching increases ho-
mogenization temperatures. The wide range of homog-
enization temperatures reflects a population of fluid
inclusions that was trapped at relatively shallow depth
and consequently underwent varying amounts of
stretching during further burial. Using a normal geo-
thermal gradient (30°C per 1,000 m), the depth of
burial during calcite cementation would be 5,000-6,000
ft (1,500-1,800 m). The solution water with 10-20 wt%
salinity was saturated with CaCOj; derived from adja-
cent limestone or carbonate-grain—rich sandstone. In-
tergranular calcite cement then precipitated and par-
tially replaced early quartz. The intergranular porosity
was largely filled by blocky or poikilitic calcite. In the
sandstones of the Garrett B-1 and Dromgold 35-1 wells,
calcite cement occupies up to 31 vol% of the rock. Thus,
after calcite cementation (at least in some sandstone
beds), only a few percent of interparticle porosity was
left.

In the Foster sandstones, because of lack of calcite
cementation following the phase of chlorite cementa-
tion, compaction and widespread quartz overgrowth
continued and reduced porosity to 5-25% .

Stage of Calcite Dissolution

According to MacGowan and Surdam (1990), the
organic-acid—anion concentration is increased in sand-
stone/shale systems within the temperature range of
~80°C to ~120°C—the intermediate burial zone of
Surdam and others (1989). As burial progressed, the
Spiro and Foster sandstones entered this zone where
the organic-acid anions dominated, and calcite cement
and bioclasts became unstable and soluble. The incom-
plete and uneven dissolution of calcite suggests a diage-
netic system in which the effects of bicarbonate, car-

1Carbonate-grain—poor ss.

|- 5000 FT (1500M)

1 Carbonate-grain-bearing ss.

} 10000F T(3000M)

3-i Carbonate-grain—rich ss.

15000 FT (4600 M)
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bonate, carboxylic acid, and CO, varied both
spatially and temporally. Secondary inter-
granular porosity and moldic porosity that
resulted from dissolution of calcite cement
and calcite grains ranged from 10% to 30%.
After calcite dissolution, further compaction
and pressure solution may have reduced
secondary porosity by 2%.

Stage of Ferroan-Dolomite
and Ankerite Precipitation

At temperatures above 100°C, the rock
system was subjected to increasingly el-
evated partial pressure of CO, because of
decarboxylation of carboxylic acids, but the
pH was still dominated by the monofunc-
tional organic-acid anion (Surdam and oth-
ers, 1989). The destabilization of Fe-bearing
organometallic complexes provided Fe into
the diagenetic system (Surdam and others,
1989). The breakdown of smectite to illite in
mixed-layer clays may also provide iron and
magnesium. During this stage of diagen-
esis, the ferroan dolomite and ankerite be-
came a stable phase and precipitated as
poikilitic and disseminated crystals as the temperature
increased. These ferrous carbonates also replaced
bioclasts, calcite cement, and other detritus. The varied
percentage of FeCOj3 (14.8-18.1 wt%, Table 3) in the
ferroan dolomite contained in the Spiro may reflect the
difference in depth during its formation. The ankerite
that contains FeCO3 and MgCO;,, totaling about 23
wt% (Table 3) formed later and at a greater depth.
Boles (1978) noted that shallow ankerite has an appre-
ciable excess of calcium. The homogenization tempera-
tures of the inclusions in the ferroan dolomite and an-
kerite show that the ferroan dolomite probably formed
at temperatures of 100°C to 120°C, and the ankerite
formed at temperatures of 120°C to 130°C, correspond-
ing respectively to depths from 9,200 to 10,500 ft (2,800
to 3,200 m) and from 10,500 to 11,500 ft (3,200 to 3,500
m). The first-melt temperatures (-32°C for ankerite
and —27°C for ferroan dolomite, Table 2) of the inclu-
sions in the ferroan carbonates suggest a NaCl-
MgCl,-H;0 parent solution. The final-melt tempera-
tures (-9°C and —-8°C, Table 2) of the fluid inclusions
indicate that the salinity of the host solution was 20—30
wt% NaCl equivalent. Point-count data show that 1%
to 8% of the bulk rock volume is occupied by ferroan do-
lomite and ankerite cements.

Stage of Pyrobitumen Emplacement

Hydrocarbon migration into the porous sandstones
followed calcite dissolution. At least a portion of the
hydrocarbon was liquid. With increasing depth of buri-
al and temperature, the Spiro and Foster were sub-
jected to an increase in temperature, which has been
determined by measuring vitrinite reflectance from
the Red Oak field to the Wilburton field (Hathon and
Houseknecht, 1987). Some of the vitrinite reflectance
values (R, = 1.49 — 2.25) measured for samples taken
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from the wells close to the South Hartshorne field indi-
cate that the highest temperature to which the Spiro
was subjected in the study area may have reached
180°C to 300°C. The hydrocarbon maturation reached
at least the dry-gas stage. The liquid hydrocarbons
were degraded thermally to solid asphalt and gas. The
porosity of the reservoirs initially occupied by oil may
have been totally or partially obliterated by the pyro-
bitumen. In the studied gas fields, the pyrobitumen
commonly occurs as degradation relicts that partially
occupy a few percent of the interparticle porosity.

Later Stage of Quartz Cementation

A second phase of quartz cementation occurred after
the formation of the secondary porosity by calcite disso-
lution and a partial infilling by hydrocarbons. This
phase came later than the ankerite. Therefore, the tem-
perature during this stage of diagenesis must have
been higher than 130°C. The homogenization tempera-
ture (140°C, Table 2) of the fluid inclusions within the
quartz cement supports this contention. This later
quartz cementation lasted until temperatures higher
than 200°C were reached, because this later quartz
cement clearly postdated the relict pyrobitumen. After
this later quartz-cementation stage, the diagenetic
process most devastating to porosity ended, and the po-
rosity of the reservoir sandstones ranged from 8% to
20%.

CONCLUSIONS

1. The Spiro and Foster sandstones in the frontal
Quachita Mountains can be divided into three major
sandstone sublithofacies—carbonate-grain—poor,
carbonate-grain-bearing, and carbonate-grain-rich
sandstones—that were deposited in nearshore marine
environments. The Spiro is mainly composed of car-
bonate-grain-bearing and carbonate-grain—rich sand-
stones with about equal amounts of limestones. The
sandstone in the Foster is dominantly carbonate-grain
poor.

2. The sandstones underwent a continuous burial di-
agenesis that was controlled by connate water, over-
burden, hydrocarbon maturation, increased burial tem-
perature, and original composition. Compaction, ce-
mentation, and dissolution are the main diagenetic
processes that influenced the reservoir porosity.

3. The three different sandstone sublithofacies dis-
played different diagenetic results in response to the
burial diagenesis. The carbonate-grain—poor sand-
stones underwent compaction, pressure solution, and
chlorite and quartz cementation. The residual primary
porosity after these diagenetic events provided the po-
tential reservoir porosity in the South Panola field. The
carbonate-grain—bearing sandstones have been altered
mainly by compaction, calcite cementation, and calcite
dissolution. Secondary-dissolution porosity after calcite
cement formed the major reservoir porosity in the
South Haleyville and South Hartshorne fields. The
carbonate-grain—rich sandstones that were tightly com-
pacted and locally calcite cemented have poorly devel-
oped intraparticle porosity and disselution porosity.

J. M. Forgotson, Jr., and others

4. Secondary porosity formed by the dissolution of
calcite cement and bioclasts is the result of decreased
pH that accompanied maturation of organic matter to
petroleum.
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Chamosite: A Key Mineral for Interpretation
of the Depositional Environment of the Spiro Sandstone

Zuhair Al-Shaieb and Phebe Deyhim

Oklahoma State University
Stillwater, Oklahoma

AssTrRACT.—Chamosite, or iron-rich chlorite, is well documented in sedimentary iron-
stones and generally agreed to have formed in a particular shallow-marine environ-
ment with specific geochemical and sedimentological controls. However, chamosite is
not restricted to ironstones. For example, chamosite is a common constituent in sev-
eral productive Pennsylvanian formations, such as the Spiro sandstone in the Arkoma
basin and Springer sandstone in the Anadarko basin.

Chamosite forms penecontemporaneously with deposition or early in diagenesis in
several distinct morphologies, including coated grains consisting of concentric laminae
around detrital nuclei, granules/nodules, thick pore coatings, and pseudomorphous re-
placement of bioclastic debris. Under plane-polarized light, chamosite varies in color
from light green to light brown. X-ray diffraction analysis shows that the variety with
14 A basal-spacing is very common; however, a 7 X chlorite (berthierine) is also
present in lesser quantity.

The presence of chamosite in sandstone is highly significant in determining both
depositional environment and postdepositienal diagenetic history, including reservoir
preservation. In the Pennsylvanian sandstones studied, chamosite-rich facies exhibit
highly distinctive diagenetic patterns compared with other facies with less clay. Pres-
ervation of primary porosity is the common denominator in all chamositic sandstones,
whereas quartz overgrowths and/or other types of cements tend to occlude the pore
space in the cleaner facies. Thus, differentiation of these Pennsylvanian sandstones
into reservoir-quality and tightly cemented types is directly related to the presence of

chamosite.

INTRODUCTION

The occurrence of chamosite ooids, peloids, granules,
and cements in sedimentary ironstones has been well
documented and explained to a fair degreé. The notion
that these unique sedimentary deposits formed in a
somewhat specialized marine environment has been
substantiated repeatedly, and the supposed geochemi-
cal and sedimentological characteristics of that envi-
ronment have been reasonably defined. Recently,
chamositic ooids, granules, and clay coatings have been
observed in some productive Lower Pennsylvanian
sandstones of the Arkoma basin in Oklahoma and Ar-
kansas (Fig. 1). It is unlikely that these clastic se-
quences represent incipient ironstone sedimentation,
although they may indicate depositiorn under similar
conditions. The object of this paper is not to critique or
propose models for the formation of sedimentary iron-
stones but rather to apply the viable concepts devel-
oped by previous workers to the problem of chamosite
occurrence in clastic sequences. For a more comprehen-

sive synopsis of the ironstone problem, the reader is
referred to Kimberley (1979, 1980) and Van Houten
and Purucker (1984). It is hoped that the following dis-
cussion will (1) describe the depositional environment
of these sandstones by analogy rather than strict
adherence to sedimentary ironstone depositional mod-
els, and (2) assess the role of chamosite- and non-
chamosite-bearing lithofacies as potential hydrocarbon
reservoirs. :

GEOCHEMISTRY

The clay mineral chamosite is an iron-rich, 14 A,
trioctahedral member of the chlorite group that re-
sembles and may be genetically related to berthierine,
a7 A, iron-aluminum, trioctahedral serpentine (Tuck-
er, 1981; Brindley, 1982). Although some workers
(Iijima and Matsumoto, 1982; Bhattacharyya, 1983)
have contended that the term berthierine should be
used for all chamositic minerals, other workers (Bailey,
1980; Van Houten and Purucker, 1984; Curtis and

Al-Shaieb, Zuhair; and Deyhim, Phebe, 2000, Chamosite: a key mineral for interpretation of the depositional environment
of the Spiro sandstone, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Okla-
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Figure 1. Geologic provinces of eastern Oklahoma and west-
ern Arkansas. (After Camp and Ratliff, 1991.)

others, 1985; Maynard, 1986) have maintained that the
name chamosite should be delegated to iron-rich chlo-
rites with a discernable 14 A basal spacing and that
bertherine should likewise be used to identify 1:1-type,
layered silicates having only 7 A basal spacing (Fig. 2).

Uncertainty surrounds the formation of chamosite.
Chamositic clays are ferrous silicates and, as such, are
theoretically stable only under reducing conditions.
It therefore has been hypothesized that chamosite
forms either in locally reducing, anoxic-marine settings
or as the result of diagenetic alteration of a precursor
that was stable under normal oxic-marine conditions.
Chamosite is commonly found in rocks of normal
shallow-marine facies. These deposits are characteris-
tic of settings that are typified by normal pH and posi-
tive values of Eh (oxidation potential) in the water col-
umn (Curtis and Spears, 1968). Thus, it is unlikely that
chamosite would have formed as a primary stable pre-
cipitate in these settings. Currently, the consensus is
that chamositic ooids, peloids, and clay films formed as
a product of the early anoxic alteration of a gelatinous
precursor cf Fe(OH);, AI(OH);, and SiO, . nH,O that
was presumably stable in normal oxic-marine settings
(Tucker, 1991). Velde and others (1974) and Odin and
Matter (1981) further specify that 7 A berthierine prob-
ably formed first and diagenetically alters to 14 A
chamosite with time. Other workers (e.g., Bhatta-
charyya, 1983) suggest that chamositic clays and ooids
are the possible alteration products of detrital kaolin-
ite. Questions as to the mode of formation and the
mechanism of iron supply and enrichment are yet
unresolved. It is likely that intense weathering of con-
tinental landmasses supplied the iron via fluvial sys-
tems. A comprehensive list of the various iron-enrich-
ment models can be found in Kimberley (1979, 1980).

FORMATION OF CHAMOSITIC CLAYS

Chamositic clay commonly occurs in sedimentary
ironstones as ooids, peloids or granules, pore-filling and
grain-coating clays, films, and replacements after fossil
fragments (Van Houten and Purucker, 1984). All of
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Figure 2. X-ray diffraction patterns of chamosite and
berthierine.

these morphologies are manifest in the sandstones of
this study. Chamositic ooids in thin section exhibit con-
centric laminae of tangentially arranged clay particles
(Rohrlich, 1974). Van Houten and Purucker (1984) pro-
pose that coatings of a quasi-chamositic Fe-Al-Si gel
were mechanically layered onto the surface of the
proto-ooid as the grains were lying on a soft, muddy
substrate and being jostled by currents above. Many
of these ooids—termed spastoliths—are commonly
stretched and flattened parallel to bedding, suggesting
that they were malleable at the time of deposition
(Tucker, 1981). Diagenetic alteration of these gelati-
nous ooids to more ordered and stable 14 A chamosite
would presumably occur in the low Eh regimes that
exist some distance below the sediment-water interface
(Tucker, 1981). Similar methods of formation are
invoked for the formation of peloids and clay films.
Peloids may be either of fecal origin or consist of clay
floccules (Van Houten and Purucker, 1984). Clay films
may form from early coating of detrital grains by the
chamositic gel or by clay infiltration following burial.
Replacement of skeletal debris, notably echinoids, was
probably accomplished by the coating and filling of
shell pores by the clay-gel and later replacement of
calcite or aragonite by chamosite.

In summary, chamosite formed through the alter-
ation of a malleable gelatinous precursor, and chamo-
site clay films may have formed locally as a primary
precipitate in water-filled pore spaces beneath the sedi-
ment/water interface, where negative Eh values are
commonly encountered.

GEOLOGIC SETTING OF THE ARKOMA BASIN

The Arkoma basin is an east-west—trending, arcuate
foreland basin that lies adjacent to the northern front
of the Ouachita fold belt in Arkansas and Oklahoma
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(Fig. 1). The basin has an asymmetrical trough-shaped
profile that deepens from its northern limits along the
Ozark dome and the central Oklahoma platform to-
ward its thrusted southern margin along the frontal
zone of the Ouachita fold belt.

The Arkoma basin is genetically related to the Ouach-
ita fold belt, and the history of sedimentation within
the basin reflects the changes in the tectonic character
of the Ouachita region throughout most of the Paleo-
zoic. Upper Cambrian to Lower Pennsylvanian carbon-
ates, sandstones, and shales were deposited on a shelf
along a passive- and rifted-continental margin (House-
knecht, 1987). Deep-marine shales, bedded chert, and
submarine-fan deposits of Mississippian to Late Penn-
sylvanian age constitute a flysch assemblage that was
deposited in a rapidly subsiding basin concomitant to
the southward subduction of the North American trail-
ing edge. This subduction may have been affected by
the northern migration of an island arc or continental
mass toward the Ouachita region (Morris, 1974; Briggs,
1974; Graham and others, 1976; Houseknecht and
Kacena, 1983). Consumption of the remnant ocean ba-
sin culminated in the late Atokan with the thrusting of
the northward-advancing subduction complex onto the
trailing southern edge of North America. Subsequent
east-west—trending, down-to-the-south, normal fault-
ing occurred, cutting the entire Paleozoic section as
well as the basement rock. These faults greatly affected
sediment dispersal within the basin. Typical molasse
facies of late Atokan and Desmoinesian age represent
the foreland stage of basin development, during which
the Arkoma basin achieved essentially its present-day
architecture.

ATOKAN STRATIGRAPHY

The Atoka Formation (Fig. 3) typically contains
seven major sandstone sequences, which, in ascending
order, are the Spiro (or Cecil Spiro), the Paul Barton,
the Dunn, the Jenkins, the Sells, the Vernon, and the
Casey sandstones. Houseknecht (1987) suggested that
the sandstones of the Atoka Formation represent a
transitional stage of deposition between the earlier
passive-margin and later foreland-type deposits. The
basal Atokan Spiro sandstone probably represents the
last stage of deposition upon the stable Atlantic-type
passive margin. The Atoka Formation unconformably
overlies the Wapanucka Limestone (Morrowan) and
the sandstones of the Bloyd Formation (Morrowan) and
is overlain throughout the axial part of the basin by the
Hartshorne Formation and the McAlester Formation,
both of Desmoinesian age (Zachary and Sutherland,
1984) (Fig. 3).

DEPOSITIONAL MODEL OF THE
CHAMOSITE-BEARING SPIRO SANDSTONES

Reliable determination of depositional environments
requires a detailed knowledge of the geological setting
in which a rock unit formed. Ideally, petrographic
analyses should be coupled with detailed subsurface
mapping and correlation of individual sandstone bodies
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to determine the regional development of sediment
trends. This type of analysis requires a vast store of
data and is quite beyond the scope of this study. How-
ever, the data obtained from the cores analyzed can
prove invaluable in establishing a depositional model
and commonly can be used to construct a vertical suc-
cession of facies changes within the area immediately
adjacent to the wellbore from which the core was
obtained.

Fossil fragments, glauconite, chamosite, and collo-
phane were detected in varying amounts in the four
cores of Spiro sandstone from the Wilburton field of
southeastern Oklahoma (Fig. 4). These detrital and
diagenetic constituents are considered indicative of
deposition under marine conditions. Moreover, Por-
renga (1966) suggests that chamosite forms in tropical
waters at depths ranging from 30 to 500 ft, and that
glauconite forms typically in deeper (100-2,400 ft) and
relatively cooler water (Heckel, 1972).

Chamosite pellets were observed in two of the Spiro
sandstone cores and the Sells sandstone core, whereas
glauconite was found in one Spiro core. Thus, the
above-described constituents suggest very strongly that
the Spiro sandstones were deposited under shallow-
marine conditions. Facies analysis of the Spiro sand-
stone in the available cores is based on the assemblage
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of sedimentary structures and the occurrence of the
aforementioned detrital and diagenetic constituents.
The sandstones of the Spiro in the study area were
deposited in what is termed the Wilburton embayment.
The major facies observed are incised valley-fill chan-
nel sands, tidal channels with associated tidal mud,
silt, and sand-flat deposits, and marine bars on tidal-
ridge complexes.

During the late Morrowan, a marine regression ex-
posed the upper Arkoma shelf, resulting in the incision
of valleys into the sub-Spiro shale and locally into the
underlying Wapanucka Limestone. The sediments
were transported across the shelf by these valleys. In
the early Atokan, a northward marine transgression
resulted in the backstepping and infilling of the valleys.
In this environment, chamositic facies were dominant
in the more restricted nearshore environment of the
embayment, whereas glauconite facies occurred in the
more-agitated offshore facies (Fig. 5).

PETROLOGY, PETROGRAPHY, AND
DIAGENESIS OF THE SPIRO SANDSTONE

Four cores were examined in the vicinity of Wilbur-
ton field, Latimer County, Oklahoma (Fig. 4). Each core
was slabbed and logged using specifically designed
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Figure 4. Index map of study area showing core locations.
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petrolog to show stratigraphic intervals, depth, lithol-
ogy, sedimentary structure, color, grain size, sorting,
porosity, constituents, and location of samples selected
for thin section and other analyses. The Spiro is very
fine to medium-grained sandstone that is moderately to
well sorted. Quartz is the major constituent, although
feldspar, rock fragments, and skeletal fragments are

EMBAYED
COASTLINE

Figure 5. Schematic block diagram of an embayment show-
ing the distribution of iron-bearing minerals, especially the
chamositic and glauconite facies.
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present in subordinate amounts. Quartzarenite, sub-
litharenite, and calcarenaceous sand were the major
sandstone lithologies observed. Chamosite and glauco-
nite are present, and collophane is a minor constituent.

Major Primary Grain Constituents

The most abundant grain type in the Spiro sand-
stone is quartz. Most of the quartz grains are single
crystals with uniform extinction. Vacuoles and in-
clusions are present in minor amounts. Most of the
polycrystalline quartz observed represents either a
metamorphic or sedimentary source. Very fine to fine-
grained sand is the dominant grain size of most sand-
stones, although other grain sizes (i.e., medium) are
present. Plagioclase and K-feldspar are present in mi-
nor amounts. Plagioclase grains are easily identified by
their albite twinning (Fig. 6). Untwinned orthoclase is
identified by its cloudy appearance due to alteration.
Perthite and microcline are less common than ortho-
clase in the Spiro sandstone. Rock fragments are not
very common in the Spiro. Metamorphic and sedimen-
tary fragments are the dominant type.

Other Primary Grain Constituents

A variety of bioclastic materials occur within the
Spiro sandstone (Fig. 6). Their percentages range from
trace to amounts typical of calcarenaceous sandstone.
Fossil types include echinoderm plates and columnals,
brachiopod shells and spines, and bryozoan fragments.
Trilobites, ostracodes, gastropods, fusulinids, and coral

Figure 6. Typical calcarenaceous sandstone with fossil fragments. Note the infilling of chamosite (arrow). (Plane-polarized

light.)
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fragments occur in lesser quantities. These bioclasts
range in size from medium pebbles to medium-grained
sand.

Collophane grains are not common and are charac-
terized by a reddish-brown color in plane-polarized
light; they are isotropic under crossed nicols. Collo-
phane grains are present as phosphatic brachiopods
and other skeletal fragments. Muscovite, biotite, zir-
con, illite, rutile, and other minerals are present in
minor amounts. Detrital clays are also present as com-
ponents of true matrix and/or pseudomatrix. The latter
was formed by ductile deformation of soft fragments,
such as chamosite, glauconite, and shales.

Diagenetic Constituents

Sandstones that are not cemented in early diagen-
esis generally show signs of compaction and grain de-
formation. Elongated muscovite crystals are bent or
may be fractured by harder grains. Chamosite and
glauconite were deformed during compaction and
flowed between quartz grains forming pseudomatrix.
Styolitic surfaces are very common and are generally
associated with higher clayey matrix and organic mat-
ter. Pyrite commonly occurs along styolites. Partial dis-
solution of quartz and other grains along styolites is
evidence of pressure solution. The compaction features
of the Spiro sandstones account for the partial reduc-
tion of their primary porosity.

Chemical diagenesis has significantly further modi-
fied the Spiro sandstone. These rocks have undergone
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several cementation and dissolution episodes. Although
these modifications are common diagenetic features
exhibited in the Spiro sandstones, drastic local varia-
tions may be related to the original sediments composi-
tion and textures.

Silica Cements

Silica cements in the form of syntaxial quartz over-
growths are very common in the Spiro sandstone (Fig.
7). The overgrowth is separated from the detrital grain
by a “clayey rim” that consists mainly of an early diage-
netic product such as chlorite and, to a lesser extent,
illite. Lumsden and others (1971) indicated that early
chlorite coating on quartz grains inhibited the forma-
tion of quartz overgrowth and retarded the pressure-
solution features. Where several quartz grains occur
together in clusters, the contacts between adjacent
overgrowths are sinuous and irregularly compromise
boundaries, produced by mutual interference during
crystal growth. In few cases are the boundaries be-
tween detrital grains and overgrowth cement indis-
tinct. Advanced stages of overgrowth occur where sand-
stones are clean and contain small amounts of clay and
relatively high amounts of quartz. Chalcedony is a mi-
nor cement but occurs in several episodes and, in some
instances, replaces the grain.

Carbonate Cements

Calcite cement is present in several forms. It varies
from being patchy or spotty to being widespread. The

Figure 7. Syntaxial quartz overgrowth separated from detrital grains by clay rim (arrow); pressure-solution along stylolite to the

left. (Plane-polarized light.)
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latter condition is exhibited by quartz grains floating in
calcite cement to form poikilotopic texture (Fig. 8).

Two types of dolomite were observed. Early small
hypidiotopic rhombs replace authigenic clays, lining
pores and coating detrital grains. The late-stage dolo-
mite consists of large idiotopic rhombs that are in-
filled voids (Fig. 9). Some of the dolomite is ferroan
(ankerite).
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Siderite is a minor constituent and occurs as sub-
hedral to euhedral crystals (Fig. 10), genetically associ-
ated with chamosite pellets.

Chamosite Pellets

Chamosite is an iron silicate with a structure similar
to that of chlorite. Chamosite has a green color and a
low birefringence. It typically occurs as ooids; however,

Figure 9. Late-stage pore-filling euhedral dolomite (D). (Crossed nichols.)
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it also forms flakes and pellets and is finely dissemi-
nated in mudrocks. It has been suggested that cham-
osite is precipitated as a mixed gel of Fe(OH)g, AI(OH),,
and SiO, . H,O, which is stable under positive Eh
(Tucker, 1981). It is thought that chamosite gel is
carried by rivers, stabilized by colloidal organic sub-
stances, and absorbed on clay minerals. These colloids
carry positive charges, and, on entering the sea, they
become flocculated and precipitation soon follows. Con-
version of this gel to chamosite would take place after
burial within the reducing environment beneath the
sediment-water interface.

Chamosite occurs as pellets in the Spiro sandstone
(Figs. 11 and 12). They are typically green; however,
partially altered chamosite changes in color to yellow
and golden brown with darker limonitic zones. The
pellets will be almost opaque when they are totally re-
placed by limonite. Siderite occurs as brown stains—
that may or may not exhibit well-crystalline habits—
within or near the outer margin of the pellets. Siderite
is identified by its high birefringence. Chamosite pel-
lets were originally soft and are commonly deformed or
flattened (Fig. 12A). When severe deformation oc-
curred, a pseudomatrix would form.

Glauconite

Glauconite occurs as rounded pellets, which are ag-
gregates of small crystals and are easily identifiable by
their bright green color (Fig. 13). Glauconite has a
moderate birefringence. Some green glauconite may be
altered partially or completely to brown glauconite. The
brown color results from oxidation of the ferrous iron in
glauconite.

Clay Minerals

Chamosite, or iron chlorite, is the most abundant di-
agenetic clay mineral present. Two stages of chlorite

Z. Al-Shaieb and P. Deyhim
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Figure 10. (A) Scanning electron microscope (SEM)
photograph of siderite; (B) the composition of sider-
ite, shown by energy dispersed x-ray analysis
(EDAX).

were observed in the Spiro sandstone. An early stage
occurs as pellets and as a coating on quartz grains, as
discussed earlier. The morphology of this stage ranges
from poor near the grain boundaries to moderately
crystalline in an outwardly direction. The late stage of
chamosite is typically authigenic and is characterized
by well-developed crystal morphology (Fig. 14). Authi-
genic illite is the most abundant clay in rocks with very
low chamosite content.

Pyrite

Pyrite occurs as cement or along styolites associated
with higher organic content.

Organic Matter

Organic matter was observed in the majority of the
thin sections examined. Their content ranges from
trace to >9%. Organic matter occurs in seams, along
styolites, and as pyrobitumen in pore spaces (Fig. 11).
The brown to black color is a function of thermal matu-
ration and the type of organic matter.

Porosity

Both primary and secondary porosity types were
observed in the Spiro sandstone. Volumetrically, sec-
ondary porosity is as significant as primary porosity. It
is important to recognize that primary porosity
has provided avenues for pore-fluid migration, which
has resulted in partial or complete dissolution of
metastable constituents to generate secondary
porosity. During the course of this investigation, some
differences between estimated thin-section porosity
and measured core-lab porosity were observed. Perhaps
the only way to examine this relationship is to cut
a thin section of the same plug used to measure
porosity.
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Figure 11. (A} Green chamosite pellet (CT); pyrobitumen in spore space (arrow). (B) Chamosite ooid (arrow). (Plane-polarized

light.)

Primary Porosity

Intergranular porosity is considered the most com-
mon primary porosity. However, this type was modified
by compaction, cementation, and dissolution. Complete
preservation of the original primary porosity is rare
(Fig. 15). In very clean sandstone, destruction of pri-
mary porosity by quartz overgrowths is very common.
Primary porosity was preserved where the quartz
grains were lined with thick coats of early-stage
chamosite. It is very evident that both syntaxial quartz
overgrowth and pressure solution roles in the destruc-
tion of primary porosity were minimal. Illite coats may
have played a similar role. Figure 16 shows the positive

correlation between core-lab porosity and the total
chamosite content.

Secondary Porosity

Secondary porosity is a very significant type ob-
served in the Spiro sandstone. It can be attributed to
the partial and/or complete dissolution of metastable
siliceous constituents. The development of secondary
porosity may depend largely on the composition and
texture of the sandstones. Partial dissolution, oversized
and elongated pore spaces, and enlarged intergranular
porosity are the major configuration of the secondary
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Figure 12. (A) SEM photograph of deformed cham-
osite peliet (arrow) and (B) its composition (typically
iron silicate), shown by EDAX.

Figure 13. Green glauconite pellet (arrow) rimmed by high-birefringent illite. (Crossed nichols.)

pores. It is important to recognize that early-stage
chamosite pellets played a significant role in the proc-
ess of secondary-porosity development. Although par-
tial dissolution of chamosite pellets was observed, for-
mation of oversized pores is somewhat complex and
may be due to the dissolution of multiple chamosite
pellets and chamosite matrix. Elongated pore spaces
may be formed as the result of disgolution of deformed

chamosite pellets (Fig. 17) or dissolution of material
(i.e., organic material, pyrite, and clay) along styolites.
Moldic porosity was present in intervals where skeletal
fragments were abundant. Dissolution of calcite
cement is considered a very minor feature. Micro-
porosity was developed when available pore space was
loosely filled with late-stage chamosite and/or illite and
kaolinite.
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Figure 14. (A) SEM photograph of late-stage
chamosite with well-developed crystal morphology
and (B) the composition of late-stage chamosite
shown by EDAX.

Figure 15. Preserved primary pore space (P) with thick coat of chamosite (arrow).

Diagenetic History

Diagenesis of the Spiro sandstones was initiated
shortly after deposition just below the sediment-
seawater interface. Soft, diagenetic chamosite pellets
were in part flattened and deformed and infiltrated
pore spaces. Quartz grains in chamosite rich zones

were coated with thick coats of chamosite. In a rela-
tively chamosite-poor environment, quartz grains
remained relatively clean. In this early stage, sider-
ite was observed to be associated with chamosite.
Subhedral dolomite/siderite rhombs appear to nucle-
ate and perhaps replace early diagenetic chamosite
coating quartz grains. With increasing depth of burial,
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Figure 16. Plot of core-lab porosity (%) versus total
chamosite content (%). Note strong linear correlation.

compaction processes—such as ductile deformation
of soft constituents and rearrangement of original
grains—were early processes, which reduced part of
the primary porosity.

Quartz overgrowth represents a significant diage-
netic stage with drastic effects on primary porosity.
Syntaxial quartz overgrowths are very common in

Figure 17. SEM photograph of an elongated pore space in
Spiro sandstone.
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clean Spiro sandstone with “clay rims” that separate
overgrowths from detrital quartz grains. Where the
dust rims are not present, the overgrowths are not
readily distinguishable. Advanced stages of over-
growths generally occluded pore space completely. On
the other hand, quartz grains with thick coats of cham-
osite or illite will inhibit the nucleation process, and
overgrowth will be minimal. In addition, the thick coats
of clay will also retard pressure solution related to fluid
circulation. It is also observed that when early dolomite
and/or siderite replaces clays, overgrowth nucleation
takes place, and silica is able to infill voids with dolo-
mite and/or siderite rimming detrital grains. Calcite
cement followed the quartz-overgrowth stage. Poi-
kilotopic and mosaic calcite were common in clean,
quartz-dominated sandstone. Syntaxial calcite over-
growth was observed around skeletal grains, such as
crinoid bioclasts and bryozoans. Calcite cement was
minor in chamosite-rich facies. By the end of this stage,
porosity was completely obliterated in clean-sandstone
facies by either quartz overgrowths or carbonate ce-
ments. However, significant portions of primary poros-
ity were still preserved in the relatively clay-rich
(chamosite and illite) sandstones. It is also important to
note that diagenetic fluids up to this point may be de-
scribed as “Constructive Type Fluids.” On the other
hand, hydrogen-ion—rich fluids may have been gener-
ated during thermal maturation of organic matter with
increasing depth of burial. The hydrogen ions may be
supplied by organic and/or carbonic acids (Carothers
and Kharaka, 1978; Surdam and others, 1984; Al-
Shaieb and Walker, 1987). These fluids could be de-
scribed as “Destructive Type Fluids.” The only avail-
able avenues for migration of these fluids were areas
with preserved primary porosity. Hence, these fluids

Figure 18. SEM photograph of pyrobitumen (PB) in a pore
space in Spiro sandstone.
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would leach siliceous components, such as chamosite
and/or glauconite, along their paths. The result was
partial to complete dissolution of these constituents
and development of secondary porosity phase. How-
ever, in sandstones with extensive silica and/or calcite
cements, Destructive Type Fluids were unable to mi-
grate through. Moldic porosity was also observed where
skeletal fragments were abundant. It is also significant
to emphasize that extensive dissolution of calcite ce-
ment was not observed as suggested by Houseknecht
(1987), and the contribution of the process to the poros-
ity in the Spiro sandstone was very minor.

Following this stage, liquid hydrocarbons migrated
into available voids. The oil residues can be described
in thin section as pyrobitumen (Fig. 18). Another stage
of quartz overgrowth followed hydrocarbon migration.

A late stage of authigenic chamosite with well-devel-
oped crystal morphology was precipitated in the avail-
able pore space. Ankerite occurs at this stage.as pore
filling and replacement of early carbonates. Pore-filling
kaolinite was observed only in a few samples. Figure 19
shows the relationship between the various diagenetic
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stages and the porosity preservation and/or develop-
ment in the Spiro sandstone.

CONCLUSIONS

In conclusion, berthierine and chamosite are pene-
contemporaneous to early-diagenetic minerals. They
are considered as indicators of shallow-marine (coastal-
embayment) deposition. Chamositic reservoirs exhibit
a distinct diagenetic pattern. Thick clay coatings of
quartz grains were the major process in preserving
primary porosity in the chamosite-bearing Spiro sand-
stone. On the other hand, the cleaner and glauconitic
sandstone showed substantial amounts of silica cemen-
tation and drastic decreases in porosity. Therefore,
chamositic facies are the only hydrocarbon reservoirs in
the Wilburton field area.

ACKNOWLEDGMENTS

We would like to thank Amy Close, Brad Brittain,
Ryan Birkenfeld, and Melanie McPhail for their help in
preparation of this manuscript.

Chamosite Sandstone Facies

230-40

\\Z /STAGE I
10-13

Early

c
o
Ro 0.5 M
P
. A
Intermediate STAGEN ¢
I
12-20 0
Ro 2.0 g‘ m———— N
Late \ o/  stacem
Ro 3.5
STAGE| a. coating of grains with chamosite
b. minor quartz overgrowths
c. calcite cementation
1. minor quartzarenite
2. major in calcarenaceous sand
STAGE Il a. thermal maturation of organic matter

and development of secondary porosity
b. movement of liquid oil in pore space

STAGE lll a. partial fill of pore space with
diagenetic minerals
b. thermal cracking of liquid oil to
natural gas and pyrobitumen residue

Figure 19. Preservation and/or development of porosity as related to diagenetic evolution for (A) clean-sandstone facies and

(B) chamosite-sandstone facies. Compare with Figure 5. R, = vitrinite reflectance measured in oil immersion: ¢ = porosity (%)



170
REFERENCES CITED

Al-Shaieb, Zuhair; and Walker, P., 1987, Evolution of sec-
ondary porosity in Pennsylvanian Morrow sandstones,
Anadarko basin, Oklahoma: geology of tight gas reser-
voirs: American Association of Petroleum Geologists
Studies in Geology no. 24, p. 45-67.

Bailey, S. W., 1980, Structures of layer silicates, in Brind-
ley, G. W.; and Brown, G. (eds.), Crystal structures of
clay minerals and their X-ray identification: Mineralogi-
cal Society, London, p. 1-123.

Bhattacharyya, D. P., 1983, Origin of berthierine in iron-
stones: Clays and Clay Minerals, v. 31, p. 173-182.
Briggs, G., 1974, Carboniferous depositional environments
in the Ouachita Mountains—Arkoma basin area of
southeastern Oklahoma, in Briggs, G. (ed.), Carbonifer-
ous of the southeastern United States: Geological Soci-

ety of America Special Paper 148, p. 225-239.

Brindley, G. W., 1982, Chemical composition of berthier-
ines—a review: Clays and Clay Minerals, v. 30, p. 163—
155.

Camp, W. K., 1991, Balanced cross section through Wil-
burton gas field, Latimer County, Oklahoma; im-
plications for Ouachita deformation and Arbuckle
(Cambro-Ordovician) exploration in Arkoma basin;
Houston Geological Society Bulletin 33, no. 6.

Carothers, W. W.; and Kharaka, Y. K., 1978, Aliphatic acid
anions in oil-field waters—implications for origins of
natural gas: American Association of Petroleum Geolo-
gists Bulletin, v. 62, p. 2441-2453.

Curtis, C. D.; and Spears, D. A., 1968, The formations of
sedimentary iron minerals: Economic Geology, v. 63, p.
257-270.

Curtis, C. D.; Hughes, C. R.; Whiteman, J. A.; and Whittle,
C. K., 1985, Compositional variation within some sedi-
mentary chlorites and some comments on their origin:
Mineralogical Magazine, v. 49, p. 375-386.

Graham, S. A.; Ingersoll, R. V.; and Dickinson, W. R., 1976,
Common provenance for lithic grains in Carboniferous
sandstones from Ouachita Mountains and Black War-
rior Basin: Journal of Sedimentary Petrology, v. 46, p.
620-632.

Heckel, P. H., 1972, Recognition of ancient shallow marine
environments: Society of Economic Paleontologists and
Mineralogists Special Publication 16, p. 226—-286.

Houseknecht, D. W., 1987, The Atoka Formation of the
Arkoma basin: tectonics, sedimentology, thermal ma-
turity, and sandstone petrology: Tulsa Geological Soci-
ety, Short Course Notes, p. 1-72.

Houseknecht, D. W.; and Kacena, J. A., 1983, Tectonic and
sedimentary evolution of the Arkoma foreland basin, in

Z. Al-Shaieb and P. Deyhim

Houseknecht, D. W., Tectonic—sedimentary evolution of
the Arkoma basin: Society of Economic Paleontologists
and Mineralogists, Midcontinent Section, v. 1, p. 3-33.

Iijima, A.; and Matsumoto, R., 1982, Berthierine and
chamosite in coal measures of Japan: Clays and Clay
Minerals, v. 30, p. 264-274.

Kimberley, M. M., 1979. Origin of oolitic iron formation:
Journal of Sedimentary Petrology, v. 49, p. 111-131.

1980, The Paz de Rio oolitic inland-sea formation:
Economic Geology, v. 75, p. 97-106.

Lumsden, D. N.; Pittman, E. D.; and Buchanan, R. S.,
1971, Sedimentation and petrology of Spiro and Foster
sands (Penn), McAlester basin, Oklahoma: American
Association of Petroleum Geologists Bulletin, v. 55, p.
254-266.

Maynard, B. J., 1986, Geochemistry of oolitic iron ores, an
electron microprobe study: Economic Geology, v. 81, p.
1473-1483.

Morris, R. C., 1974, Sedimentary and tectonic history of
the Ouachita Mountains: Society of Economic Paleon-
tologists and Mineralogists Special Publication 22, p.
120-142.

Odin, G. S.; and Matter, A., 1981, De glauconiarum origine:
Sedimentology, v. 28, p. 611-641.

Porrenga, D. H., 1966, Glauconite and chamosite as depth
indicators in the marine environment: Marine Geology,
v. 5, p. 495-501.

Rohrlich, V., 1974, Microstructure and microchemistry of
iron ooliths: Mineralogy Deposita, v. 9, p. 133-142.
Surdam, R. C.; Boese, S. W.; and Crossey, L. J., 1984, The
chemistry of secondary porosity, in McDonald, D. A;
and Surdam, R. C. (eds.), Clastic diagenesis: American
Association of Petroleum Geologists Memoir 37, p. 127—

149.

Tucker, M. E., 1981, Sedimentary petrology: an introduc-
tion to the origin of sedimentary rocks [2nd edition]:
John Wiley & Sons, New York, p. 57-58.

Van Houten, F. B.; and Purucker, M. E., 1984, Glauconitic
peloids and chamositic ooids-favorable factors, con-
straints, and problems: Earth-Science Reviews, v. 20, p.
211-243.

Velde, B.; Raoult, J. F.; and Leikine, M., 1974, Metamor-
phosed berthierine pellets in mid-Cretaceous rocks from
northeastern Algeria: Journal of Sedimentary Petrol-
ogy, v. 44, p. 1275-1280.

Zachary, D. L.; and Sutherland, P. K., 1984, Stratigraphy
and depositional framework of the Atoka Formation,
Arkoma basin of Arkansas and Oklahoma, in Suther-
land, P. K.; and Manger, W. L. (eds.), The Atoka Series
(Pennsylvanian) and its boundaries—a symposium:
Oklahoma Geological Survey Bulletin 136, p. 9-19.



Oklahoma Geological Survey Circular 103, 2000

Microbial Reservoir Characterization of a Mature Bartlesville

Sandstone Reservoir, Washington County, Oklahoma

Daniel C. Hitzman, James D. Tucker, and Brooks A. Rountree

Geo-Microbial Technologies, Inc.
Ochelata, Oklahoma

ABsTRACT.—An area of approximately 720 acres of a mature Bartlesville Sandstone
reservoir in Washington County, Oklahoma, was evaluated for hydrocarbon-
microseepage signatures using Microbial Reservoir Characterization (MRC). This
technique uses hydrocarbon-specific microorganisms found in shallow soil samples
collected over producing fields to map pressure regimes in the reservoir. MRC studies
anticipate reduced microbial populations above portions of the reservoir that are in
direct communication with producing wells. Bypassed compartments or unswept zones
can be located with elevated microbial signatures.

The study area was selected because an active infill drilling program, as well as a
field rehabilitation plan were scheduled to commence soon after the survey was com-
pleted. Three hundred twenty-seven (327) soil samples were collected every 330 ft in
a grid pattern. The production area with active injection wells and anticipated reser-
voir repressuring exhibits the highest microbial values. Areas of production with no
injectors reflect expected reduced microbial values. The trends of high and low micro-
bial values respond to suspected reservoir heterogeneities and dynamic pressure pat-
terns.

Oil and gas fields leak light hydrocarbon gases along nearly vertical pathways.
Hydrocarbon-specific microbial populations mirror this leakage. MRC surveys demon-
strate reduced hydrocarbon microseepage over producing fields due to a change in
drive mechanism that controls the microseepage. When a new well is brought into pro-
duction, the gas drive changes from a vertically migrating bucyancy force to horizontal
gas streaming to low pressure sinks created around producing wells. When this occurs,
microseepage ends, and microbial populations decline rapidly. This change in drive
mechanism and microbial population densities can be used to define reservoir-drain-
age direction, radii, and heterogeneities around existing wells. Conversely, in areas
where the reservoir is being repressured, as in a waterflood, the microseepage is rees-
tablished. Microbial counts will increase on the surface in response to increasing
microseepage coming from the portion of the reservoir in direct contact with the
waterflood. '

INTRODUCTION

Detailed geochemical and geomicrobiological sur-
veys and research studies document that hydrocarbon
microseepage from oil and gas accumulations is com-
mon and widespread, is predominantly vertical (with
obvious exceptions in some geologic settings), and is
dynamic (responds quickly to changes in reservoir con-
ditions). These characteristics create a new suite of
applications for surface geochemical surveys (e.g., field
development, reservoir characterization, and monitor-
ing patterns of hydrocarbon drainage). Combined with
more established uses of surface geochemistry (e.g.,
high-grading exploration leases, leads, and prospects),
these new applications show great promise for the

wider use of surface exploration methods in mature
basins.

Because hydrocarbon microseepage is nearly verti-
cal, the extent of an anomaly at the surface can ap-
proximate the productive limits of the reservoir at
depth. Furthermore, the pattern of microseepage over
a field can reflect reservoir heterogeneity and dis-
tinguish hydrocarbon-charged compartments from
drained or uncharged compartments. Furthermore,
because hydrocarbon microseepage is dynamic, seep-
age patterns can change rapidly in response to
production-induced changes. Evidence of such changes
in microseepage patterns can be identified by detailed
Microbial Reservoir Characterization (MRC) technol-
ogy, which responds to active microseepage.

Hitzman, D. C.; Tucker, J. D.; and Rduntree, B. A, 2000, Microbial reservoir characterization of a mature Bartlesville
Sandstone reservoir, Washington County, Oklahoma, in Johnson, K. S. (ed.), Marine clastics in the southern
Midcontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 171-176.
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INTRODUCTION TO MICROBIAL SURVEYS

The Microbial Oil Survey Technique (MOST), first
developed by Phillips Petroleum Company, is based
on the presence of hydrocarbon microseeps above
hydrocarbon-charged reservoirs. The microseepage is
detected by observing the concentrations and distribu-
tions of hydrocarbon-indicating microorganisms found
in shallow soils. More specifically, when upward-
migrating hydrocarbon gases from buried reservoirs
enter the shallow soil environment, they are utilized by
a specific group of microorganisms. There is a direct,
positive relationship between the light-hydrocarbon
gas concentrations in the soils and these microbial

populations. Microbial anomalies have been proven to.

be reliable indicators of oil and gas for exploration ap-
plications (Beghtel and others, 1987; Lopez and others,
1994) as well as for field development and production
(Tucker and Hitzman, 1994; Schumacher and others,
1997).

Sample patterns and sample density are selected to
best define the hydrocarbon potential of the target
area, subject to considerations of terrain and accessibil-
ity (Fig. 1). Both reconnaissance and more detailed
surveys of acreage or prospects may be completed in
this manner. The predictive value of this technology
has been demonstrated by extensive field surveys in a
variety of environments and targeting a wide spectrum
of reservoirs. Geological and geophysical exploration
and production data are greatly enhanced by the addi-
tion of microbial surveys.

MICROBIAL RESERVOIR
CHARACTERIZATION EVALUATIONS

Microbial Reservoir Characterization (MRC) evalu-
ations are an interpretative modification of the MOST
methodology. MRC theory indicates that the pattern of
microbial populations on the surface is directly related
to pressure regimes within the reservoir.

MRC evaluations anticipate reduced microbial popu-
lations above portions of the reservoir in direct commu-
nication with the producer. This phenomenon of appar-
ent reduced hydrocarbon microseepage over producing
fields is thought to be due to a change in the drive
mechanism controlling microseepage. When a well is
brought into production, the drive changes from a ver-
tically migrating buoyancy force to horizontal gas
streaming to low-pressure sinks created around pro-
ducing wells. When this occurs, microseepage ends and
microbial populations decline rapidly. This change in
drive mechanism and microbial population densities
can be used to define reservoir-drainage direction and
heterogeneities around existing wells in producing
" fields. Conversely, in areas where the reservoir is being
repressured, as in a waterflood, the microseepage is
reestablished. The microbial counts will increase on the
surface in response to increasing microseepage coming
from the portion of the reservoir in direct contact with
the waterflood. Results from microbial studies sur-
rounding producing wells that indicate the rates of
light-hydrocarbon migration from the reservoir to
the surface are sufficiently great to create microbial-
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population changes at the surface in the order of
months after production has begun.

Production Only

Within producing fields, low microbial counts indi-
cate either where the reservoir is in direct communica-
tion with the surrounding producers or areas never
charged with hydrocarbons (clay plugs). Elevated mi-
crobial populations indicate areas within the producing
reservoir not in pressure communication with sur-
rounding producers. These areas are either isolated
from the existing producers by some form of reservoir
heterogeneity or indicate different hydrocarbon-
charged horizons within the geologic column.

Injection and Production

Different microseepage signatures occur within pro-
ducing fields where primary production has been fol-
lowed by water injection. Portions of the reservoir in
contact with injection fluid will once again be pres-
sured, and hydrocarbon microseepage will be reiniti-
ated. Therefore, elevated microbial counts in areas of
fluid injection indicate which portions of the reservoir
are in communication with the injectors. Low microbial
counts in this injection environment indicate three sce-
narios: (1) the portions of the reservoir in communica-
tion with the producers within the anticipated pressure
draw down away from the injector; (2) areas that are
pressure depleted by production yet isolated from the
nearby injector by some heterogeneity; or (3) some por-
tion of the reservoir, such as a clay plug, that was never
charged with hydrocarbons.

All of these microbial patterns are observed within
the Painter Ranch MRC evaluation. It is essential to
use the MRC data in conjunction with geological and
geophysical information.

PAINTER RANCH GEOLOGY

The Painter Ranch production is from the Pennsyl-
vanian Bartlesville Sandstone. Production is from a
zone 20 ft thick at a depth of approximately 1,290 ft.
The Bartlesville Sandstone in northeastern Oklahoma
was deposited in a fluvial-dominated deltaic environ-
ment. The sequence consists of an agglomeration of
prograding distributary channels, levees, crevasse
splays, abandoned channels, swamps, and delta lobes
intermixed with delta-plain, estuary, and marine-bay
muds.

This type of depositional environment will deposit
discontinuous reservoir sands and eventual reservoirs
full of various heterogeneities. These will include depo-
sitional events as directional permeability trends, clay
drapes, and clay plugs that will isolate compartments
from production.

RESERVOIR HETEROGENEITIES

Reservoir heterogeneities are either depositional or
post-depositional events that isolate, reduce, or con-
strict consistent fluid movement throughout the entire
reservoir. Depositional features can be as large as iso-



Figure 1. Map of sample sites.
Three hundred twenty-seven (327)
soil samples were collected for a
Microbial Reservoir Characteriza-
tion (MRC) evaluation to help ex-
amine the oil potential of an
old field on the Painter Ranch in
Washington County, Oklahoma.
The existing producers are shown
as solid black circles, and the ex-
isting injectors are solid black tri-
angles. The samples were col-
lected in a 330-ft grid pattern over
the entire 720 acres of the study
area in portions of secs. 19 and
30, T.27 N., R. 14 E. All the sam-
ples were collected in one day with
a three-man crew.

Well Legend

Existing Production Well
Location

A Existing Injection Well
Location

Microbial Reservoir Characterization

14 _E
o

® °®

+ + + +

+ + + +

+ + + +

+ + + +
e o

+ + + +

+ + + +
o A

+ + + +

+ + +
o' é

+ + +

+ A+ +
+ ‘- +’+
+

+ @

. A L
+.+&+
A ®
+ |+ o+ 4+

o

+ + o+ O+
+.+.
+ + o+ O+
. @ . @
+  + o+ o+

R

+ o+ o+
+ o+ o+
+ o+ o+
+ o+ o+
+ O+ o+

o

+ o+ o+
‘ + o+
A N
+ ‘ +
‘ N
+ o+ o+
@ + @+
+ A+
® ‘@-+
+ o+ o+
+ +@
+ + o+
+ + @
+ O+ o+
+ + @
+ o+ O+
® :+ O
+ o+ O+
o . @
+  + o+

o
0.25 Mile

o

+ +
+ +
o

+ +
+ +
+ +
+ o+
+ +
i X
A+ +
+.+
+ @+
A +
+ o+
A+ ©:
+ @+
+ o+
+ @ +
+ +
+ +
+ +
+ +
+ +
+ 90,
+.+

o
+ +
+ +
[
+ +
+ +
+ +
o
+ +
+ +
+ +
o
A+ +
+.+

173

+ Sec.
19

Sec.
+ 30



174

lated stacked channels, to grain-size differences, to clay
plugs, to as subtle as clay drapes. Post-depositional
events that may alter communication within the reser-
voir are faulting, fracture patterns, differential compac-
tion, secondary cementation, and mineralogical alter-
ations.

Any of these events or combinations of events can
greatly affect fluid movement within producing reser-
voirs. Combinations of current permeability patterns,
heterogeneities, and pressure differentials will control
the directions and rates that fluids will move within
the reservoir.

All reservoirs have some combination of the various
heterogeneities, at different scales, making complete or
efficient recoveries difficult to achieve. Because most
reservoirs are produced as if they were uniaxial with
isotropic rock types, isolated hydrocarbons are com-
monly bypassed and left unproduced.

MRC evaluations of producing reservoirs combined
with production characteristics are very useful tools to
help identify bypassed hydrocarbons. Multiple MRC
studies conducted over a period of time will help iden-
tify expanding pressure regimes and any related reser-
voir heterogeneities. Integrating MRC evaluations, pro-
duction records, geology, and geophysics will help more
completely produce the reservoir with more efficient well
spacing and well patterns.

Maps of the microbial signatures of the Painter
Ranch field are shown as Figures 2 and 3. A second
follow-up microbial survey—identical to the first pro-
gram—has been completed recently. The results are
being tabulated and compared with the first survey,
along with an investigation of the engineering and pro-
duction changes initiated by the new Painter Ranch
injection and rehabilitation plan.

CONCLUSIONS

In areas where the reservoir has been in communi-
cation with either production or injection, the Painter
Ranch MRC evaluation will help predict the following:

¢ Regions of the reservoir in contact with the pro-
ducing wells as identified by the patterns of low
microbial activity at the surface.

¢ The reservoir drainage radius and pattern adja-
cent to individual producers as noted by the low
microbial activity at the surface surrounding the
wells.

¢ Regions of the reservoir in contact with the injec-
tion wells as identified by the high microbial
populations.

D. C. Hitzman and others

 The reservoir injection radius and pattern adja-
cent to individual injectors as noted by the high
microbial activity at the surface surrounding each
well.

¢ The anticipated pressure regimes within the res-
-ervoir at any location by noting the surface micro-
bial values. Low reservoir pressure and dead oil
associated are with low microbial populations and
higher reservoir pressure with elevated microbial
populations.

¢ The presence of reservoir heterogeneities and fab-
ric by identifying organized patters and align-
ments of low and elevated microbial population
patterns associated with production and injection.

o Ifsignificant reservoir heterogeneities are identi-
fied, infill well patterns can be adjusted to utilize
the heterogeneities to maximize oil production
and water injection.

e Areas of bypassed production identified by
anomalously high microbial activity in areas not
associated with injection, generally between exist-
ing producing wells.

* Areas of stepout potential as identified by ele-
vated microbial activity trending away from the
edges of the existing field.

® Potential hydrocarbon accumulations associated
with other (shallower) formations currently not
being produced. These trends are indicated by
elevated microbial populations in patterns not
associated with production or injection in the pri-
mary reservoir.
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Figure 2. Contour map of microbial
results. The microbial population
patterns in this MRC survey dem-
onstrate anticipated hydrocarbon-
microseepage signatures associ-
ated with oil production and water
injection. The majority of produc-
tion wells are associated with re-
duced microbial values where little
to no water injection has occurred.
Conversely, the elevated microbial
values are associated with the in-
jection wells indicating which por-
tions of the reservoir are being
repressured. The patterns of high
and low microbial values (i.e., the
production and injection patterns)
are suspected to be related to
reservoir heterogeneities control-
ling fluid movement within the
reservoir.
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Figure 3. Contour map of smoothed
microbial results. A weighted, nine-
point smoothing average of the Map
2 values was utilized to examine
trends in the microseepage signa-
ture rather than individual extreme
values. These smoothed signatures
are helpful in planning multiple-well
programs and can identify larger
reservoir areas in order to focus or
forget development efforts.
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AgsTraCT.—The Red Fork Sandstone (Middle Pennsylvanian, Desmoinesian) is a
prolific gas-producing reservoir in the Anadarko basin. In the greater Strong City/
Butler district, production is primarily from channel-fill sandstone within suprafan
lobes. Porosity is predominantly secondary and resulted from the dissolution of labile
grains and matrix.

The Red Fork Sandstone was deposited primarily by a southerly flowing sediment-
dispersal system. This large fluvial-deltaic complex prograded southward toward the
Anadarko and Arkoma basins. In the Anadarko basin, sediments were eventually
transported beyond the shelf margin and deposited as submarine fans on the basin
floor. Regional mapping suggests that these fans were fed primarily by the Clinton-
Weatherford channel and prograded westward. There is also evidence for northwest
and southern sources. These rocks exhibit considerable lateral and vertical variabil-
ity as a result of the coalescing of fan lobes and facies stacking.

The integration of core data, wireline-log characteristics, and sandstone distribu-
tion patterns allowed the reconstruction of fan facies. Elongated trends of thick sand-
stone are interpreted as upper and mid-fan channels. Shale-dominated intervals with
thin-bedded sandstones represent lower-fan or basin-plain deposits. The stacking of
fans juxtaposed upper and mid-fan facies over lower-fan and basin-plain deposits.
Thick sandstone suggests multiple episodes of deposition in some areas.

Larger gas reserves are typically found in the channel facies. Suprafan lobes and
channel trends can be delineated using total-sandstone-thickness maps. However,
detailed correlation and mapping are necessary to identify individual reservoir com-

partments within these trends.

INTRODUCTION

The Red Fork Sandstone (Middle Pennsylvanian,
Desmoinesian) in the western part of the Anadarko
basin displays a variety of features associated with sub-
marine-fan deposits. Successful discovery and develop-
ment of Red Fork reserves are contingent on identifica-
tion and delineation of fan facies. They generally
occupy a low paleogeographic positiocn beyond a well-
defined shelf edge. Fan facies represent the basinal ter-
mination of the Red Fork sediment-dispersal system.
This study focuses on the upper Red Fork from which
most of the core data were obtained.

GEOLOGIC SETTING

The Red Fork Sandstone was deposited during the
Middle Pennsylvanian (Desmoinesian) as part of
a large fluvial-deltaic and submarine system. Most
sediment was transported southward as a prograd-
ing fluvial-deltaic complex (Fig. 1). The Clinton-
Weatherford channel was the major conduit for
sediment transportation to the deeper parts of the
basin (Fig. 2). These deposits contain major gas reser-
voirs of the Strong City/Butler district and have
produced over 400 BCF of gas from submarine-fan
facies.

Puckette, J. O.; Anderson, Charles; and Al-Shaieb, Zuhair; 2000, The deep-marine Red Fork Sandstone: a submarine-fan
complex, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma Geologi-

cal Survey Circular 103, p. 177-184.
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Figure 1. Geologic features of Oklahoma and distribution of the Red Fork
Sandstone in Oklahoma. Red Fork sediments were dispersed by a large
southerly prograding fluvial-deltaic complex (gray pattern) that eventually
extended beyond the shelf edge of the Anadarko basin. From Al-Shaieb and

others (1995).

PREVIOUS STUDIES

The Red Fork has been the focus of
many studies in Oklahoma. Investiga-
tions pertaining to the Anadarko basin
include Glass (1981), Whiting (1982),
Johnson (1984), Udayashankar (1985),
Schneider and Clement (1986), and
Anderson (1992). Johnson (1984) and
Udayashankar (1985) established elec-
trofacies markers used to define upper
and lower Red Fork intervals. Johnson
(1984) recognized the lower Red Fork
hinge line and described a variety of
depositional environments including
delta-front, submarine-channel-fill,
and submarine-fan environments.
Schneider and Clement (1986) defined
the trend of the Clinton-Weatherford
channel and its incised nature. Ander-
son (1992) investigated the details of
the distribution of submarine-fan com-
plexes and made interpretations of vari-
ous facies utilized in this paper.
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Figure 2. Gas fields of western Oklahoma producing from Red Fork Sandstone. The Weatherford-Geary fields define the
position of the Clinton-Weatherford feeder channel that supplied sediment for deep-basin accumulations that became the
Strong City/Butler district (Eric Anderson, personal communication, 1995).



Red Fork Sandstone

DISTRIBUTION AND GEOMETRY
OF THE UPPER RED FORK SANDSTONES

The upper Red Fork is defined as the interval be-
tween the Pink Limestone biomicrite/shale marker and
the “hot” shale marker (Johnson, 1984; Anderson,
1992) (Fig. 3). This interval showed a marked increase
in thickness from 150 ft in the northeast to approxi-
mately 1,000 ft to the southwest and south-central part
of the area of investigation (Fig. 4). The upper Red Fork
hinge zone between the shelf and slope is shown in Fig-
ure 5. This zone also represents the transition from
dominantly deltaic to deeper-marine facies. Net-sand-
stone—isolith maps illustrate the distribution pattern of
the submarine deposits. These thicknesses were deter-
mined from gamma-ray logs having reflections >30 API

TENNECO OIL CORPORATION
MOORE NO. 1-10
2090 ft FSL & 1525 ft FWL
SEC.10, T.13N,, R.22 W.
K.B.: 1866 ft
Depth
(ft)

GR Xt RES

2700 g

2800

Pink Limestone
Biomicrite/Shale

Coarsening Upward
Sequences of Possible
Lower Fan Sediments

3000

3100

Upper Red Fork

Lower Fan/Basin Piain? 3400

\ "Hot “Shale Marker

3700 §
=

Figure 3. Wireline log from the deep Anadarko basin with
markers identified that are used to define the upper Red Fork
sandstone interval (after Anderson, 1992). Depth given in
feet. GR = gamma-ray log; RES = resistivity log.

15

B AN

z-‘

zg-

179

R24W  R23W R22W R21W R20W Ri9W

/}.\d}é\\\ \@ﬁ\y co
U

RS S
i EE=

= 72@ =

y

7

So

5

Z&W/)

N

Figure 4. Isopachous map of thickness (contour interval =
ft) of upper Red Fork sandstone interval with locations (black
dots) of wells in which the Red Fork Sandstone was cored.
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units from the shale base line and a corresponding in-
crease in resistivity >10 ohm-m. Thicknesses thus de-
termined range from <5 ft to >200 ft, and the greatest
thicknesses are due to stacking of numerous sandstone
units. The overall geometry of these units shows an
elongated pattern to the west and northwest, indicat-
ing a major eastern source of sediments that prograded
in a westerly direction (Fig. 6).

Facies Analysis

Eleven cored intervals were examined to determine
sedimentary features, petrology, and diagenesis of the
upper Red Fork sandstone. Sedimentary structures
and depositional-facies interpretations were empha-
sized in this study. However, detailed description of the
petrology and diagenesis is available in Anderson
(1992).

A wide variety of sedimentary and biogenic struc-
tures were present in the cores. In order of decreasing
abundance, they were: (1) inclined laminae, (2) ripple
laminae, (3) wavy or undulating ripple laminae, (4) len-
ticular bedding, (5) soft-sediment deformation, (6)
penecontemporaneous microfaulting, (7) slump struc-
tures, (8) parallel laminae, (9) dish and pillar struc-
tures, (10) massive bedding, (11) small-scale trough
cross-bedding, (12) tabular cross-bedding, (13) climbing
ripples, (14) flaser bedding, (15) interlaminated silt-
stone and shale, (16) burrows, (17) rounded shale
clasts, (18) angular shale clasts, (19) load casts, (20)
flame structures, (21) fluid-escape (pipe) structures,
and (22) fossils.

Most of the cores examined contained incomplete
Bouma (1962) turbidite sequences, and sedimentary
features observed were very similar to those reported
by Mutti and Lucchi (1972). Anderson (1992) described
in detail sedimentary features and facies associated
with the upper Red Fork submarine deposits in the
Anadarko basin.
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Figure 5. Map of parts of Dewey, Roger
Mills, and Custer Counties, showing
rapid increase in thickening {in ft) of the
upper Red Fork interval that identifies
the position of the shelf edge/basin
hinge line.
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Fan Morphology of the

Upper Red Fork Sandstone 'ﬁ":’f"ﬂ g-mB" Slumps
The facies model of Walker (1978) SHELF l -
was used to predict facies distribution <
of submarine-fan complexes and to in- l l l
terpret fan morphology for the upper

Red FOI'k facies (Flg 7), and the Muttl _~—""_ —SLOPE INTO BASIN

and Lucchi (1972) facies model was

used to support this interpretation. The .E%‘&E%&“ﬁﬁs... ; I:I:'e?:f fod turbldite
major elements of the model consist of: graded PeLny ss.

(1) a feeder channel that supplies sedi-

ment; (2) a leveed-channel upper fan 33 mw"“
that transports sediment across previ- Graded bed

ous depositional facies; (3) a mid-fan

that consists of suprafan lobes that

grade outward from non-leveed, shal- °::°  od-

low, braided channels to smooth turbid- stratified
ity deposits; and (4) a lower fan and
basin plain with smooth relief, parallel
bedding, and distal turbidites (Fig. 7).

Submarine Feeder Channel Facies

Sandstone thickness of the Clinton-
Weatherford trend in T. 12 N.,R. 19 W.
(Fig. 8) is interpreted as an upper fan BASIN
feeder. The thick graded/stratified PLAIN
sandstone in the An-son Corp. No. 1-24

Proximal

Classical Turbidites
New suprafan
lobe

LD LOWER FAN

L215
Thin-bedded

Bill well shown in Figure 9 is an ex-
ample of this facies. Sandstone of this

trend is dominantly very fine grained. Figure 7. Submarine-fan model. From Walker (1978).

The shale on either side of this channel
may represent levee deposits.

Upper-Fan Facies

The upper-fan facies consists mainly of channel-fill
sandstones. The interpretation of this facies is strictly
based on log signatures because no cored material is
available for examination of this interval from the
study area. This facies is described as thick sandstone
exceeding 20 ft in thickness that shows relatively
clear gamma-ray and high-resistivity deflections of
>50 chm-m.

Mid-Fan Facies

The mid-fan facies appears to be the dominant sand-
stone facies found in the study area. Eight cores exam-
ined contain features that are interpreted as mid-fan
deposits. Well-log signatures of this facies show serrate
gamma-ray—log and resistivity-log profiles (Fig. 10).
Correlation of core to wireline logs indicates the pres-
ence of interbedded, dark, silty shales that cause high
gamma-ray response. The dark silty shales may repre-
sent periods of lower flow regimes with suspension set-
tling and low-density turbidity flow as well as turbidity
currents with incomplete Bouma sets. Ripple laminae
are the most common sedimentary structure found in
these cores and indicate a lower flow regime. Dish
structures are common and represent fluidized flows.
Wireline logs indicate stacking of sandstones with
interbedded shales. Multiple stacked channels with
interbedded shale may represent channelized turbid-

ites of the upper mid-fan facies on suprafan lobes. Ac-
cumulation of mid-fan facies within local depocenters
resulted in total sandstone thicknesses that approach
several hundred feet. Local cross sections through
these thick deposits illustrate lateral changes between
wells (Fig. 11).

Lower-Fan Facies

Lower-fan deposits are described as parallel, thin-
bedded turbidites (Mutti and Lucchi, 1972; Walker,
1978). They are recognized on wireline logs as
coarsening-upward sequences with thin-bedded sand-
stones. This facies is present in the cored interval of
Southport Exploration, No. 1-10 Merrick well (NEV4
sec. 10, T. 12 N., R. 22 W.). They consist of thin-bedded
to laminar siltstones, shales, and shales with parallel
bedding and soft-sediment—deformation features and
microfaulting. These intervals are interpreted as hav-
ing formed from low-density turbidity currents with
intervals of suspension settling (Mutti and Lucchi,
1972; Walker, 1978). This results in the alternating
light- and dark-colored rocks in cores.

Several wells contain apparent coarsening-upward
intervals that are overlain by thick sequences of sand-
stone with interbedded siltstone and shale. These sand-
stones are interpreted as mid-fan deposits that pro-
graded over lower-fan and basin-plain facies.
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Figure 8. Net sandstone thickness (in ft) and interpreted up-
per-fan feeder channel in part of Custer County. Position of
wells for cross section (Fig. 9) is shown by black dots.
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Basin-Plain Facies

The basin-plain and lower-tan facies have simi-
lar morphologies and are difficult to separate. Plane-
parallel bedding with hemipelagic sediment and minor
turbidity flows represent basin-plain facies (Mutti and
Lucchi, 1972; Walker, 1978). The Southport Explora-
tion, Inc., No. 1-10 Merrick well is interpreted as an ex-
ample of this facies. The cored interval consists of
interbedded brown and dark-gray shales with lighter-
colored siltstones and sandstones. Soft-sediment—
deformation features including flowage, slump struc-
tures, and microfaulting are common. Thin beds of very
fine. grained sandstone within the shale contain ripples
formed by traction currents (Mutti and Lucchi, 1972).

Wireline-log signatures (Fig. 3) indicate a shale-
rich lithology with high neutron porosity. The basin-
plain facies is the most abundant facies in the study
area. Juxtaposing basin-plain facies against other
sandstone-rich facies may contribute to trapping and
provide excellent source beds for hydrocarbons.

DEPOSITIONAL MODEL

The depositional model for the upper Red Fork sand-
stone is shown in Figure 12. This model is based on the
previously described facies, fan models, and regional
geology. This generalized interpretation may be used
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Figure 9. Cross section through upper-fan feeder channel
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INEXCO OIL COMPANY
TRENT NO. 1-25
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Figure 10. Upper mid-fan channel fill with serrated wireline-
log signatures (from Anderson, 1992). The cored interval
contains incomplete Bouma (1962) sequences, suggesting
possible channelized turbidity flow. Depth in ft. GR = gamma-
ray log; RES = resistivity log; K.B. = Kelley bushing (eleva-
tion).
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as a guide to find thicker sandstone trends, but indi-
vidual fans and sandstone packages must be examined
individually to identify their facies and to predict their
reservoir potential.

Upper Red Fork sediments were deposited according
to the following sequence of events. (1) A submarine
upper-fan feeder channel formed downslope of the
Clinton-Weatherford channel located east of the study
area. (2) The leveed feeder channel extended from
the Clinton area westward to the basin floor. (3) The
feeder-channel sediments began forming fan complexes
with upper-, mid-, and lower-fan facies. (4) The chan-
nels were deflected northward as a result of aggrada-
tion that formed topographically higher areas. (5) Fi-
nally, upper-fan channels prograded across previously
deposited mid- and lower-fan facies, resulting in the
Jjuxtapositioning and interfingering of different fan fa-
cies (Fig. 12).

Fan deposition may have been influenced by possible
sediment sources to the north, northeast, and south.
Thin-section petrography indicates that the basin-floor
sandstones contain similar constituents and have a
similar sediment provenance as the Red Fork to the
east. Minor amounts of granophyre and microperthite
indicate some contribution from a southern source from
the Wichita Mountains.

POROSITY EVOLUTION

Porosity in the Red Fork is essentially all secondary
and resulted from dissolution of labile grains such as
metamorphic-rock fragments and feldspars. Additional
porosity formed by the dissolution of matrix. Complete
descriptions of the Red Fork Sandstone and its diage-
netic history are found in Anderson (1992), Johnson
(1984), and Udayashankar (1985).
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IMPLICATIONS

Red Fork reservoirs that produce the largest volume
of gas are thick channel-fill sandstones of upper- and
mid-fan facies. Prospects for fan-channel facies should
be developed along thick net-sandstone trends. The
multiplicity of channels that resulted from facies stack-
ing and suprafan-lobe switching present a complex tar-
get that should be resolved with detailed mapping and/
or seismic data. Lateral and vertical variability in the
upper Red Fork section has resulted in extensive reser-
voir compartmentalization. This creates additional
potential for finding untapped reserves between exist-
ing wells drilled on conventional-spacing patterns.
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Sedimentology and Geochemistry of the Hushpuckney and

Upper Tackett Shales: Cyclothem Models Revisited

Anna M. Cruse! and Timothy W. Lyons
University of Missouri
Columbia, Missouri

ABSTRACT.—An integrated sedimentological-geochemical model has been applied to
the Pennsylvanian cyclothemic Hushpuckney Shale in Iowa and the equivalent upper
Tackett shale in Oklahoma to investigate the temporal dynamics of water-column
redox as recorded in centimeter-scale variability. X-radiography combined with
biofacies models of water-column oxygenation reveal that the gray-shale units in the
deepest-water, most-offshore shale facies were deposited under an oxygenated water
column, whereas the associated black shales marking maximum transgression were
deposited under a water column devoid of oxygen. Thus, the gray-black boundary
represents either the paleochemocline—a record of lateral migration of the water-
column redox interface in phase with the transgressing and regressing sea—or rapid,
basinwide onset of anoxia. Although the water column was everywhere anoxic during
black-shale deposition, intersite variations in values of downcore degree of pyritization
(DOP) and of iron and organic-carbon concentrations are a function of differences in lo-

cal sedimentation rates.

INTRODUCTION

The oxic-anoxic boundary (chemocline) in the water
column is a critical interface between two vastly differ-
ent chemical environments. It is a site of enhanced
chemical and biological processes, including redox cy-
cling of transition metals (e.g., Spencer and others,
1972; German and others, 1991; Shaw and others,
1994), enhanced precipitation of authigenic apatite
(Burnett and others, 1982), and increased biological
activity associated with enhanced nutrient cycling
(Mullins and others, 1985). Impingement of the chemo-
cline on a basin margin with attendant redox cycling of
metals has been proposed as a key factor in the devel-
opment of transition-metal ore deposits, specifically Mn
(Force and Cannon, 1988).

Anoxia below the chemocline arises from the inter-
play of two mechanisms: (1) excessive oxygen demand
due to the biochemical degradation of organic matter,
and (2) a deficient oxygen supply that results from in-
hibited vertical and lateral circulation of oxygen-rich
waters. Thus, anoxic conditions occur when the de-
mand for oxygen exceeds the supply (Demaison and
Moore, 1980). Bathymetric fluctuations of the chemo-
cline in modern settings occur through natural and

!Present address: Woods Hole Oceanographic Institution,
Dept. of Marine Chemistry and Geochemistry, Woods Hole,
Massachusetts

anthropogenic processes on time scales of hours to dec-
ades (Murray and others, 1989; Kempe and others,
1990; Lyons and others, 1993) and can cause major bio-
logic “kills” due to the low concentrations of dissolved
Oq, high concentrations of toxic metals that are remobi-
lized from bottom sediments, and high levels of H,S
linked to bacterial reduction of sulfate in the water col-
umn (Boesch and Rabalais, 1991; Shaw and others,
1994; Hagerman and others, 1996; Hornfelt and Ny-
holm, 1996; Poulson and others, 1997). Despite these
potential hazards, we lack detailed models addressing
the type and magnitude of the response in water-
column and sediment chemistry expected if redox con-
ditions change on time scales of 10° to 102 years. The
rock record, specifically Pennsylvanian cyclothemic
shales of Midcontinent North America, provides an
ideal setting in which to address these issues, although
the time scales of change are significantly longer than
those linked to present-day anthropogenic oxygen defi-
ciencies. The redox conditions of the epicontinental sea
during deposition of these cyclic units can be con-
strained by sedimentological and paleontological indi-
cators, providing an independent framework within
which to examine the geochemical behavior of a wide
range of redox-sensitive chemical species.

To successfully utilize these shale units as analogs
for conditions of long-term dynamic anoxia, it is criti-
cal to first demonstrate that black-shale deposition
occurred as a result of preferential preservation of

Cruse, A. M.; and Lyons, T. W., 2000, Sedimentology and geochemistry of the Hushpuckney and upper Tackett shales:
cyclothem models revisited, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium:

Oklahoma Geological Survey Circular 103, p. 185-194.
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organic matter under anoxic waters or under anoxic
conditions resulting from elevated biological productiv-
ity and to characterize the geographic and temporal
variation in water-column redox. We have thus under-
taken a high-resolution, integrated study of the middle
Upper Pennsylvanian (Missourian) Hushpuckney
Shale of the Swope Cycle in Iowa and its equivalent in
Oklahoma, the upper Tackett shale (P. H. Heckel, per-
sonal communication, 1997) and focused specifically on
the transitions from gray- to black-shale facies. By com-
bining sedimentological criteria and C-S-Fe systemat-
ics, new insight has been gained about redox conditions
in the Pennsylvanian epicontinental sea that provides
a framework within which to evaluate the accumula-
tion of organic carbon and the behavior of redox-sensi-
tive transition metals and rare-earth elements under
conditions of dynamic redox.

GEOLOGIC SETTING

The Pennsylvanian System of the Midcontinent is
characterized by fourth- to fifth-order cycles of shales
and limestones known as cyclothems (Heckel, 1977,
1986). These sequences developed in response to wax-
ing and waning of Gondwanan glaciers and ice caps
most probably on Milankovich time scales (Wanless
and Shepard, 1936; Heckel, 1977, 1986; Crowell, 1978),
although tectonic processes may have influenced se-
quence development, particularly in areas proximal to
the Appalachian orogenic belt (Klein, 1992; Klein and
Kupperman, 1992). Earlier autocyclic models of delta
shifting (Galloway and Brown, 1973; Ferm, 1975) are
accommodated within the glacial-eustatic model as a
mechanism for local sequence modification (Heckel,
1977, 1980).

A classic, “Kansas-type” cyclothem, which is shown
schematically in Figure 1, consists of an outside shale
deposited in a nearshore fluvial-deltaic environment
followed upsection by a thin (0.1-1.0 m) transgressive
limestone. This thin limestone is succeeded respec-
tively by an offshore shale, a thick (2-10 m) regressive
limestone, and a second outside (nearshore) shale
(Heckel, 1977). The difference in thickness between the
two limestone units reflects the dynamics of sea-level
change—ice caps melt faster than they form (Heckel,
1986). Sequences were commonly exposed to sub-
aerial weathering between individual transgressive-
regressive cycles, as recorded by paleosols capping the
uppermost outside-shale units and meteoric cements in
the regressive limestones (Heckel, 1977, 1983, 1994;
Goebel and others, 1989).

The offshore-shale facies (also known as the core
shale) typically contains a thin (<1 m thick), laminated,
black, organic-rich, phosphatic shale interbedded
within overlying and underlying gray, organic-poor,
bioturbated shales. The black-shale units can be corre-
lated throughout the Midcontinent, with surface and
subsurface distributions ranging between 20,000 and
100,000 km? (Coveney and Glascock, 1989). Sedimenta-
tion rates during black-shale deposition were generally
low throughout the basin and increased toward the
shoreline in western Oklahoma and Texas and in the
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Appalachian region due to increased detrital flux re-
lated to weathering of tectonic highlands (Heckel,
1994). Although the depositional environment of Penn-
sylvanian black shales has been debated (e.g., Zangerl
and Richardson, 1963; Heckel, 1977, 1991; Coveney
and others, 1991; Heckel and Hatch, 1992), the consen-
sus is that Upper Pennsylvanian (Missourian and
Virgilian) black shales were deposited under deep wa-
ters in relatively offshore environments (Heckel, 1977,
1991; Coveney and others, 1991; Coveney, 1992; Heckel
and Hatch, 1992).

Black-shale deposition is widely believed to have
occurred at maximum transgression when water
depths were great enough (~100 m) to support stratifi-
cation due to development of a pycnocline (Heckel,
1977; Hatch and Leventhal, 1992), with attendant an-
oxia leading to preferential carbon preservation. In-
creased productivity rather than enhanced preserva-
tion also has been proposed as a causal factor in black-
shale development (e.g., Pedersen and Calvert, 1990),
where water column anoxia can be viewed as an effect
rather than a cause of organic enrichment. Although
productivity increases may have been a significant fac-
tor, it is highly unlikely that a record of such an event
would have been preserved in an environment charac-
terized by low sedimentation rates without anoxia in
the overlying waters (Heckel, 1991). The presence of
water-column anoxia during deposition of the black
shales is corroborated by the geochemical results pre-
sented below.

METHODS

Drill cores of the Hushpuckney Shale and the equiv-
alent upper Tackett shale from two sites in the Mid-
continent (sites IRC in Iowa and C-TW-1 in Oklahoma;
Fig. 2) were sampled at centimeter-scale intervals with
an emphasis on transitiens between gray and black
facies. The gray-black—shale boundaries were deter-
mined based on the first and last appearance of lamina-
tions in X-radiographs. The first five to eleven samples
both stratigraphically above and below the determined
boundary were contiguous. The next one to four sam-
ples were separated by intervals of 3-4 cm. Samples
were then crushed to fine powders using an alumina
ceramic ball and mill.

Concentrations of total and inorganic carbon
(Cinorg—carbon present as CaCO;) were determined by
liberating the carbon via combustion at 950°C and
acidification in 2N (normal) HCI, respectively. The
amount of CO, generated was then quantified via cou-
lometric titration, allowing organic carbon (C,,) con-
centrations to be calculated by difference. Analyses of
pure CaCO; standards were reproducible to within 0.08
wt%.

Total reduced-sulfur (TRS) concentrations were
measured using the chromium-reduction method de-
scribed in Zhabina and Volkov (1978) and Canfield and
others (1986). TRS consists of sulfur in pyrite and iron
monosulfides and as elemental sulfur. Iron monosul-
fides and elemental sulfur are generally transient spe-
cies on geologic time scales; thus, TRS can be consid-
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Figure 1. Generalized stratigraphic section of a “Kansas-
type” cyclothem, Midcontinent North America. Modified from
Heckel (1977).

ered to represent pyrite sulfur (S,;), given the absence
of other base-metal sulfides in the samples of interest.
Replicate analyses of freshly ground, pure pyrite stan-
dards yielded sulfur recoveries that were consistently
greater than 96 wt%.

The extent to which the original total reactive iron
reservoir has been transformed to pyrite can be as-
sessed by calculating degree-of-pyritization (DOP) val-
ues (Berner, 1970; Raiswell and others, 1988). DOP is
defined as:

Fep,/(Feyy + Fege),

where Fe, is the pyrite-iron concentration calculated
from measured values of S,;. Feyq, is the remaining,
unsulfidized portion of the “reactive” iron reservoir and
is defined as the fraction of iron that is extractable by
boiling in 12 N HCI for 1 min (Berner, 1970; Raiswell
and others, 1988). This method has been shown to
cause nearly complete extraction of iron in oxide phases
(including magnetite) and comparatively little extrac-
tion of silicate iron—with the possible exceptions of
chlorite, nontronite, and (perhaps) biotite—as dis-
cussed by Raiswell and others (1994). This method thus
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overestimates the pool of iron that is readily reactive
towards hydrogen sulfide, which can cause DOP calcu-
lations to be moderate, despite the persistent presence
of anoxic-sulfidic (euxinic) conditions in the water col-
umn or in the sedimentary pore waters (Lyons, 1997).
The extracted Fe concentrations were quantified spec-
trophotometrically using the ferrozine method of
Stookey (1970). The standard deviation for replicate
analyses was less than 9.5% of the mean, resulting in
an error in calculated DOP values of only 1%. Bulk iron
and titanium concentrations in each sample were mea-
sured by instrumental neutron activation analysis at
the Missouri University Research Reactor.

RESULTS

X-Radiography

The Hushpuckney Shale in core IRC (Iowa) and its
equivalent, the upper Tackett shale in core C-TW-1
(Oklahoma) exhibit a well-developed, microlaminated,
phosphate-rich, black-shale facies that lies between
nonnlaminated gray shales, with phosphate present as
both discrete nodules (C-TW-1) and as bedding-parallel
microlaminae (IRC) in the black shales. Bivalve fossils
are present in X-radiographs of the upper and lower
gray shales in core C-TW-1 and are conspicuously ab-
sent in the laminated black facies of C-TW-1 and IRC.
In addition, burrows and root casts have been pre-
served in the upper and lower gray shales in both cores.

C-S-Fe System

Concentrations of C,,, in the black-shale facies of
both C-TW-1 and IRC are greatly enriched relative to
the overlying and underlying gray shales. In C-TW-1,
Corg Tanges from 5 to 13 wt%, in contrast to 0.8 to 1.2
wt% and 1.1 to 3 wt% in the transgressive and regres-
sive gray shales, respectively (Fig. 3). The black-shale
facies in IRC is more organic-rich than C-TW-1, with
concentrations ranging from 7 to 35 wt% (Fig. 3). The
gray shales in IRC are very lean in organic matter, gen-
erally containing less than 0.7 wt% Corg.- Carbonate con-
centrations (Ciporg) in C-TW-1 are highest in the lower-
most gray sample and are low in the black and regres-
sive gray shales. The black shale in IRC contains be-
tween 0.2 to 1.5 wt% Ciporg, With concentrations in the
gray shales generally increasing with distance away
from the gray-black—shale boundary. For reference,
pure CaCOj is 12 Wt% Ciporg.

The Sy, concentrations show very different behavior
in these two cores (Fig. 4), despite gross intersite simi-
larities in C,;; and Cinerg trends. In core C-TW-1, S,
concentrations differ by a factor of 10 in the two gray
facies, averaging approximately 1 wt% in the trans-
gressive samples and 0.1 wt% within the regressive
samples. Concentrations in the regressive black shale
samples are generally more enriched than in the trans-
gressive samples. For example, in the transgressive
portion of the black-shale facies, the maximum S,,, con-
centration is only 4.4 wt%, in contrast to a maximum of
12.9 wt% in the regressive facies. Centimeter-scale
fluctuations of 300% to 600% are imposed on this over-
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creases superimposed on this
trend. The Fe/Ti ratio in the
overlying and underlying gray
shales are similar to crustal
average values (Fig. 6). In IRC,
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Figure 2. Location map showing generalized Pennsyivanian paleogeography, the
subarial distribution of the outcrop belt (stippled area), and the two drill-core sites. Base

map modified from Heckel (1977).

all trend of increasing concentrations upcore. Through-
out the black facies of IRC, Sy concentrations are con-
sistently near 1.5 wt%, with the highest concentration
of 3.2 wt% found in the overlying regressive gray shale.

The trends for DOP versus depth in C-TW-1 and
IRC are similar to those observed for Sy, concentrations
(Fig. 5). DOP values in the transgressive black shale of
C-TW-1 range between 0.51 and 0.78, whereas those in
the regressive organic-rich facies range between 0.68
and 0.86. There is also centimeter-scale variability in
DOP values, such as the shift toward lower values be-
tween depths of 8,945 and 8,955 cm (Fig. 5). DOP val-
ues are an order of magnitude lower in the regressive
gray shale than in the transgressive gray shale,
as manifested in a dramatic drop in values across the
regressive chemocline boundary from black to gray
shale, in sharp contrast to the only slight change ob-
served across the transgressive boundary (Fig. 5). In
IRC, DOP values calculated for black-shale samples
span a narrow range centered around 0.6, with higher
values in the overlying and underlying gray shales
(Fig. 5).

facies.
DISCUSSION

Sedimentological Model for
Depositional Environment

The first step in interpreting
the gray-black shale boundary
as a record of the paleochemo-
cline is establishing that the
redox state of the overlying
water column differed during
black- and gray-shale deposi-
tion. Rhoads and Morse (1971)
synthesized data from modern
marine environments with dif-
fering bottom-water concentra-
tions of dissolved O to develop a biofacies model of wa-
ter-column redox conditions. This model allowed the
recognition of three different regions of dissolved oxy-
gen concentrations based on sedimentological struc-
tures and macrofaunal characteristics. These are: (1)
anaerobic (<0.1 ml/1 Oy), (2) dysaerobic (0.1-1.0 ml/1
0,), and (3) aerobic (>1.0 ml/1 Oy). Subsequent work
by Savrda and others (1984) and Savrda and Bottjer
(1986, 1987, 1991) incorporating an ichnofossil hierar-
chy and new interpretations of macrofossil assem-
blages has resulted in a refined model that includes
five distinct redox environments within the context of
spatial and temporal oxygen gradients (Savrda and
Bottjer, 1991). Even in the revised model, the presence
of well-developed laminations indicates anoxia in the
overlying water column, whereas homogenized and
burrowed sediments are deposited under oxic water col-
umns.

X-radiography of the two cores revealed that the
black-shale facies is microlaminated and devoid of
trace fossils or bivalves. This absence contrasts strik-
ingly to the overlying and underlying gray shales that
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trations (wt%) versus depth (cm) for
C-TW-1 and {RC. Pure carbonate
represents 12 wt% Cinorg. Shaded
area represents the interval in
which laminations were observed in
X-radiographs, corresponding to
times of anoxia in the overlying wa-
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are homogenized due to bioturbation and con-
tain abundant bivalves and burrows. These
differences in sedimentary structures and pa-
leontological characteristics are related to
variations in the degree of water-column oxy-
genation. When the overlying water column
is fully oxygenated, benthic fauna thrive.
Through infaunal life processes, these ani-
mals bioturbate and homogenize sediments,
resulting in biofabrics in the gray shales and
preservation of body fossils. When bottom
waters become anoxic (i.e., contain no dis-
solved oxygen), benthic macrofauna can no
longer survive. Consequently, microlamina-
tions are preserved, and no benthic fossils are
found. The black-shale facies in C-TW-1 and
IRC were deposited in an environment of wa-
ter-column anoxia, and the overlying and un-
derlying gray shales were deposited under an
oxic water column. Thus, the gray-black
boundary in the core shale facies represents a
record of the impingement of the paleochemo-
cline on the basin margin or sudden onset of
basinwide anoxia. This sedimentological
model of paleoredox conditions provides a
framework within which to utilize the C-S-Fe
system to provide greater temporal and spa-
tial details of the development of water-
column anoxia.

C-S-Fe Systematics

Geochemical proxies used in conjunction
with oxygen-related biofacies models can pro-
vide greater detail concerning the paleoredox
conditions of the water column and the evolu-
tion of anoxia. The C-S-Fe system, as it re-
lates to sedimentary pyrite formation, has
been shown to be a powerful tool in recon-
structing paleoenvironments (Raiswell and
Berner, 1985; Dean and Arthur, 1989; Lyons
and others, 2000). The first step in the forma-
tion of sedimentary pyrite is the bacterially
mediated process of sulfate reduction:

2 CH20 + SO42_ - Hy,S + 2 HCOg_

Hydrogen sulfide generated via this reaction
then combines with reactive iron minerals to
form iron monosulfides and finally pyrite
(FeS;) (Berner, 1984; Hurtgen and others,
1999). The C,, S, and Fe can limit the forma-
tion of bacteriogenic sedimentary pyrite in
three fundamental environments: (1) fresh-
water, (2) normal (oxic) marine, and (3) euxin-
ic (anoxic, sulfidic) marine (Raiswell and
Berner, 1985).

Fresh-water environments are typically
depleted in sulfate so that these sediments
display a wide range of C,, concentrations
with very low levels of pyrite sulfur (Lyons
and Berner, 1992; see Fig. 7). The amount
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and reactivity of deposited organic mat-
ter is typically the limiting factor for
pyrite formation in normal marine envi-
ronments (Berner, 1984), which results
in a strong coupling between S,; and
Corg (Fig. 7).

In euxinic environments, H,S is ubi-
quitous. Thus, the size of the reactive
sedimentary-iron reservoir commonly
becomes the limiting factor in pyrite for-
mation (Raiswell and Berner, 1985). C-
S relationships in these environments
can become more complicated because
of the potential for both diagenetic
(sedimentary) and syngenetic (water-
column) contributions to pyrite forma-
tion (Raiswell and Berner, 1985). If a
large diagenetic component exists rela-
tive to the syngenetic component, the
result will be a line of positive slope (a
diagenetic component of increasing Corg
and S,y reflecting C,; limitations dur-
ing burial) that has a nonzero intercept
(syngenetic component) (Fig. 7). How-
ever, the line of positive slope can also
represent an environment where most
of the pyrite formed in the water-
column with Fe deposition that was
strongly coupled to C,., (Raiswell and
Berner, 1985). A line of zero-slope (fixed
Spy and increasing C,,) characterizes
euxinic environments where pyrite for-
mation is strongly Fe-limited and where
Corg and Fe deposition are decoupled
(Liyons and Berner, 1992} (Fig. 7).

Degree-of-pyritization (DOP) values
can be utilized both to indicate water-
column redox conditions as well as to
distinguish between Fe limitation and
Corg limitation in producing the euxinic
line of positive slope (Raiswell and Ber-
ner, 1985; Raiswell and others, 1988;
Lyons and Berner, 1992). Raiswell and
others (1988) showed that decreasing
water-column oxygen concentrations is
strongly correlated with increasing val-
ues of DOP. The DOP values can be uti-
lized to distinguish between three types
of bottom-water conditions: (1) aerobic,
with DOP <0.46; (2) restricted, with
DOP between 0.46 and 0.80; (3) inhospi-
table, with DOP generally >0.76 (Rais-
well and others, 1988). However, some
caution is required in the interpretation
of DOP values. In euxinic environments
where the sedimentation rate is high
and the detrital iron reservoir is highly
unreactive, DOP values can be rather
low despite the ubiquity of HsS in the
water column (Canfield and others,
1996; Lyons, 1997; Raiswell and Can-
field, 1998).
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Figure 7. Schematic diagram showing variations in C-S rela-
tionships in fresh-water, normal-, and euxinic-marine environ-
ments. Redrawn from Lyons and Berner (1992).

Although the black-shale facies in both cores contain
elevated concentrations of Corg, the very different
trends in Sy; concentrations and DOP values may indi-
cate geographic variation in water-column redox condi-
tions or inputs of detritally delivered Fe. The overall
range of calculated DOP values in core C-TW-1 (0.51—
0.78, Fig. 5) indicates that the water column was large-
ly euxinic (anoxic-sulfidic) as the black facies was
deposited. There is a subtle increase in DOP values
upcore within the black shale (Fig. 5), which is also
manifested in an increase in the Fe/Ti ratio (Fig. 6).
These increases likely reflect an overall decrease in
sedimentation rate upcore. Superimposed on this over-
all trend are shifts toward lower DOP values, S,, con-
centrations and Fe/Ti (e.g., between 8,945 and 8,955 cm
depth) (Figs. 4-6). These shorter-term events may have
resulted from a temporary weakening of the stratifica-
tion of the water column that allowed increased verti-
cal mixing (Hatch and Leventhal, 1992). Alternatively,
these decreases could also represent short-term in-
creases in sedimentation rate, with a subsequent dilu-
tion of the authigenic Fe and S, concentrations. That
is, Fe scavenged from the water column with S would
be decoupled from the local detrital flux. Preliminary
%S measurements of authigenic sulfide are uniformly
low (approximately —40%. relative to the Canyon Diablo
troilite (CDT) standard) throughout the black-shale fa-
cies in C-TW-1, indicative of bacterial reduction of sul-
fate to sulfide within the open-reservoir conditions of
the water column (Lyons, 1997). This scenario is most
consistent with a decrease in sedimentation rate
upcore. If the bottom waters were periodically venti-
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lated to produce the lower S, concentrations and DOP
values, this would result in higher §%4S values as the
locus of sulfate reduction shifted to the pore waters. In
pore waters, the sulfate pool can become limited, driv-
ing the 38 of sulfate and sulfide toward higher values.

Concentrations of S,; and DOP values in C-TW-1
drop dramatically across the regressive chemocline
(from black to gray shale), in sharp contrast to the
slight change observed across the transgressive bound-
ary (Figs. 4 and 5). As anoxic waters inundated the
sediments and sulfate reduction initiated, H,S likely
diffused downward into the underlying transgressive
gray-shale facies, sulfidizing reactive iron that was still
present (Pruysers and others, 1993; Passier and others,
1996) and producing relatively high S, concentrations
and DOP values. The order of magnitude lower S, con-
centrations and calculated DOP values in the regres-
sive gray shale likely reflect penetration of oxygenated
meteoric waters into this unit during subaerial expo-
sure at maximum sea-level lowstand, as well as clastic
dilution due to an increased sedimentation rate. The
absence of a diffusion overprint and lower sulfide avail-
ability relative to the black shales is due to Corg limita-
tion. The penetrating waters also produced the paleo-
caliche and vadose-zone cements observed in the over-
lying Bethany Falls Limestone (P. H. Heckel, personal
communication, 1997). As the oxygen burndown oc-
curred, S,, would have been oxidized to sulfate and re-
mobilized from the shale, resulting in dramatically
lower concentrations and DOP values. Similar events
have been reported from the overlying Stark Shale by
Hatch and Leventhal (1997).

In C-TW-1, black-shale samples from both the trans-
gressive (GT) and regressive (GR) gray shales as well
as the transgressive black-shale samples (BT) tend to
cluster around the Holocene normal-marine line, al-
though some black-shale samples do lie both above and
below the line (Fig. 8). This supports the interpretation
of the gray shales being deposited under normal-ma-
rine (i.e., oxygenated) conditions. The black-shale re-
sults are likely skewed by the effects of Fe limitation.
The regressive black-shale samples (BR) deposited un-
der euxinic conditions with inferred low sediment in-
puts, however, define a line of negative slope rather
than conforming to one of the predicted relationships
(Figs. 7 and 8). Again, this discrepancy results from the
decrease in the sedimentation rate of clastic compo-
nents upcore. The samples with the highest concentra-
tions of S, represent a time of highly sediment-starved
depositional conditions, with syngenetically formed
pyrite from the water column forming a dominant por-
tion of the buried sulfur and iron fluxes. In this case, C-
S relationships still reflect paleoceanographic condi-
tions because the source for the preserved carbon and
sulfur was the overlying water column.

Concentrations of S,, and calculated DOP values for
black-shale samples from IRC both span a narrow
range. DOP values range from 0.47 to 0.66, commonly
indicative of dysoxic to anoxic rather than euxinic con-
ditions (Fig. 5). On a plot of C, versus S, the black-
shale samples (BR, BT) define a straight line that is be-
low the Holocene normal-marine trend, a relationship
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TW-1 and § IRC. Note differing scales on each graph. Solid
line represents the mean C/S weight ratio of 2.8 for normal-
marine Holocene sediments.

that is indicative of Fe-limited pyrite formation under
an euxinic water column (Fig. 8). Thus, the relatively
low DOP values are a manifestation of the lability of
the detrital-iron reservoir rather than paleoredox con-
ditions. As is hypothesized for C-TW-1, the water col-
umn at IRC appears to have remained euxinic through-
out black-shale deposition. Iron-limited pyrite forma-
tion can characterize basin-margin environments
where the influx of weathered detrital iron swamps the
amount of iron scavenged in a sulfidic water column in-
dependent of clastic inputs (Canfield and others, 1996;
Hurtgen and others, 1999). Paleogeographic recon-
structions (Heckel, 1980) place IRC in a location toward
the center of the basin, removed from the marginal
environment where euxinic, iron-limited pyrite forma-
tion would be expected. However, this most likely re-
flects the nature of the rock record, so that such recon-

structions tend to simplify coastlines rather than por-
traying the complexities observed in modern environ-
ments, indicating the potential role of geochemical
proxies to enhance models developed using traditional
sedimentological techniques alone.

Calculated DOP values for the overlying regressive
gray-shale samples from IRC are higher than in the
black-shale facies, despite low carbonate concentra-
tions (Figs. 3 and 5). S,y concentrations are extremely
high in comparison to the concentration of C,,, as can
be seen on the C-S plot (Fig. 8). Low-temperature di-
agenetic processes are unlikely to produce this relation-
ship, suggesting that the relatively high S, concentra-
tions decoupled from C,,, concentrations and high DOP
values resulted from the epigenetic addition of some
pyrite from circulating basinal brines. The C-S-Fe rela-
tionships in the black shale do not appear to have been
affected by this process, suggesting that the brines may
have flowed preferentially through the gray shale due
perhaps to a lower permeability associated with the
bioturbated sediment fabric.

In summary, the C-S-Fe relationships for C-TW-1
and IRC appear to indicate black-shale deposition un-
der euxinic conditions throughout the Pennsylvanian
epicontinental sea. DOP and S, trends versus depth in
core C-TW-1 appear to reflect euxinic water-column
conditions with smaller scale variations in sediment
input (detrital-iron inputs). Black-shale deposition in
IRC appears also to have occurred exclusively within
an euxinic water column, but, with S;,, DOP, and
Fe/Ti relationships controlled by the consistently high
inferred inputs of clastic sediment. Additionally, there
appears to have been slight postdepositional augmen-
tation of the sedimentary pyrite reservoir in the regres-
sive gray shales in IRC. However, this process did not
affect the underlying black shales, suggesting preferen-
tial fluid flow linked to biofabric-controlled heterogene-
ities in permeability.

CONCLUSIONS

A combined sedimentological-geochemical approach
has been applied to Pennsylvanian cyclothemic shales
in Oklahoma and Iowa in order to demonstrate that
black-shale formation was caused by enhanced preser-
vation of organic carbon, and likely enhanced produc-
tivity, under an anoxic-sulfidic water column. Anoxia
was maintained underneath a pycnocline that mi-
grated in phase with the transgressions and regres-
sions of the epicontinental sea. The addition of
geochemical proxies to sedimentological models of
depositional environment allows the discernment of ad-
ditional temporal and geographic detail concerning the
development and maintenance of water-column anoxia
on 1,000- to 10,000-yr time scales. The depositional
model developed here for the Hushpuckney/upper
Tackett shales provides a framework within which the
behavior of redox-sensitive chemical species can now be
investigated to answer questions concerning the conse-
quences of long-term anoxia in the natural environ-
ment and short-term redox changes linked to anthropo-
genic environmental change.
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ABSTRACT.—Marine sandstones were deposited in a
variety of structural and stratigraphic settings in the
Midcontinent. Deposition was controlled and can be
characterized by three structural stages: (1) rifting
stage, (2) subsiding stage, and (3) deformational stage.
Stratigraphically, these structural stages can be rough-
ly defined by Sloss sequences as follows: (1) pre-Sauk
(to perhaps earliest Sauk), (2) Sauk to Tippecanoe, and
(3) Kaskaskia to Absaroka.

Relatively little deposition occurred during the rift-
ing stage, which was dominated in the Midcontinent
by igneous and metamorphic rock and metasediment.
At the end of this stage, the transgressive marine
Reagan Sandstone was deposited, which marked the
beginning of subsidence in the Anadarko and Arkoma
basins.

The subsiding stage of the Midcontinent began with
deposition of the Cambrian—Ordovician Arbuckle
Group, which is mostly carbonate but also contains
several widespread marine-clastic deposits such as the
Gunter sandstone. Arbuckle deposition was immedi-
ately followed by the deposition of the thick clastic se-
quence of the Ordovician Simpson Group. This group
can be subdivided in ascending order into the Joins, Oil
Creek, McLish, Tulip Creek, and Bromide Formations.
The sandstones that make up much of these forma-
tions were deposited in a mixed-carbonate—clastic
environment. Simpson sands were most likely de-
rived from the north and northeast by marine, coastal,
fluvial, and eolian processes across a vast plain some-
times referred to as the “Great American Carbonate
Bank.”

Another thick carbonate sequence followed Simpson
deposition and was composed of limestones, dolomites,
and thin shales of the Viola to Hunton Groups. The
thin, marine to estuarine Misener sandstones were
deposited from and along the Simpson outcrop on the
post-Hunton unconformity.

The first major clastic wedges to be deposited during
the deformational stage of the Midcontinent are repre-
sented by the Carboniferous Stanley—Jackfork section,
which was deposited in the Ouachita trough, and by
the Springer Group, which was deposited in the south-
ern Oklahoma aulacogen and current Anadarko basin.
In the Ouachita uplift, a thick turbidite complex rep-
resents the Carboniferous Stanley—Jackfork Groups
with sediment derived from the east, north, and south.

It is followed by the Morrowan Johns Valley clastic
wedge, which is characterized by chaotic slump fea-
tures. To the north, the Union Valley contains thin
marine-sandstone deposits.

Westward on the Anadarko shelf, the Springer
Group consists of fluvial-deltaic sediments, most of
which were truncated. The basinal remnant is domi-
nated by nearshore-marine bars and sheet sandstones
encased in thick marine shales. In the Anadarko basin,
the Springer Group is overlain by the Pennsylvanian
Morrow Group, which is one of the most significant and
widespread clastic wedges in the Midcontinent. In the
Anadarko basin, the Morrow can be divided into upper
and lower sequences. Deltaic-coastal sediments to the
north and west and nearshore-marine deposits along
the Anadarko shelf edge and basin can characterize
sandstone deposition in the lower section. The upper
Morrow is characterized by cherts derived from the
uplift of carbonates along the Amarillo-Wichita uplift
and then deposited in fan-delta complexes.

Although Atokan sediments are relatively thin in
the Anadarko basin, in the Arkoma basin/Ouachita
uplift, the Atoka is represented by a thick clastic
wedge, which was derived primarily from the advanc-
ing Ouachita orogenic belt. The basal Atokan is repre-
sented by the rather widespread Spiro Sandstone,
which is predominantly a marine sequence deposited
on a wide shelf. The Spiro was most likely sourced from
the north and east by deltas advancing along the Reel-
foot rift. Most of the overlying Atoka section consists of
an extremely thick, foreland-basin sequence of deltaic
to marine sandstones and shales.

The remainder of the Pennsylvanian (Desmoinesian
to Virgilian) was dominated by clastic cyclic sequences,
especially in Oklahoma. The Red Fork was the most
extensive of these sequences and was deposited
over much of the Midcontinent. The Red Fork can be di-
vided into upper, middle, and lower units, most of
which are fluvial-deltaic deposits; however, in the slope
and basinal areas, the Red Fork sandstones are repre-
sented by a complex of deltaic deposits, nearsh
ore-marine bars, estuarine deposits, and shallow sub-
marine fans. The upper Red Fork sandstone may repre-
sent a thick, low-stand delta instead of a submarine-fan
complex.

Multiple Upper Pennsylvanian to Permian deltaic to
marine sequences overlie the Desmoinesian units. One
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of the most notable of these marine sequences is the Most of the marine sandstones described above have
Cottage Grove section, which contains large offshore-  economic importance as fair to excellent oil and gas
bar deposits. reservoirs. It is important to understand their reservoir

Marine deposits are also found in the Cretaceousin  characteristics and geometry for future exploration and
southern Oklahoma. exploitation evaluation.
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ABsTRACT.—Recent drilling for Jackfork reservoirs in
southeastern Oklahoma has renewed interest in the
structural and stratigraphic framework of the Ouach-
ita uplift. Structurally, the uplift can be divided into
two areas by the Ti Valley fault: (1) a frontal, imbri-
cated zone north of the fault and (2) the central thrust
belt south of the fault. Morrowan age strata can also be
divided by the Ti Valley fault, with dominantly plat-
form sediments to the north and basin deposits to the
south.

The Jackfork Group consists of a thick sequence of
alternating sandstones and shales. This sequence rep-
resents an elongate submarine-fan complex that ex-
tends from Alabama to Oklahoma. The sandstones are
composed of slumps, debris flows, and turbidites, which
were primarily derived from nonvolcanic landmass east
of the present-day Black Warrior basin. Secondarily,
some of these sediments were derived from the north
from Simpson outcrops and from a large drainage basin
to the northeast, which terminated with advancing del-
tas through the Reelfoot rift area. Some sediment may
also be derived from the south from the emergent, ad-
vancing Ouachita thrust belt.

Multiple fan models have been used to explain Jack-
fork deposition. A combination of the Walker and Vail
models appears to be most applicable to Jackfork depo-
sition. Recent study of Jackfork sequence stratigraphy
indicates that the submarine fans may be subdivided

into intervals that represent pulses during third-order,

sea-level changes.

The central Ouachita thrust belt is a largely un-
explored zone of over four million acres in Oklahoma
and Arkansas. Sohio initiated an exploration pro-
gram from 1980 to 1988, during which they drilled a
large “channel” identified from seismic in a syncline.
Although there were multiple gas shows, the well
was not economic. In the early 1990s, H&H Star be-gan
drilling for the Spiro sandstone along the Ti Valley
faults and found several wells with productive
Jackfork. This resulted in a marginally economic
gas play exploited by Amoco, Chesapeake, Ward, and
others along a large very elongate anticline. More
recently, Vastar, Texaco, and Chevron have drilled
along the Windingstair fault to evaluate Jackfork
potential.

This new round of Jackfork exploration has focused
thus far partly on porous and permeable, massive-
appearing, “channel-like” sandstones. Outcrop com-
parisons to the subsurface show that these res-
ervoirs are compositionally quartzarenites and sublith-
arenites. These sandstones are poorly to moderately
sorted, moderately compacted, subrounded to sub-
angular, very fine to medium-grained, with dis-
tinctive thin quartz-granule lag layers. The more
porous outcrop sandstones were originally more felds-
pathic and lithic; however, surficial dissolution of
these more unstable detrital constituents creates
secondary porosity that masks the original sand-
stone composition as well as the true reservoir pore
geometry.

Fritz, R. D.; and Kuykendall, Michael, 2000, Sequence stratigraphy of the Jackfork Sandstone in the Ouachita Moun-
tains—applications for petroleum exploration, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent,
1997 symposium: Oklahoma Geological Survey Circular 103, p. 197.

197



Oklahoma Geological Survey Circular 103, 2000

Trends in Production, Reservoir Characteristics, and Stratigraphic and
Depositional Boundaries of the Clastic Facies of the Springer Group,
Anadarko Basin, Oklahoma

Walter J. Hendrickson, Paul W. Smith, Craig M. Williams, and Ronald J. Woods

Petroleum Information/Dwights LLC
Oklahoma City, Oklahoma

ABSTRACT.—AS part of a regional study, the logs from
every producing well in a large portion of the Anadarko
basin and shelf of Oklahoma were reviewed to verify
the actual producing reservoir. Both detail and regional
cross sections were constructed and used to determine
stratigraphic relationships and to develop a system of
stratigraphic nomenclature that could be used across
the area with accuracy, detail, and consistency. Corre-
lations were made from the Heebner Shale (Cisco
Group, Upper Pennsylvanian) to the deepest zones pen-
etrated. Allocation of the production within the study
area was made based on these correlations and the
associated stratigraphic nomenclature.

The Springer Group in the study area consists of the
Boatwright, Britt, and Cunningham sandstones, in
ascending order. Whereas the Cunningham was found

always to be a sandstone, extensive correlations indi-
cated that the Boatwright and Britt, which are pre-
dominantly sandstones in the southeastern portion of
the study area, develop an equivalent carbonate facies
to the northwest. The cross sections demonstrate this
lateral facies change as well as permitting identifica-
tion of the various subdivisions of the Springer. Facies
and production maps are presented for the individual
subdivisions of the Springer Group. A comparative
analysis of the three Springer formations was made for
productive depth, thickness, porosity, water satura-
tions, and hydrocarbon recovery.

Approximately 2.1 trillion cubic feet of gas has
been produced from 702 completions in the Boat-

wright, Britt, and Cunningham sandstones as therein
defined.

Hendrickson, W. J.; Smith, P. W.; Williams, C. M.; and Woods, R. J., 2000, Trends in production, reservoir characteristics,
and stratigraphic and depositional boundaries of the clastic facies of the Springer Group, Anadarko basin, Oklahoma,
in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma Geological Survey
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Depositional Environments of the Upper Permian Childress Sandstone
and Gypsum, Eastern Flank Permian Basin, Texas

James O. Jones?

The University of Texas at San Antonio
San Antonio, Texas

ABSTRACT.—The Childress Dolomite on the eastern
flank of the Permian basin has long been mapped as
extending from northern Childress County, Texas, to
south of Sweetwater in Nolan County, Texas. Near the
Childress and Cottle County line, however, the Chil-
dress Dolomite thins and disappears to the south in
northern Cottle County. In that area, and at about the
same interval as the Childress Dolomite, a resistant
unit is present that is composed of gypsum and
gypsum-cemented sandstone. On geologic maps of the
area, it is referred to as the Childress Dolomite. The
gypsiferous unit is herein referred to as the Childress
Sandstone and Gypsum.

Depositional strike in this area is approximately
N. 10° E. with a dip of less than a degree to the west.
This gypsiferous unit extends south for at least 200 km
from southern Childress County into Nolan County. It
is exposed as the cap of east-facing cliffs and scarp
slopes on westward dipping cuestas of the region. It can
generally be viewed to the west of U.S. Highway 83
from northern King County to southern Stonewall
County. It forms the resistive surfaces of buttes and
mesas that are updip from the cuestas.

The sandstone is a well preserved, very fine to fine-
grained quartzarenite that typically does not contain
primary sedimentary structures. It has been cemented
with gypsum that was probably derived by dissolution

Deceased

from the overlying alabaster gypsum bed.

A few exposures contain excellent sedimentary
structures. Large cross-stratification of >1 m in thick-
ness and 10 m in horizontal extent, as well as smaller
cross-bedding are present. Symmetrical ripple marks
with wave heights of 2 cm and lengths of 4 cm, as well
as linguoid ripple marks up to 20 cm wide and up to 10
cm high are preserved. Flow direction of linguoid ripple
marks trends north of west. Larger cross-stratifications
are part of megaripples or dunes developed on large,
siliciclastic tidal flats of the eastern flank of the basin.
Linguoid ripples are ebb-tide structures in multiple
packets with parallel laminae produced by the flood
tides.

Most cross-bedding is preserved because larger frag-
ments of well-rounded quartz grains, oolites, and car-
bonate fragments are in relief on weathered surfaces.
Sandstone with gypsum cement removed by dissolution
is friable and generally structureless. Larger fragments
of carbonate pebbles and very coarse quartz grains are
commonly present at the toe of lee slopes of larger
cross-beds. Dune lee slopes trend northeast indicating
tide flow from west to east.

Tidal sedimentary structures the size of the large
dunes that are present on this tidal shelf are the result
of strong tidal flow and were probably generated in
water depths in the mesotidal to macrotidal range.

Jones, J. O., 2000, Depositional environments of the upper Permian Childress Sandstone and Gypsum, eastern flank Per-
mian basin, Texas, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma
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Evidence for a Spiro-Equivalent Lowstand Fan in the Ouachita
Overthrust Belt, Southeastern Oklahoma—A New Exploratory Target

Mark R. Longden and Daniel J. Patterson

Vastar Resources
Houston, Texas

Steven Scott Demecs

Scott Services International Inc.
Plano, Texas

ABSTRACT.—The Atoka Formation of the Ouachita
thrust belt has historically been interpreted as a mud-
dy flysch deposit derived from the eroding Appala-
chians and deposited as a large, westward-directed
axial fan. Sublithic-sandstone composition and low tex-
tural maturity indicate a recycled orogenic source ter-
rain consistent with this interpretation. However,
examination of more than 90 outcrops within the Ti
Valley thrust plate in western Arkansas and eastern
Oklahoma reveals an anomalous quartzarenite-sand-
stone facies, which locally forms the basal sandstone of
the Atoka Formation. At least four distinct sites of
deposition are recognized. Petrographic studies indi-
cate a cratonic provenance for these sandstones. High
textural maturity and shallow-marine fossil debris in-
dicate derivation from a high-energy, shallow-marine—
shelf environment. Stratigraphic position (basal Ato-
ka), provenance, sandstone composition and texture,
and fossil assemblage are identical to the shelfal Spiro
sandstone of the adjacent Arkoma basin, and a genetic
relationship is thus inferred.

Stratigraphically, the quartzarenite sandstone rests
in sharp contact with the underlying Johns Valley For-
mation, an olistostrome-bearing unit that is widely in-
terpreted as having been deposited in a mud-rich, slope
to base-of-slope environment. Immediately overlying
the quartzarenite facies and occasionally interbedded
with it are thin turbidite sandstones typical of the
deep-water Atoka Formation. These relationships con-
strain the unit to a deep-water environment, domi-
nated by gravity-driven depositional processes.

Three depositional facies are recognized in outcrop.
The first facies occurs as lenticular or channel-form
sandstone bodies 1-3 mi wide and up to 265 ft thick.
Sedimentary structures observed include massive,

structureless beds up to 50 ft thick, as well as parallel
laminae, convolute bedding, water-escape structures
and sparse flute casts. The second depositional facies
occurs laterally and distally(?) to the channel facies and
consists of beds 3 in. to 20 ft thick, which are commonly
structureless. Less common are beds having massive
bases and parallel to ripple-laminated tops resembling
partial Bouma sequences. Sparse inverse grading and
“floating clasts” occur locally. This facies may represent
nonchannelized overbank or levy deposits. The third
depositional facies consists of a progradational
parasequence-set with an aggregate thickness of
greater than 640 ft. Beds within this facies range from
21n. to 9 ft thick and are generally massive or parallel
laminated. Deformed parallel laminae and/or cross-
stratification are common at bed tops. Normal grading
and partial Bouma sequences, as well as flute casts,
occur locally. This facies is interpreted as representing
prograding fan lobes.

The thick channel sands are confined to the north-
ernmost thrust plates of the Ti Valley system. Thinner-
bedded facies occur basinward. A palinspastically re-
stored isopach map indicates north-south depositional
trends and is consistent with a cratonic source and
sparse south-directed flute casts. We interpret these
deposits as small (50-200 mi%?) sand-rich fans derived
from the craton during the sea-level lowstand during
Spiro time.

The lowstand fan-channels have lateral continuity
measured in miles, comparable reservoir quality to
Spiro producers, and greater potential reservoir thick-
ness than typical Spiro producers in the Arkoma basin.
They, thus, represent a viable exploratory target in the
frontal Ouachita Mountains of southeastern Oklahoma
and western Arkansas.

Longden, M. R.; Patterson, D. J.; and Demecs, S. S., 2000, Evidence for a Spiro-equivalent lowstand fan in the Ouachita
overthrust belt, southeastern Oklahoma—a new exploratory target, in Johnson, K. S. (ed.), Marine clastics in the south-
ern Mideontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 200.
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Palinspastic Restoration of the Choctaw, Pine Mountain,
and Ti Valley Thrust Plates—Constraints on Spiro Paleogeography
and Sequence Analysis

Mark R. Longden and Daniel J. Patterson
Vastar Resources
Houston, Texas

Steven Scott Demecs
Scott Services International, Inc.
Plano, Texas

ABsTRACT.—Integration of recent well-control, surface,
and seismic data has allowed construction of a bal-
anced cross-section through the Arkoma basin and
frontal Ouachita Mountains, which constrains the re-
stored position of the Choctaw, Pine Mountain, and Ti
Valley thrusts with greater certainty than previous
studies. Central to the interpretation is the recognition
of preserved hanging-wall and footwall cutoffs at the
basal Atoka (Spiro) level both between the Ti Valley
and Pine Mountain plates and between the Pine Moun-
tain and Choctaw plates. The Choctaw hanging-wall
cutoff is not locally preserved due to erosion, and, thus,
the restoration represents a minimum value. However,
mapping by the Oklahoma Geological Survey indicates
erosion may be minimal.

The Ti Valley thrust has approximately 5 mi of
shortening with respect to the underlying Pine Moun-
tain plate, whereas the Pine Mountain thrust has less
than 2 mi of shortening with respect to the Choctaw
plate. The Choctaw thrust displays the greatest short-
ening with at least 7.5 mi of displacement with respect
to the underlying duplex. The subthrust duplex has
6 mi of shortening at the Spiro level. Summation of
both fold and thrust shortening between and within
the thrust plates—at the Spiro level—yields a restored
position for the Ti Valley thrust approximately 23 mi
south of its present location. The Pine Mountain thrust
and Choctaw thrusts restore 19 mi and 14 mi, respec-
tively, south of their present position. This is con-
siderably less than many previously published esti-
mates and provides constraints on the reconstruction

of Spiro paleogeography. It also indicates that the
transition to the “Ouachita facies” of the Pennsylva-
nian section occurred well north of the Broken Bow
uplift, near the current-day location of the Octavia
thrust fault.

Spiro strata in the southern Arkoma basin consist of
shallow-marine, siliciclastic and carbonate rocks that
have been interpreted as representing portions of the
lowstand and transgressive systems tracts. The Spiro
sandstone exposed on the Choctaw thrust consists pre-
dominately of shoreline and shelf sediments of the
lowstand and transgressive systems tracts deposited
near the shelf/slope break, with possible slope-canyon
turbidites in the southern part of the thrust plate. The
Spiro interval of the Pine Mountain plate consists
largely of shale, muddy spiculite, and thin, very fine
grained, turbidite sandstones deposited on the slope.
Sparse, thick-bedded Spiro sandstone accumulations
are present in wells and outcrop and represent ponded
sediment in slope-canyon or gully systems. The Spiro of
the Ti Valley thrust plate is interpreted as a base-of-
slope, lowstand fan and reaches a gross thickness of
>640 ft, with amalgamated channel sands up to 265 ft
thick.

The restoration and facies interpretations presented
here constitute an internally consistent facies model
and place deposits of the Ti Valley thrust plate in rela-
tively close proximity to the Spiro shelf edge. The dis-
tance from the shelf edge to the base of slope defines a
slope width of about 5-10 mi, a range consistent with
modern, tectonically active margins.

Longden, M. R.; Patterson, D. J.; and Demecs, S. S., 2000, Palinspastic restoration of the Choctaw, Pine Mountain, and
Ti Valley thrust plates—constraints on Spiro paleogeography and sequence analysis, in Johnson, K. S. (ed.), Marine
clastics in the southern Midcontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 201.
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Geology of the Brentwood Shallow Gas Field,
Washington County, Arkansas

Walter L. Manger

University of Arkansas
Fayetteville, Arkansas

Phillip R. Shelby

Shelby Geological Consulting
Ozark, Arkansas

ABSTRACT.—The Brentwood shallow gas field occupies
an area of approximately 24 mi? occupying portions of
T.14 N.,R. 29 W. and R. 30 W_, near the community of
Brentwood, Washington County, Arkansas. The discov-
ery well was the No. 1 Archie Goad, drilled by Arkan-
sas Western Gas Company in March 1959; however,
that well was never produced. In 1977, the Arkansas
Western Gas Company No. 1 Harmon was reentered by
Bistate Energy, and production began in April 1978.
The field has been delimited by 30 productive wells and
at least 23 nonproductive wells. All wells are shallower
than 1,000 ft, and most are less than 800 ft. Peak pro-
duction approached 150 thousand cubic feet (Mcf) of
gas per day, and through December 1994, the Brent-
wood field had camulative production of 1.83 billion
cubic feet, principally dry methane. There is no com-
mercial production at the present time.

The Brentwood field produces from the Wedington
Sandstone Member, Fayetteville Shale (Upper Missis-
sippian, Chesterian). This unit is a well-known con-
structional delta, but most of the production in the field
is from marine sheet sands basinward of the distribu-
tary system. Black shales entombed the delta system
and adjacent shelf sandstones to provide the seal for
the reservoir. Logs record an average thickness of 20 ft
for the Wedington in the Brentwood field, with a dis-
tinctive signature expressing a shaly top and base for
the interval. Reported porosity ranged from 12% to
20%, but there were few log suites and no cores upon
which to characterize the productive interval. Drillers

reported a cementation cap—identified by slow drill-
ing—that trapped gas immediately below the top of the
Wedington in most productive wells. Open-hole comple-
tions below a wireline packer were typical of the field,
and there was no stimulation of the reservoir.

A series of northeast-southwest~trending normal
faults that are downthrown on their southeastern sides
occur at approximately 2-25-mi spacing across the
southern Ozark region. These faults intersect the east-
west boundary faults of the northern Arkoma basin
and extend nearly to the Arkansas-Missouri border. In
northwestern Arkansas, this system is represented by
the Fayetteville and Drakes Creek faults. Smaller,
east-west—trending normal faults, downthrown to the
south, connect these major faults. The Brentwood field
is bisected by the Brentwood fault with displacement of
90-150 ft. The bulk of production occurs in anticlinal
closures of approximately 300 ft on the upthrown
(north) side of that fault. Production is also recorded
from the downthrown (south) side of the Brentwood
fault.

Production from the Brentwood field is dry methane
that we believe was produced from sources in the
Arkoma basin and then migrated along the major
northeast-trending faults into the shallow gas province
of northwestern Arkansas. Since the first discovery in
1953, and with the peak of production in the 1980s, 14
fields, including Brentwood, constituting more than
170 wells, have produced 10.17 billion cubic feet of gas
from this province.

Manger, W. L.; and Shelby, P. R., 2000, Geology of the Brentwood shallow gas field, Washington County, Arkansas, in
Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma Geological Survey
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Reservoir Development and Production from the Clifty-Sylamore Interval
(Devonian), Shallow Gas Province, Northwestern Arkansas

Walter L. Manger

University of Arkansas
Fayetteville, Arkansas

Phillip R. Shelby

Shelby Geological Consulting
Ozark, Arkansas

AssTRACT.~The shallow gas province of northwestern
Arkansas is confined essentially to Washington and
Madison Counties (generally bounded by T. 13 N. to T.
16 N. and R. 26 W. to R. 33 W.). The first commercial
well was the Threkeld No. 1, completed by Arkansas
Western Gas Company in June 1953. At its most active
stage in the late 1980s, the province consisted of 14
small fields and more than 170 wells. Cumulative pro-
duction through December 1994 has exceeded 10.17 bil-
lion cubic feet. Producing wells are typically less than
1,000 ft, and many are less than 600 ft. Production has
been recorded from the St. Peter (Middle Ordovician),
Clifty (Middle Devonian), Sylamore (Upper Devonian),
Boone Formation (Lower Mississippian), and Weding-
ton Sandstone (Upper Mississippian), but most wells
produce from a single horizon. Most fields are located
in proximity to either the Fayetteville or Drakes Creek
faults, major northeast-southwest-trending normal
faults, and associated with local anticlinal closures. All
wells produce dry methane, with trace amounts of other
gases, condensate, and water. Initial shut-in pressures
range from 90 to 140 psi, and pressure declines of 20—
30% are typical of the first year. Field rules allow 40- or
80-acre well spacing, depending on the field.

The Devonian succession of the southern Ozarks in
northern Arkansas consists of the Penters Chert, Clifty
Formation, and Chattanooga Shale, which are re-
garded as representing the Lower, Middle, and Upper
portions of the system, respectively. Each of the units is

bounded by a regional, erosional unconformity (type 1
sequence boundary), and each lacks persistency; the
complete sequence is generally not developed in any
one well or surface section. The bulk of the production
in the shallow gas province is encountered immediately
below the Chattanooga Shale (Upper Devonian) in
orthoquartzitic sandstones sealed by black shale. These
sandstones represent transgressive marine deposits re-
working erosional products derived from the underly-
ing units. They are typically referred to the Sylamore
Member. The Sylamore is thin and phosphatic and has
the highest persistency of any of the Devonian units ex-
cept the Chattanooga. In contrast, the Clifty is spo-
radic, and favorable porosity and permeability are asso-
ciated with high areas on the pre-Devonian erosional
surface. Low areas may develop green, nonproductive
shale below the Chattanooga. Unfortunately, the lack
of cores has limited understanding of the reservoir
interval.

Gas appears to have migrated from the Arkoma
basin into the shallow gas province along the major
northeast-trending normal faults. There is no produc-
tion between the shallow gas province and the bound-
ary faults of the northern Arkoma basin, a distance of
approximately 20 mi. Migrating gas would have had
the opportunity to invade any reservoir-quality litholo-
gies in a suitable structural setting in that region,
which represents a potential, but unproven, focus for
future exploration.

Manger, W. L.; and Shelby, P. R., 2000, Reservoir development and production from the Clifty-Sylamore interval (Devo-
nian), shallow gas province, northwestern Arkansas, in Johnson, K. S. (ed.), Marine clastics in the southern
Midcontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 203.
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Interpreting Formation MicroScanner Log Images of Gulf of Mexico
Pliocene Deep-Water Clastics by Comparison with Pennsylvanian
Jackfork Group Deep-Water Clastics, West-Central Arkansas

Roger M. Slatt!

Colorado School of Mines
Golden, Colorado

Robert J. Davis

Schlumberger Indonesia
Jakarta, Indonesia

Charles G. Stone

Arkansas Geological Commission
Little Rock, Arkansas

Douglas W. Jordan

Arco Venezuela, Inc.
Caracas, Venezuela

ABSTRACT.—A comprehensive picture has emerged
recently of the variety of deep-water, clastic deposi-
tional elements present in the Jackfork Group of west-
central Arkansas. The details of our investigations
have been reported on industry field trips and dis-
cussed in several recent publications and presenta-
tions. We now add another applied dimension to this
picture by comparing small- to large-scale sedimentary
features observed in the outcrops with what we inter-
pret as identical features observed on Formation
MicroScanner (FMS) logs from Pliocene Gulf of Mexico
deep-water clastics.

Small-scale features displayed on the FMS logs in-
clude slumps, erosional surfaces, thin sand-shale inter-
beds, mud-lined depressions/scours, isolated sandstone

1Current address: University of Oklahoma, Norman,
Oklahoma.

clasts in shaly debris-flow beds, remnant bedding in
various stages of disruption because of flowage, and
load structures. These features are similar in size and
character to those observed in outcrop. On a larger
scale, thin- and thick-bedded intervals and major, prob-
ably regionally correlative surfaces are recognized.

Based upon the outcrop criteria, recognition of these
features on FMS (and FMI) images from the Jackfork,
Gulf of Mexico, or other deep-water clastics can lead to
improved interpretation of depositional processes, fa-
cies and their three-dimensional geometry, relative
reservoir quality, and lateral and vertical continuity of
beds. This understanding can prove valuable in resolv-
ing reservoir management, development drilling, and
exploration issues.

Slatt, R. M.; Davis, R. J.; Stone, C. G.; and Jordan, D. W., 2000, Interpreting Formation MicroScanner log images of Gulf
of Mexico Pliocene deep-water clastics by comparison with Pennsylvanian Jackfork Group deep-water clastics, west-
central Arkansas, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma
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Outcrop Analogs of Turbidite Petroleum Reservoirs for Assessing
Volumetric, Development Drilling, and Simulation Scenarios

Roger M. Slatt!

Colorado School of Mines
Golden, Colorado

Paul Weimer

University of Colorado
Boulder, Colorado

Hisham A. Al-Siyabi and Eugene T. Williams

Colorado School of Mines
Golden, Colorado

ABSTRACT.—The Pennsylvanian upper Jackfork Forma-
tion has been mapped in detail in superbly exposed
quarries, dam exposures, and other outcrops in the
DeGray Lake—Hollywood area, central Arkansas, to
develop three-dimensional analog models of turbidite
reservoirs. If it is imagined that the floor of quarry or
dam exposures are fluid/water contacts and their upper
ground surfaces are unconformities, then it is possible
to map “fluid” contacts, and, when standing on these
contacts, to imagine yourself within a turbidite reser-
voir. On this basis, “volumetrics” can be calculated and
“development drilling” and “simulation” scenarios can
be assessed for the different observed geologic condi-
tions. Two examples are presented.

Hollywood Quarry sits near the crest of a faulted
anticline. A lower interval of shallowly dipping, thick,
amalgamated, lenticular sandstones is separated
from an upper interval of thin, laterally continuous,
interlayered sandstones and shales by a thick, laterally
continuous shale. Numerous faults dissect the quarry

1Current address: University of Oklahoma, Norman,
Oklahoma.

and compartmentalize strata over short distances.
“YVolumetrics” have been calculated at about 300,000
stock tank barrels of oil originally in place for this
“reservoir” using psuedo values for porosity, water
saturation, and bulk volume of oil. For “reservoir
simulation,” a two-layer geologic model is adequate.
Several “development drilling” scenarios are possible
owing to complex fault and stratigraphic compart-
mentalization.

At DeGray Lake Spillway, a 1,000-ft-thick, steeply
dipping, outcrop succession of thin- and thick-bedded
sandstone intervals separated by thick shales has been
correlated with numerous shallow core borings from
the DeGray Lake Dam area, about 1 mi away. “Volu-
metrics” for this “reservoir” have been calculated at
about 2 MMSTBOOIP using psuedo values for porosity,
water saturation, and bulk volume of oil. A number of
vertical, deviated, and horizontal “development drill-
ing” scenarios can be applied to this analog of a steeply
dipping, unconformity-capped turbidite reservoir.

Slatt, R. M.; Weimer, Paul; Al-Siyabi, H. A.; and Williams, E. T.., 2000, Outcrop analogs of turbidite petroleum reservoirs
for assessing volumetric, development drilling, and simulation scenarios, in J ohnson, K. S. (ed.), Marine clastics in the
southern Midcontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 205.
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Comparative Sedimentology of the Dutcher and Cromwell
(Pennsylvanian) Sandstones of the Northeastern Oklahoma Platform

Dorothy L. Swindler and J. Glenn Cole

Independent Geologists
Tulsa, Oklahoma

ABSTRACT.—The Dutcher and Cromwell sandstones are
poorly understood, although they have produced much
oil and gas in eastern Oklahoma. The term Dutcher is
used for sandstones of the Atoka Formation in the sub-
surface of the northeastern Oklahoma platform (north
and northwest of the Arkoma basin and as far west as
the Seminole-Cushing uplift). Northward from the
Arkoma basin, the Atoka Formation rests on progres-
sively older Morrowan and then Mississippian rocks.
The Morrow Group thins northward and westward
depositionally and by erosional truncation. Where the
Wapanucka limestone is absent, it is difficult to know
with certainty whether the shale that separates the
Dutcher from the Union Valley is Morrowan, Atokan,
or both. Based on log.character alone, it is difficult, and
in places not possible, to distinguish between Dutcher
sandstone (Atokan) and sandy Morrowan beds.

The Cromwell sandstone is the main oil-producing
sandstone in the Cromwell field (northeastern Semi-
nole County). The Cromwell sandstone in a core from
the Cromwell field consists of interbedded sandstone,
fossiliferous sandstone, and sandy grainstone. Almost
half of the core contains roughly equal amounts of
quartz-sand and carbonate grains. Eastward, the ratio
of sandstone to limestone decreases, and the interval
becomes dominantly limestone. We consider the Crom-
well sandstone to be a sandstone facies of the Union
Valley Formation.

The Dutcher interval is interpreted to have been

deposited in a storm-dominated, muddy-shelf environ-
ment. The best porosity and permeability was found in
sandstones that contained a small amount of detrital
clay in the form of mud-rip-up clasts, chamosite, or
rock fragments. The detrital clay was apparently the
source of authigenic clay that inhibited pervasive silica
cementation. Sandstones with no clay tended to be ce-
mented with quartz overgrowths. Of the Dutcher cores
studied, the best reservoir quality was in a sandstone
consisting of stacked storm deposits, reworked in part
by waves. Authigenic clay was replaced by carbonate
that was later dissolved. Disseminated traces of authi-
genic sphalerite and one concentration (8% by point
count) suggest that the location of this well on the
Depew uplift adjacent to the Keokuk fault zone contrib-
uted to the exceptional reservoir quality.

The Cromwell sandstone was deposited on an open-
marine shelf at the transition between siliciclastic-
dominated and carbonate-dominated environments.
Sandstone, fossiliferous sandstone, and sandy grain-
stone are interbedded, and transitions between litholo-
gies are, for the most part, gradational. Vertical grada-
tions in lithology are also expected to be found laterally.
The best porosity was in sandstone and fossiliferous
sandstone in which bryozoan fragments are the domi-
nant carbonate-grain type. Porosity in the sandy grain-
stone formed mostly by dissolution of bryozoans. Poros-
ity in the fine-grained sandstone without bryozoans is
occluded by quartz overgrowths.

Swindler, D. L.; and Cole, J. G., 2000, Comparative sedimentology of the Dutcher and Cromwell (Pennsylvanian) sand-
stones of the northeastern Oklahoma platform, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent,
1997 symposium: Oklahoma Geological Survey Circular 103, p. 206.
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Effects of Depth on Gas Well Recovery in Marine Sandstones
in the Anadarko Basin

Thomas J. Woods

Ziff Energy Group
Houston, Texas

Paul W. Smith

Dwights Energydata
Oklahoma City, Oklahoma

ABsTRACT.—A decade ago, industry perceptions were
that expenses, risks, and deeper sediment quality
would only support expanding industry activity into
deeper sediments if gas prices grew very rapidly, ap-
proaching $4—$5 per thousand cubic feet (Mcf). Since
the mid-1980s, however, gas prices have averaged less
than $1.75 per Mcf and have not remained above $2.00
per Mcf for much more than a year. Nevertheless, in-
dustry activity has begun to move into deeper sedi-
ments at an accelerating rate in the 1990s.

Currently, the average depth of an onshore gas well
is approaching 6,500 ft, its greatest value ever. Despite
declining drilling activity, the number of gas wells
deeper than 15,000 ft is also approaching a record level.
The changes that have occurred reflect a combination
of new technology that has reduced the expenses and
risks associated with deeper drilling as well as the ba-
sic “quality” of deeper sediments, none of which were
expected a decade ago.

In the marine sandstones of the Anadarko basin,

results above 15,000 ft, where more than 90% of indus-
try activity has occurred to date, suggest that the pros-
pects of finding significant recoveries is quite limited,
particularly below 10,000 ft. However, a more detailed
review of industry results suggests the opposite sce-
nario, particularly below 14,000 ft. Thus, the probabil-
ity of finding large targets in the Anadarko basin grows
with depth. It should be noted that similar observa-
tions are seen in Arkoma basin sandstones as well.

This paper will review the trends in gas recovery for
Anadarko basin sandstones with depth by formation
and age. Physical reservoir volumes will be discussed,
along with the effects of overpressuring on the observa-
tions. Recent changes in the expenses and risks associ-
ated with drilling activity in Oklahoma will also be
discussed. Overall, the results of our analysis suggest
significant prospects for new gas reserves should exist
in the deeper sediments of the Anadarko basin, and the
expenses and risks associated with bringing those re-
serves into production are quite low.

Woods, T. J.; and Smith, P. W., 2000, Effects of depth on gas well recovery in marine sandstones in the Anadarko basin,
in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Oklahoma Geological Survey
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Clastics as Seismic Markers—Images and Imaginings
from the Mountain Front, Southwest Oklahoma: 1979-1996

Roger A. Young, David Thomas, and Zhi-Ming Liu

University of Oklahoma
Norman, Oklahoma

ABSTRACT.—The COCORP seismic-reflection lines
in southwest Oklahoma were acquired in 1979
and have formed a historical reference for subse-
quent reflection studies of the deep Anadarko
basin and the adjacent Wichita Mountains frontal
zone. The standard for discussion of crustal structure
in this area has remained the interpretation of
these lines by J. A. Brewer and others (1983, COCORP
profiling across the southern Oklahoma aulaco-
gen: overthrusting of the Wichita Mountains and
compression within the Anadarko basin: Geology,
v. 11, p. 109-114). Oil-industry seismic lines in the
late 1980s improved the resolution of shallow and
mid-crustal images enormously, so that, armed with
these images, one can discern the much lower-resolu-

tion appearance of the same features on the earlier
sections.

This paper examines the seismic expression of some
of the most prominent seismic markers in the clastics
of the lower Pennsylvanian. Coincident COCORP and
Seismic Exchange, Inc., lines show a remarkable con-
trast in the character of the same seismic reflections.
Improvements in acquisition design and processing are
responsible, in part, for the great improvement in im-
aging, but the flexibility and dynamic range afforded by
workstation visualization can be at least as important.
Lessons learned from comparison of the old and the
new encourage optimistic imaginings for future 3-D
acquisition and prestack processing of data from the
same areas.

Young, R. E;; Thomas, D.; and Liu, Z-M, 2000, Clastics as seismic markers—images and imaginings from the mountain
front, southwest Oklahoma: 1979-1996, in Johnson, K. S. (ed.), Marine clastics in the southern Midcontinent, 1997
symposium: Oklahoma Geological Survey Circular 103, p. 208.
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LMU: An Expandable, Alpha-Numeric, Trichotomous, Informal,
Rock-Stratigraphic-Classification System Based on Marker-Defined,
Stratigraphic Reference Surfaces

R. E. Young

Consulting Geologist
Edmond, Oklahoma

Abstract.—A marker-defined, stratigraphic refer-
ence surface is any recognizable, laterally traceable,
soil- or rock-stratigraphic boundary, which was also a
former surface of deposition, or transportation, or ero-
sion; or an in situ remnant of a former surface of depo-
sition, or transportation, or erosion.

These reference surfaces may be (1) primary—bed-
ding planes in core or outcrop; (2) secondary— inter-
preted “marker-beds” on mechanical logs; or (3) ab-
stract—onlapped, offlapped, eroded, or faulted-out
“mental images” of reference surfaces.

This informal, trichotomous classification of strata,
based on reference surfaces, begins with a division into
three categories as follows: L for Lower, M for Middle,
and U for Upper. To preserve in the informal name the
unique vertical position of each stratal unit as well as
the original intent of the stratigrapher, two steps are
required as follows: (1) the number 1 is added to the

right of L, M, or U each time a stratal unit is trichoto-
mously classified; and (2) the informal, alpha-numeric
name of each stratal unit includes all of the letters and
numbers in the previous name.

For example, after three trichotomous classification
steps the individual stratal unit spoken of as “the third
upper, of the second lower, of the first middle, of the
Cunningham Formation” would be annotated from
larger to smaller as follows: CmF, M-1, L.-2, U-3. This
same stratal unit would be diagrammed as shown in
Figure 1.

CmF¢ CmF, M-1
N

CmF, M-1, L-2, U-3
\-—— CmF, M-1,L-2 E

Figure 1. Example of trichotomous classification steps.

Young, R. E., 2000, LMU: an expandable, alpha-numeric, trichotomous, informal, rock-stratigraphic—classification sys-
tem based on marker-defined, stratigraphic reference surfaces, in Johnson, K. S. (ed.), Marine clastics in the southern
Midcontinent, 1997 symposium: Oklahoma Geological Survey Circular 103, p. 209.
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Origin and Distribution of Porosity in a Carbonate-Cemented Reservoir,
Hale Formation (Morrowan), Arkoma Basin, Arkansas

Doy Zachry
University of Arkansas
Fayetteville, Arkansas

AsstrRACT.—The distribution of porous and permeable
strata in reservoirs of the Hale Formation is controlled
by the proximity of those units to carbonate mud-
mound complexes.

Morrowan units including the upper part of the Hale
Formation crop out in the Boston Mountains of north-
west Arkansas. Southward, the units are displaced by
normal fault systems into the subsurface of the Arko-
ma basin where they contain significant reservoirs of
natural gas. Productive intervals occur less than 15 mi
from the outcrop belt.

The Hale Formation in the outcrop belt is divided
into a lower Cane Hill Member and an upper Prairie
Grove Member. The Prairie Grove is mainly composed
of calcareous quartzarenite. The carbonate content
ranges from 0% to 45% and occurs as skeletal grains
and as calcite cement. Terrigenous grains are well
sorted, and large-scale cross-stratification is common.
A secondary compunent in the Prairie Grove Member is
limestone consisting of skeletal grains and carbonate
mud. Intervals of limestone are normally characterized
by small biocherms that range from 2 to 15 ft in thick-
ness but form laterally continuous complexes bounded

above and below by quartzarenite units.

Adjacent to the biocherms, the sandstones contain
abundant skeletal grains, and porosity is occluded by
calcite cement. Partially dissolved skeletal grains are
abundant and may have contributed to the cement and
loss of porosity. Distally positioned quartzarenite units
contain little calcite and only small quantities of quartz
cement. Porosity ranges to 22% determined petro-
graphically, and reservoir quality is high.

The Prairie Grove Member accumulated on a high-
energy shelf prior to the formation of the Arkoma ba-
sin. Competent tidal currents generated large bed
forms and prominent cross-stratification. Carbonate
mud, stabilized by bryozoans, calcareous algae, and
other organisms, formed low mounds that coalesced
laterally into banks. Skeletal grains were derived and
moved laterally away from the banks by tidal currents,
extending the distribution of carbonate material over
an area substantially greater than the mounds them-
selves. Porosity in these intervals was occluded by the
partial dissolution of skeletal grains and precipitation
of calcite cement. More distally positioned sand bodies
lack skeletal grains, and porosity was preserved.

Zachry, D., 2000, Origin and distribution of porosity in a carbonate-cemented reservoir, Hale Formation (Morrowan),
Arkoma basin, Arkansas, in Johnson, K. 8. (ed.), Marine clastics in the southern Midcontinent, 1997 symposium: Okla-
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