





















































































































































































































































































































































































































































































































































































































































Water Flooding and Enhanced-Oil-Recovery Processes

Microscopic-Scale Heterogeneities

Permeability variations caused by grain-size
variations within cross-bed laminae are a small-
scale heterogeneity common in distributary-chan-
nel deposits (Fig. 2G). The permeability contrasts
between cross-bed lamina can range from very
slight to great where impermeable shale laminae
are interlayered with sandstone laminae and may
impart a significant effect on ROS and log re-
sponse.

Kortekaas (1983) analyzed the effect of perme-
ability variations on the displacement of oil by
water within cross-beds with a permeability con-
trast of 5 between laminae. His work shows that
when fluid flow is perpendicular to the cross-bed
laminae and the rock is water-wet, oil within the
higher permeability laminae may be initially by-
passed because of the higher capillary pressures in
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Figure 7. (A) Conceptual model of permeability het-
erogeneity in cross-bed laminae. After van de Graaff
and Ealey (1989). (B) Hypothetical fluid distribution
after water flooding. After Kortekaas (1983).
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the lower-permeability (finer-grained) laminae
(Fig. 7). His simulation study also showed that
low-tension (dilute surfactant) and polymer floods
would improve recovery in these cross-laminated
zones.

These results are consistent with those of
Tomutsa and others (1990), who used computed
tomography (CT) scanning techniques to monitor
fluid distributions while flooding a cross-bedded
rock sample first with oil and then with water.
They found that the lower-permeability laminae
accepted less oil than the higher-permeability lay-
ers after flooding, as expected. After flooding with
water, however, the water entered the lower-
permeability layers first. This response can be
partly explained by the higher water saturations
in the lower-permeability layers, which there-
fore have higher initial relative permeability
to water than the higher-permeability, oil-satu-
rated zones. As flooding continues, the relative
permeability to water increases in the lower-per-
meability zone with an increase in water satura-
tion.

Textural variations may create errors in the
calculation of irreducible water saturation and
permeability (Jacobsen, 1991). This error may be
increased by diagenetically altered, cross-bed
laminae that result in erroneously high water-
saturation measurements. Salle and Wood (1984)
reported on a reservoir in which laminae with high
kaolinite content, plugged pores, and low per-
meabilities alternate with laminae that contain
moderate amounts of kaolinite and permeability
in the darcy range. Average water saturations
derived from geophysical logs were as high as 60%,
but the reservoir maintained water-free produc-
tion of up to 6,000 b/d (Salle and Wood, 1984). The
kaolinite forms a microporosity system that is
filled by immobile water in the low-permeability
layers, whereas oil can flow through the cleaner,
higher-permeability laminae. Advances in logging
techniques, such as improved dipmeter (Salle and
Wood, 1984) and the dielectric (EDT) approach
along with geochemical methods (GLT log), are
showing much promise in the analysis of thin-bed-
ded rocks (Jacobsen, 1991).

APPLICATION OF ADVANCED
PRODUCTION METHODS TO MITIGATE
DEPOSITIONALLY RELATED
HETEROGENEITIES

In general, the methods of infill drilling,
horizontal and/or slant wells, and hydraulic frac-
turing are most applicable to larger field-scale
heterogeneities, whereas EOR processes are most
applicable to interwell and microscopic-scale het-
erogeneities. Table 1 summarizes the enhanced
production methods that may be applicable
in overcoming the heterogeneities related to depo-
sitional processes described in the previous sec-
tion.
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TABLE 1. — APPLICATION OF ENHANCED PRODUCTION METHODS
TO HETEROGENEITIES RELATED TO DELTAIC DEPOSITIONAL PROCESSES

Horizontal Hydraulic

Gel Surfactant In-situ

Infill orslant fracturing polymer Polymer alkali-surf. CO, Steam combustion

Field scale sandstone
body continuity:

Continuous X X X

Semicontinuous X X

Separated X
Boundaries between
genetic unit X X X
Lateral facies changes X X. X
Permeability zonation X X
Permeability baffles X
Cross-bed sets X X X X X
Cross-bed laminae X X X X X

Sandstone-body Continuity and
Interconnectedness

For sandstone bodies that are separated both
laterally and vertically by large distances (as in
the top third of Fig. 2A), the only recourse for in-
creased oil production is to infill drill. As the con-
nectivity between sandstone bodies increases (as
in the middle part of Fig. 2A), the drilling of both
vertical infill wells and horizontal wells may miti-
gate the effects of this field-scale heterogeneity.
The degree of lateral connectedness of the sand-
stone bodies will determine whether a horizontal
or infill well would be most effective. Horizontal
wells are best applied when the sandstone bodies
are well interconnected; such wells can cut across
flow barriers between stacked sandstone bodies.
Hydraulic fractures increase production from a
horizontal well by connecting two or more neigh-
boring sandstone bodies, providing that the shale
layer in between will propagate a fracture.

For an offshore reservoir with similar field-
scale permeability barriers but a pattern that is
inverse to the one illustrated in Figure 2A,
Johnson and Krol (1984) iltustrated through simu-
lation studies the possibility that simultaneous
miscible-gas flooding in the top, laterally continu-
ous (transgressive) unit and water flooding in the
lower individual and multistory channel-sand-
stone unit would improve recovery efficiency in the
top unit by 14%.

Boundaries Between Genetic Units
Infill drilling would be best applied to overcome
permeability barriers caused by boundaries be-
tween genetic units with dimensions in the 10s to
100s of feet in the x-y directions. The use of hy-

draulic fracturing or short laterals from the verti-
cal well may be desirable to provide better flow.

Lateral Facies Changes

The residual oil after water flooding, indicated
in Figure 4, suggests that thin laminae adjacent to
a channel with good permeability will not be swept
efficiently. One effective technique to overcome
directional permeability or channeling is to apply
a line-drive pattern so that the injected water
flows perpendicular to the direction of the perme-
ability trend. The line-drive pattern has been suc-
cessfully applied in numerous reservoirs including
North Burbank field in Oklahoma (Trantham and
others, 1980). In reservoirs having significant
quantities of oil in thin laminae, another effective
method to correct for lateral facies changes is the
use of infill wells (i.e., vertical or steeply angled
wells) in the tight thin zones; in some instances,
polymer gel may be used to modify the flow profile.

Permeability Zonation
Within Genetic Units

Heterogeneity caused by the vertical arrange-
ment of permeability can usually be mitigated
through properly designed, improved water-flood-
ing methods such as polymer flooding or profile
modification or a combination of the two. Cross-
linked polymers including chromium acetate,
chromium propionate, and aluminum acetate
polymers in profile modification and polymer
flooding have been successfully used to improve
the sweep efficiency in high-permeability zones in
deltaic reservoirs such as the North Burbank and
North Stanley Units of Burbank field (Zornes,
1986; Harpole and Hill, 1983). These methods re-
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duce drive-water mobility and decrease the degree
of water channeling, thereby improving conform-
ance and overall water-flooding volumetric sweep
efficiency. Profile modification and polymer flood-
ing may not be an economic solution in large, high-
permeability zones or when the ratio of vertical to
horizontal permeability is >0.01, where the water
will revert back to the high-permeability zone af-
ter it flows past the gel-polymer slug (Gao and oth-
ers, 1990). In these cases, targeted infill drilling
may be a better solution.

In reservoirs having a small permeability con-
trast between zones, polymer flooding can compen-
sate for the imbalance in water intake due to the
differences in fluid conductivity. However, poly-
mer flooding cannot completely correct for perme-
ability-zonation—induced flow imbalances, as indi-
cated by pilot evaluation studies of post—surfac-
tant-polymer flooding in which higher residual
saturations in tighter zones were reported
(Taggart and Russell, 1981; Smith, 1991). Me-
chanical methods, such as flow baffles and selected
perforation have also been used with some suc-
cess.

Permeability Baffles Within Genetic Units

Horizontal permeability baffles reduce vertical
permeability and may affect horizontal wells more
adversely than vertical wells. Hydraulic fracturing
stimulation will improve injectivity or productivity
around the well bore.

Cross-bed Sets

As indicated in the previous section, water
flooding in cross-bedded intervals can be highly
inefficient because of trapping of oil by capillary
forces and bypassing zones because of shale layers.
In this situation, the recovery efficiency can be
improved by using a miscible displacement (CO,,
hydrocarbon gas, etc.) process that reduces the
capillary forces that trap the crude oil and over-
comes the viscous forces that tend to retard crude-
oil flow (Hornof and Morrow, 1988). A dilute sur-
factant or alkali-surfactant process may be useful
and should be investigated. However, the use of
polymer for mobility control may not be desirable
because of the potential filtering effect of the shale
streaks that occur between the cross-bed sets. This
phenomenon may be the cause of problems en-
countered in a number of pilots in which only the
surfactant slug but not the polymer reached an
observation well or evaluation well (Lorenz and
others, 1986; Cole, 1988a,b; Huh and others,
1990).

Cross-bed Laminae

The difference in pore size in cross-bed laminae
tends to promote nonwetting phase trapping. For
water-wet rock, rapid imbibition of water into the
tighter laminae leaves the higher-permeability
laminae unswept and with a high ROS (immobile
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oil). This effect was shown in the simulation work
of Kortekaas (1983) and the theoretical review of
Stegemeir (1976).

The only way to overcome this type of heteroge-
neity is by increasing the capillary number and
improving the displacement efficiency via one of
the EOR methods. Any of the conventional EOR
methods—chemical, miscible gas (reduction of in-
terfacial tension), and thermal (reduction of viscos-
ity)—can overcome the effect of oil trapping in-
duced by cross-bed laminae.

EFFECTS OF SEDIMENTOLOGICAL
FACTORS ON EOR PILOT PROJECTS

The influence of sedimentological factors on
water flooding was discussed in previous sections.
Since most EOR processes involve injection of fluid
to mobilize and displace residual oil, the same
sedimentological factors are expected to influence
EOR recovery efficiency. Any effect is amplified
because of the small pore volume of the EOR fluid
injected.

Since the early 1970s and until recently, many
EOR pilots and commercial field tests were per-
formed, and there are a significant number of pa-
pers and reports evaluating the causes and rea-
sons for successes and failures of these projects.
Unfortunately, most of the evaluations concen-
trated on the recovery processes, and even when
the geologic factors were evaluated, little effort
was expended in relating the project performance
to heterogeneities induced by the depositional en-
vironment.

In an attempt to determine the effect of these
heterogeneities on EOR recovery efficiency, re-
ports and publications on EOR projects performed
in deltaic reservoirs were reviewed. It is interest-
ing that almost all DOE-sponsored and a large
proportion of industry-sponsored chemical EOR
pilots tests were conducted in deltaic reservoirs. In
this review, only the effects of sedimentologically
related reservoir heterogeneity were considered.
Although the efficacy of the recovery process is
also important, it is outside the scope of this paper
and will not be discussed here.

Table 2 is a compilation of the observations re-
ported in the literature from 17 fields and 27
chemical EOR projects conducted in deltaic reser-
voirs. The fluid-flow problems most often reported
were channeling, directional trends (preferential
direction of fluid flow), and compartmentalization.
Although fractures or faults may cause similar
flow anomalies, they were not reported to be the
cause in the examples listed.

Channeling

A project is considered to be affected by chan-
neling when a high-permeability zone affects the
distribution of fluids or when a zone is taking a
disproportionate volume of the injected fluid. Ver-
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tical permeability zonations within genetic sand-
stone bodies are common in deltaic reservoirs,
with higher permeabilities (and therefore pre-
ferred conduits for fluid flow) occurring at the
bases of distributary-channel deposits and at the
tops of distributary-mouth-bar and delta-front
deposits.

The high-permeability channels reduce the ef-
fectiveness of the designed slug because most of
the injected EOR fluid will flow in the high-perme-
ability zone, which has low ROS because of water-
flooding sweep efficiency. The lower-than-expected
recovery reported for the M-1 surfactant pilot was
attributed to a similar situation (Smith, 1991),
where only a small fraction of the slug contacted
the zone with high oil saturation. This phenom-
enon was observed in 20 of 27 (74%) of the field
tests listed in Table 2.

Compartmentalization

Compartmentalization—i.e., barriers to flow of
EOR fluids—was reported in 13 of 27 (48%)
projects reviewed. Compartmentalization may re-
sult from boundaries between genetic units, lat-
eral facies changes, and clay drapes between cross-
bed sets (discussed above) that prevent communi-
cation between injectors and producers or result in
unswept areas of the reservoir. In certain cases,
barriers to flow were not detected when low-viscos-
ity fluids such as preflush, tracer, or surfactant
solutions were injected. However, when polymer
solution was injected, the progress of the polymer
slug was impeded. Compartmentalization could
reduce the effectiveness of an otherwise well-de-
signed EOR project.

Directional Permeability Trends

Directional trends of permeability may be
caused by the orientation of cross-bedding or
higher-permeability channel deposits that lie in
lower-permeability facies, both of which generate
a preferential direction of flow. Tracer tests or re-
covered surfactant and polymer are often able to
confirm the presence and directions of high-perme-
ability trends (Holley and Cayais, 1990). This fea-
ture was observed in six (22%) of the projects re-
viewed.

Contacting High-Salinity Region

Channeling, compartmentalization, and/or di-
rectional trends may result in bypassing of areas
within a reservoir and preservation of the original
formation brines. As a consequence of better
mobility control of the EOR process, these high-
salinity pockets are contacted during an EOR
project. This phenomenon was reported only in
chemical EOR projects in which high salinity was
found to reduce the effectiveness of the EOR flu-
ids.
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Formation Parting

The phenomenon of formation parting is not
related to the depositional environment of a del-
taic reservoir; rather it is caused by exceeding the
parting pressure when injecting fluids. It is in-
cluded here, however, because it was reported in
eight of the projects reviewed. Formation parting
was reported in many of the chemical-flooding
projects where high-viscosity fluids were injected
for mobility control. Formation parting may be
caused by the presence of fractures or low in-situ
stresses in shallow reservoirs. Natural fractures,
however, were not cited as the cause of formation
parting, even though fractures were present in
some of the fields.

Discussion

Lower-than-expected oil recovery was partially
attributed to heterogeneity related to depositional
processes in the projects listed in Table 2. Quanti-
fication of the effects on recovery are not possible
at this point. However, comparison of performance
to well spacing may indicate the scale of the fea-
tures controlling production. Figure 8 is a plot of
recovery efficiencies against well spacing for a
number of micellar-polymer field tests performed
in Loudon, Main Consolidated (Robinson), and Big
Muddy fields. These fields were chosen because
several projects had varying well spacing but simi-
lar chemical slugs. The 1973 pilot test at Loudon
was not included because the slug was different
from that of subsequent field tests, and pilot “119”
at the Main Consolidated (Robinson) field was also
excluded because of the different well pattern used
(it was a line-drive pilot with 10-acre spacing be-
tween injectors and producers and 2.5-acre spac-
ing between injectors).

Figure 8 shows that the recovery efficiency de-
creased from 60-70% to <30% for well spacings
greater than 1 acre. Although other explanations
can be advanced, reservoir heterogeneities are the
likely cause. Smith (1991) showed that poor verti-
cal and areal sweep efficiencies within the Main
Consolidated (Robinson) field, caused by the pres-
ence of stacked sandstone bodies and directional
permeability, are the probable reason for the lower
than anticipated oil recovery. He suggested that a
line-drive pattern may alleviate these geologic
problems. The higher recovery efficiency of the
“119” project using a line-drive pattern supports
this hypothesis. In another case, Holstein (1991),
in his discussion of Loudon field, attributed the
lower recovery efficiency in pilots with larger
well spacing to poor polymer transport. The prob-
able causes for poor polymer transport are (1) dis-
association of polymer from surfactant slug (Hol-
stein, 1991), (2) low-permeability rock (Huh and
others, 1990), and (3) reservoir compartmentaliza-
tion.
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Figure 8. Relationship between well spacing and re-
covery efficiency in EOR pilot projects.

SUMMARY

Geologic heterogeneities within reservoirs are
related to deltaic depositional processes, may
cause significant recovery problems, and occur on
a wide variety of scales. Field-scale heterogeneities
include the degree of interconnectedness of sand-
stone bodies and the location within the deposi-
tional system. Interwell-scale heterogeneities
include boundaries between genetic units, lateral
facies changes, style of bedding, and permeability
variations within genetic units. Heterogeneities
on the core-plug scale include lamination,
textural variations, and diagenetic alteration of
the mineral content of the fluids in the pore sys-
tem.

In general, the methods of infill drilling, hori-
zontal and/or slant wells, and hydraulic fracturing
are most applicable to larger field-scale heteroge-
neities, whereas EOR processes are best applied
to interwell and microscopic-scale heteroge-
neities.

The fluid-flow problems most often reported
" from EOR projects in deltaic reservoirs are chan-
neling, directional permeability trends, compart-
mentalization, formation parting, and contacting
high-salinity regions.

Reservoir heterogeneities are the likely cause of
poor performance of EOR projects. Comparison of
recovery efficiencies from chemical EOR projects
in deltaic reservoirs shows that the recovery effi-
ciency decreased from 60-70% to <30% for well
spacing greater than 1 acre.
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ABSTRACT.—A combined geologic and petroleum engineering evaluation of the Muskogee oil
field region in northeastern Oklahoma was conducted with emphasis on the sedimentary
environments. This depositional environment study provided the basis for a subsequent sub-
surface structural and stratigraphic geologic study and an oil-production evaluation. Strati-
graphic units evaluated included the Timber Ridge, Muskogee, Bad Hole, Gas, and Limestone
Marker sandstones.

The analysis of sedimentary environments was based on well logs and isopach maps of the
Timber Ridge and Muskogee sandstones, which are the major productive zones. Unambiguous
interpretation of the spontaneous potential and neutron logs was possible because of the char-
acteristic responses of the logs. The Muskogee oil field is identified as a delta-dominated type
of reservoir. Delta fronts and prodelta environments were interpreted for the Timber Ridge
and Muskogee sandstones; isopach maps clearly corroborate these findings. Well-log correla-
tions were also performed for the productive Dutcher sandstone.

An engineering study of the field, analyses of production history, and analyses of different
methods of depletion were conducted to the extent that the data were available. An extensive
literature review of the location’s geology, tectonics, and oil and gas production was also con-
ducted.

Primary development of the Muskogee oil field, beginning in 1905, was principally by so-
lution-gas drive, which resulted in considerable waste of reservoir energy by unnecessary pro-
duction of gas reserves during the early life of the reservoir. This process left unusually large
amounts of oil in place, which led to various early enhanced-oil-recovery (EOR) methods for
production. Gas injection began in 1928 and water-flooding projects in 1956. Low sweep effi-
ciency was a constant problem in the numerous projects because of drastic changes in rock
permeability of the delta-dominated reservoirs. Water flooding, however, allowed a peak pro-
duction of >1.5 million barrels per year, which was higher than the maximum primary produc-
tion (>1.3 million barrels during 1910).

This study provides evidence that polymer flooding could profitably produce considerably
more of the oil remaining in place.

Perez, J. M.; Donaldson, E. C.; and Poston, S. W., 1996, Understanding reservoir depositional environments
contributes to optimizing oil production: Muskogee oil field, a classical example, in Johnson, K. S. (ed.), Del-
taic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98,
p. 225.
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STRATIGRAPHY AND SANDSTONE-
BODY DISTRIBUTION

There are two major sequences within the
Douglas Group (Missourian-Virgilian) in Kansas,
each of which started with valley incision and
delta formation during a lowstand and ended with
widespread marine deposition (Fig. 1). The se-
quence boundaries can be placed at the contact
between incised fluvial sandstones and eroded un-
derlying, commonly marine, strata. During valley
incision in the northern and central parts of east-
ern Kansas (Lins, 1950), deltas were being depos-
ited in southern Kansas (Walton and Griffith,
1985) (Fig. 2). The delta complex of the Tonga-
noxie sequence (lower Douglas Group) has an east-
west lateral extent of ~250 km, and the facies indi-
cate significant tidal influences. North of the del-
tas, incised paleovalleys were filled during low-
stands and subsequent transgressions (Lins,
1950). One paleovalley exhibits 34 m of incision,
is approximately 32 km wide, and can be traced
laterally along outcrops and into the subsurface
to the south for approximately 140 km. Paleo-
valleys were filled with a succession of (base to
top) fluvial to estuarine to marine facies (Fig. 1),
and in one of the paleovalleys, the marine influ-
ence is seen to have increased significantly to
the south. The valley-fill fluvial and estuarine

facies were deposited during lowstands and sub-
sequent sea-level rises. Marine shales and lime-
stones were deposited during highstands and
were partly eroded during subsequent falls in sea
level. During valley incision, lithified carbonates
in the eroded stratigraphic units impeded down-
cutting of the paleovalleys, resulting in a benched
paleotopography of some paleovalleys in which
lithified carbonates formed valley-wall erosional
terraces and valley floors. Evidence for subaerial
exposure of the valley walls includes the presence
of in-situ coals and paleosols (Goebel and others,
1989).

The Tonganoxie Sandstone and its southern
equivalent, the “Stalnaker” sandstone, form the
main sandstone bodies in the lower sequence of
the Douglas Group in Kansas (Fig. 2). The Tonga-
noxie in the northern part of Kansas is largely con-
fined to paleovalleys and is part of a valley-fill
succession. Conversely, the “Stalnaker” is not val-
ley confined, and its geometry is broad and tabu-
lar, apparently reflecting deposition in a lowstand
deltaic system that was penecon-temporaneous
with valley incision to the north. The upper parts
of the valley-fill facies and deltaic facies exhibit
tidally influenced sedimentation; however, such
influences were most strongly developed within
estuarine portions of the valley-fill system (Archer,
1991; Lanier and others, 1993).

Archer, A. W.; Feldman, H. R.; Lanier, W. P.; and Tessier, B., 1996, Relationships of fluvio-deltaic and tidal-
estuarine facies within the Douglas Group (Missourian-Virgilian) of eastern Kansas, in Johnson, K. S. (ed.),
Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular

98, p. 229-235.
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Figure 1. Schematic stratigraphic section of the Douglas Group in the study area, based primarily on well logs
and exposures in Leavenworth and Douglas Counties, Kansas. The vertical section can be subdivided into
two major unconformity-bounded sequences. Based upon Moore and others (1951).

VERTICAL SEQUENCES

Paleovalleys were filled with a fining-upward
succession of facies (Fig. 3), with the lowest facies
composed of cross-bedded conglomerate and sand-
stone. The conglomerate contains rock fragments
and fossils eroded from older units exposed within
the paleovalley and also contains abundant plant
fossils. Sandstone beds exhibit large-scale trough
(up to 1 m thick) and tabular-planar cross-beds.
Paleocurrent directions (Fig. 4) are generally to-
ward the southwest in the fluvial and upper-estua-

rine environments and indicate deposition via
large-scale fluvial systems that were constrained
within the paleovalleys.

Overlying the fluvial sandstone is a diverse
suite of lithofacies, including planar-bedded sand-
stones and siltstones, heterolithic facies, sheetlike
sandstones, bioturbated sandstones, and marine
facies. Some planar-bedded sandstones and silt-
stones exhibit neap-spring tidal cycles, which were
formed in high-intertidal settings (Lanier and oth-
ers, 1993). Heterolithic facies are typically lami-
nated and contain pinstripe laminations, starved
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Figure 2. Map of eastern Kansas showing approximate outcrop of the Douglas Group and the extent of the
Tonganoxie Sandstone. In northern Kansas, the Tonganoxie occurs within paleovalleys (Lins, 1950; Sanders,
1959). In southern Kansas, the Tonganoxie is a widespread unit that has been termed the “Stalnaker” sand-
stone (Winchell, 1957) or delta (Walton and Giriffith, 1985). Intervening areas exhibit transition from incised

valley to deltaic phase (Griffith, 1981).

ripples, and well-developed tidal cycles or cyclical
tidal rhythmites (Archer, 1991). Neap-spring tidal
cycles are common and range in thickness from 1
cm in heterolithic facies to as much as 1 m in pla-
nar-bedded siltstones. An interpretation invoking
very high localized depositional rates is substanti-
ated by the presence of buried upright trees, some
of which have attached foliage. Some rocks of the
heterolithic facies, which includes deposits of both
estuarine and bay-fill paleoenvironments, contain

much organic material. This diversity of facies in
the Douglas Group has a number of similarities to
modern macrotidal systems (Tessier and others,
1992).

The sheetlike sandstone bodies are dominated
by small-scale trough cross-bedding, along with
ripple and planar laminations. Paleocurrents are
bimodal to the southwest and northeast in the es-
tuarine environments (Fig. 4), reflecting ebb and
flood tidal currents. Features such as flat-topped



A, W. Archer and others

232

"Joel) swajshs-anissaibsuel) 10 -pueismol sy} Jaylle ojul padeid aq ueo ||y AsjfeA-pasioul ay) ‘eoepns aAissaIBSUBS) ey} Ysiiqe)sa
01 pasn a0 uo Bulpuadeq “(0661) s1eyio pue seucbep ueA Aq pesodoid suoniulep ay) uodn paseq st umoys salepunoq (- 1°8) 10e11-swe)sAs Jo jusw
-00B|d "sesuey Jo (dnoty sejBnoq Jemo]) sousnbes sixouebuo | sy} uiyim padojersp seousnbas |y-Asifea pasious Joj japow oiydeibiens eousnbag ¢ ainbi4

HS 3NN [~ saag oo [ WX ot

lllll -t

I [8;]
S INIHYW et SS IVIANTL

____.___ﬂ- w
HS 'LSaW [

'SS 3ANIYYNLSI F===—1 17190 IANT4
__H.ﬂ.“fﬂ__ﬂ_“_“_h_~_“_”_“_L___._”.m_”_”_._“_”___“_.F_._”_“~._.~._._._._“_._....._._._._._._.ﬂr_._....Jhi......ue:oﬁ@EJ ECQWHH.H
_l_ T T T T I T I T~ T T T YT T TTTTTI _-\.u‘.C.C. Ooﬁuvl.q._ ﬁ:....f ___________._____a_f_m____~_up_.__._-_u_\._|[|.rh_ I
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII o ..on.uomm Oo 5. &wn N oS T T T — = == == == Geqs exe] od - —
LT T T T T T T 5T mwomad...o%muo...au.o. V..mQ_!F. Py ..o_.& o_.o_C.“... A_u.._ I hlhl_ll_llhlhlhl_llhlhllﬂ W..wwwsb wcleml _W:Mm ..Hm
................... L0580 s O P B B S 8108 S s s

Pl P e e e

L'S ANVISMOT /-

- ———— . 1B0D A3iqig Jaddn prlimtrkiosiivplipsiissiivein o VS

LI L 1 6udisail ([o%Se]
||||| = "~ _"® 7 NOILO3IS (3SNIANOO s s w~ 3~ ¥ ~w—

~CQNVLSHOIH == o e e T




The Douglas Group of Eastern Kansas 233

IANRIVIN/INRIVNIST dIMOT

Figure 4. Facies model for valley-fill, estuarine-to-marine depositional sequences developed within the incised
valleys in the Douglas Group of eastern Kansas. The numbers and accompanying paleoflow patterns shown
on the map indicate five principal facies: (1) fluvial facies in Leavenworth County; (2) silty rhythmites in
Franklin County; (3) heterolithic rhythmites in Douglas County; (4) tidal sand-flat and sandbar facies in Green-
wood and Woodson Counties; and (5) marine coastal sand deposits in Chautauqua County. This reconstruc-
tion is intended to represent the lateral relationships of the lithofacies developed during early transgression
to mid-transgression. Adapted from models of Dalrymple and others (1992).
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ripples, rain-drop imprints, and tetrapod track-
ways indicate deposition within the intertidal
zone. “Flaggy” bioturbated sandstones indicate
significant marine influences. These sandstones
are capped by widespread marine shales and lime-
stones that extend far inland beyond the limits of
paleovalleys. Some shales are extensively bio-
turbated, lack laminations, and locally contain
marine fossils. Limestones form widespread litho-
stratigraphic markers and contain abundant ma-
rine fossils such as bivalves, fusulinids, brachio-
pods, crinoids, and bryozoans. Some of the lime-
stones consist of shell lags, which indicate the de-
velopment of transgressive surfaces of erosion.

FACIES MODEL AND RESERVOIR
CHARACTERIZATION

The facies within the valley-fill succession of
the Douglas Group share many similarities with
Morrowan sandstones of Indiana (Archer and
Kvale, 1993; Archer and others, 1994) and of east-
ern Colorado and western Kansas (Wheeler and
others, 1990). To the north, the lower valley-fill
facies are dominated by thick quartz arenite to
subarkosic, medium- to fine-grained sandstone
with an underlying, thinner, cross-bedded con-
glomerate (Fig. 4). The fluvial facies, although too
shallow in northern Kansas for oil accumulation,
probably has the greatest reservoir potential of the
various sandstones developed within the Douglas
Group. :

Strong tidal influences are apparentare appar:
ent within upper-estuarine parts of the paleo-
valley-fill facies (Fig. 4), and these have a number
of effects on reservoir potential. During falling and
low sea-level stands, the paleovalleys contained
fluvially dominated facies. However, during base-
level rise, these fluvial valleys were transformed
into estuarine depositional systems. Funnel-
shaped estuarine geometries can significantly
amplify tidal ranges and thus enhance tidal veloci-
ties and tidally influenced sedimentation. Within
such systems, estuarine tidal ranges can be
macrotidal (>4 m), although open-coastal ranges
may be only microtidal (<2 m). The transition from
channelized fluvial systems to nonchannelized
estuarine systems is a major locus of sand deposi-
tion. Sands at the fluvio-estuarine transition are
essentially analogous, in terms of depositional
environment, to sands in distributary-mouth bars
or channel-mouth bars, but are more strongly tid-
ally influenced. The most important effect of tides,
in terms of reservoir heterogeneity, is the deposi-
tion of extensive clay-draped bars and bed forms.
Clay draping of sandy bed forms becomes most
pronounced in the middle parts of estuaries, where
high rates of turbidity, in part related to fresh- and
saline-water mixing, result in high depositional
rates for fine-grained siliciclastic sediments. Clay
drapes in the Douglas Group can extend for hun-
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dreds of meters and could be potentially important
barriers to flow within reservoirs. Increased ma-
rine influence, fluvial influence, or bioturbation
reduces the lateral continuity of clay drapes and
increases reservoir homogeneity.

Toward the seaward end of the Douglas Group
estuaries, a number of depositional settings were
potentially developed, including lower-estuarine
tidal sand flats and sandbars, subtidal sand
ridges, and other marine sand environments (Fig.
4). The resulting sandstones are generally fine
grained; they have a substantially greater degree
of marine influence and may exhibit substantial
degrees of bioturbation. Because of lowered turbid-
ity and decreased rates of clay deposition and
resuspension of fines via wave reworking, these
outer-estuarine to marine sandstones are cleaner
and exhibit fewer and less-continuous clay part-
ings as compared to upper-estuarine sandstones.
Absence of clay partings and vertical bioturbation
reduces vertical permeability barriers in outer-
estuarine sandstones; such barriers generally are
present in sandstones that represent deposits far-
ther within the estuarine system.

CONCLUSIONS

A strong emphasis needs to be placed upon the
transgressive context of the fluvio-estuarine se-
quences where various types of sandstone bodies
(potential reservoir facies) are intercalated with
finer-grained, commonly heterolithic, organic-rich
estuarine and bay-fill sedimentary rocks (source
rocks). These fine-grained facies are characterized
by tidal rhythmites formed in the intertidal and
subtidal zones and by offshore mud-dominated
facies, which can develop the trapping rocks over-
lying the estuarine sandstones.

Traceable discontinuities within sandstone fa-
cies are extremely important for reservoir charac-
terization, and they are potentially traceable by
using well logs, especially when cores are available
to adequately characterize the well-log signatures.
Marked heterogeneity will occur within valley-fill
successions because of both depositional variabil-
ity within the valley-fill deposits and localized and
irregular erosion of older, preincision deposits. In
the Douglas Group, the presence of at least two
stacked, valley-fill sequences creates a complex
reservoir, especially where the younger (Ireland)
sequence erosionally truncates the older (Tonga-
noxie) sequence (Fig. 1).

In general, it commonly is difficult to ad-
equately constrain the nature of incised paleo-
valleys and paleovalley-fill sequences, because it
cannot always be determined if the incision was
due to base-level lowering (e.g., eustatic lowstand
or uplift) or was related to autogenic processes
(e.g., upper-delta-plain incision). However, within
the Douglas Group of Kansas, it is clear that base
level was significantly lowered, because paleo-
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valleys were incised into marine units with well-
defined stratigraphic markers. In fact, it is the
presence or absence of the underlying marine
markers that allows delineation of the paleo-
valleys even when they are not primarily filled
with sandstone. Without the “layer cake” stratig-
raphy of the pre-Douglas Missourian units, it
would not readily be possible to differentiate be-
tween allogenic processes of lowstand valley inci-
sion and autogenic processes developed during
deltaic sedimentation (e.g., channel shifting).

Insofar as the Douglas Group was formed dur-
ing a lowstand and was deposited above an ero-
sional surface developed upon highstand marine
sequences, delineation of incised valley fills is par-
ticularly easy. This contrasts with older Pennsyl-
vanian sandstones, such as Morrowan, Atokan,
and Desmoinesian units, that were formed during
a protracted transgression (Absaroka Sequence).
Valley incision, except where it cut down into Mis-
sissippian bedrock, is more difficult to delineate in
these rocks because the incised strata have a
more-terrestrial and less-marine character. In
addition, Illinois and Appalachian basin sand-
stones, particularly those of Morrowan and Des-
moinesian age, also share many similarities with
a depositional model that can be generalized from
our ongoing studies of the Douglas Group.
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INTRODUCTION

The superbly exposed Cretaceous Ferron Sand-
stone in east-central Utah presents an excellent
opportunity to determine three-dimensional varia-
tion in heterogeneity style in a distributary
and delta-front facies tract of a retrogradational,
wave-modified delta system. The Ferron Sand-
stone was selected for study because it displays a
wide range of depositional environments similar to
those represented by Gulf Coast deltaic gas reser-
voirs.

STUDY AREA

The Ferron Sandstone was deposited during a
regressive maximum of the Cretaceous seaway
and is divided into discrete depositional units
bounded by time-significant surfaces (Gardner,
1991). These units are arranged as a succession of
seaward-stepping, vertically stacked, and land-
ward-stepping deltaic units. This well-constrained
stratigraphic framework serves as a basis for ex-
amining changes in facies architecture that occur
along depositional dip with a strongly retro-
gradational deltaic unit.

The field site for this study is in east-central
Utah, between the Wasatch Plateau to the west
and the San Rafael Swell to the east. Along the
eastern margin of Castle Valley, the Ferron Sand-
stone forms a succession of northwest-dipping,
northeast-trending ridges that are oriented sub-
parallel to the northeasterly progradation of the
late Turonian shoreline. A series of outcrops 3-8
mi east to northeast of the town of Emery provided
an opportunity for documenting changes in sand-
stone-body dimensions, continuity, and distribu-
tion. Field investigations concentrated on a
strongly landward-stepping deltaic unit referred
to as genetic sequence (GS) 5.

REGIONAL FACIES ARCHITECTURE

With the Ferron GS 5 interval, the entire del-
taic facies tract is compressed; total length from
landward to seaward extent is only ~4 mi. Over
this distance, a full range of shallow-marine
through coastal-plain strata is displayed. At proxi-
mal exposures, middle- to upper-delta-front sedi-
mentary units are extensively eroded and replaced
by distributary and associated delta-plain depos-
its. By comparison, distal portions are character-
ized by an extremely regular, upward-shoaling
succession of laterally continuous, lower- to
middle-delta-front sedimentary units. Delta-plain
deposits are restricted to deeply incised distribu-
tary channels, and these deposits display signifi-
cant evidence of marine modification. Regionally,
the succession is truncated by a broad, low-relief
erosional surface and is overlain by a thin sedi-
mentary veneer that records marine flooding and
reworking of the abandoned lobe.

AREAL DISTRIBUTION AND
GEOMETRIC ATTRIBUTES

In the GS 5 interval, distributary channel de-
posits are the dominant type of sandstone body,
and they form sandstone belts, elongate parallel to
depositional dip, that interdigitate with overbank,
crevasse-splay, and abandoned-channel-fill depos-
its. Each sandstone belt was formed of multiple-
channel sand bodies arranged in multilateral to
multistoried fashion. These units are several feet
to tens of feet thick and tens of feet to several hun-
dreds of feet wide. In profile they consist of an ero-
sive-based lag overlain by a succession of stratal
types. The distributary sequence can include mul-
tiple compound bars called macroforms.

The delta front—characterized by an extremely
regular, large-scale, upward-coarsening sequence

Barton, M. D.; Tyler, N.; and Fisher, R. S., 1996, Landward to seaward variation in heterogeneity style in a
distributary-channel and mouth-bar facies tract, Ferron Sandstone, Utah, in Johnson, K. S. (ed.), Deltaic
reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p.
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that consists of upward-thickening beds of
interbedded, hummocky, stratified sandstone and
bioturbated mudstone—records deltaic pro-
gradation in a wave- to storm-dominated shallow-
marine setting. On a regional scale, the delta front
forms a strike-aligned deposit elongated north-
westward. In cross section, the deposit displays a
broadly asymmetrical lenticular shape that
abruptly thickens near the landward pinch-out,
and it gradually thins to a feather edge at its sea-
ward extent. Internally, the interval is composed
of offlapping, seaward-dipping subunits that range
from several feet to 15 ft in thickness. Laterally
continuous fine-grained sedimentary units bound
progradational sigmoids, each of which extends
downdip for several miles and along strike for tens
of miles. Thus, vertical stratification is the domi-
nant style of heterogeneity in the delta-front sand-
stones.

Distributary and associated deposits combine

Landward pinch-out )
of delta front

Crevasse splay

- Abandoned channael fill
Delta plain
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to form a complex network of broad, tabular sand-
stone bodies that removed and replaced almost the
entire delta front (Fig. 1). Within this complex, the
sandstone bodies display a wide range of internal
and external variability. Three states of distribu-
tary-channel sedimentation, corresponding to pe-
riods of channel incision, expansion, and aggrada-
tion, have been recognized. Each stage, character-
ized by a distinctive geometry, internal character,
and associated deposits, is predictably related to
its geographic position along depositional profile of
the delta lobe.

Early-stage channel fill is best preserved near
the seaward limit of the distributary system and
displays significant evidence of marine modifica-
tion. Channel belts (average width of 700 ft and
thickness of 50 ft) are laterally restricted and
deeply incised into coeval delta-front deposits. In-
ternally, the channel fill is composed of several
laterally inclined and offset sigmoidal sandstone

Figure 1. Aerial view of regional facies architecture within GS 5 between Muddy Creek and Cedar Ridge

Canyon.
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bodies that average 200 ft in width and 16 ft in
thickness. Well-developed mudstone layers bound
sandstone bodies that consist of a uniform assem-
blage of trough cross-stratified sandstones. Near
the middle of the facies tract, middle-stage chan-
nel fill partially replaces early-stage channel fill.
Middle-stage channel belts are laterally expan-
sive (average width of 1,200 ft and thickness of 40
ft) and are composed of numerous multilateral
sandstone bodies separated by thick, inclined, lat-
erally continuous mudstone-clast lags. The
middle-stage sandstone-body widths (200 ft) are
similar to, and thicknesses (10 ft) are somewhat
less than, those of early-stage channel-sandstone
bodies. The main difference between the middle-
and early-stage sandstone bodies is the nature of
the bounding surfaces between them. Late-stage
channel fill records channel aggradation and is
best developed in proximal parts of the delta lobe.
These deposits consist of wide (300—700 ft) and
thick (15-35 ft) sandstone bodies that are laterally
isolated from adjacent ones by fine-grained
interchannel, abandoned-channel-fill, and cre-
vasse-splay deposits. Sandstone bodies display a
high diversity of stratal types, as well as mudstone
and siltstone drapes developed along accretion
surfaces that disrupt internal continuity.

M. D. Barton and others

A comparison of distributary-macroform di-
mensions (Fig. 2) reveals that geometric differ-
ences are related to preservational processes
within the delta-plain facies tract. Macroform
thickness and width tend to increase from early- to
late-stage channels. Macroform dimensions in
early-stage channels vary from the seaward limit
to landward erosional truncation, showing that
preserved deposits are widest and thickest at their
seawardmost extent and become progressively
thinner and narrower landward (Fig. 3).

In addition to heterogeneities resulting from
bounding lithologies separating macroforms
within the channel fill and offlapping sigmoids of
the delta front, mudstone drapes and mudstone-
clast-lag—covered erosional surfaces along channel
flanks and floors and fine-grained abandoned-
channel-fill and interchannel deposits provide
higher-order heterogeneities that separate dis-
crete channel deposits and belts, respectively.

SUMMARY

Within the Ferron depositional system, the ar-
chitectural style of sandstone bodies and the na-
ture of bounding lithologies that mantle them vary
dramatically along depositional profile in a single
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Figure 2. Comparison of distributary macroform dimensions from Ferron GS 5 exposed along Muddy Creek.
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Figure 3. Comparison of early-stage distributary macroform dimensions in Ferron GS 5 exposed between

Muddy Creek and Cedar Ridge.

landward-stepping deltaic genetic sequence. A
five-order hierarchy of heterogeneities, each with
a characteristic geometric style and extent, has
been identified for retrogradational, wave-modi-
fied deltaic-reservoir analogues. From largest to
smallest, this hierarchy consists of (1) variations
between the coastal-plain and delta-front facies
tract, (2) variations related to the mud-rich delta-
plain and sand-rich distributary-channel deposits
that compose the coastal-plain facies tract, (3) dif-
ferences related to mud-rich abandoned-channel-
fill bodies and sand-rich distributary-channel bod-
ies that compose the distributary-channel depos-
its, (4) variations related to clay-clast conglomer-
ates that separate distributary-channel macro-
forms, and (5) variations in lithofacies that com-
pose distributary-channel macroforms.
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INTRODUCTION

The objective of this paper is to describe the
various facies and facies assemblages within the
lower Deese Group (Desmoinesian, Middle Penn-
sylvanian) in the Ardmore basin (Fig. 1), to better
define the origin and depositional setting for the
Deese Group. The Ardmore basin in south-central
Oklahoma is a small structural basin, ~530 km
long by 100 km wide, within the southeast part of
the southern Oklahoma aulacogen (Fig. 2), which
developed in three phases: rifting, subsidence, and
deformation (Ham and others, 1964). During the
early history of the Ardmore basin (i.e., rifting and
subsidence), it was the southeast part of the much
larger Anadarko basin. During Late Mississippian
through Pennsylvanian deformation in the south-
ern Oklahoma aulacogen, successive orogenies
uplifted areas adjacent to the Ardmore basin;
these areas were then eroded, and the material
was added to the basin sedimentary fill. The
Anadarko, Marietta, and Ardmore basins—and
the Wichita, Criner, and Arbuckle uplifts, which
separate the basins—were created during this fi-
nal development phase (Granath, 1989; Johnson,
1989).

The coarser clastic Middle and Upper Pennsyl-
vanian (Deese, Hoxbar, and Vanoss) groups were
deposited in the later half of the deformational
phase, during intermittent regional tectonic activ-
ity involving strong compression (Granath, 1989).
By middle Desmoinesian time, the Ouachita sys-
tem was being uplifted, spreading chert pebbles
into the basin (Sutherland, 1988). The thick
Devil’s Kitchen and Rocky Point chert-pebble con-
glomerates record the main Ouachita tectonic
pulses (Liesch, 1988).

FACIES AND FACIES ASSEMBLAGES

The location of the sections used in this study
are provided in Billingsley (1992). Ten facies, des-
ignated A through J and described and interpreted
in Table 1, were defined in the Deese sections ex-
amined. The individual facies observed in the
lower Deese sections could have formed in many
environments. However, within the sections exam-
ined, the facies combine to form seven distinctive
facies patterns or sequences. Certain of these se-
quences are likely to occur in succession, creating
three assemblage packages that indicate deposi-
tion in similar and adjoining environments. The
three assemblages represent shallow-marine sedi-
mentation, deposition on braidplains and/or allu-
vial fans, and deltaic and/or fluvial sedimentation.

Shallow-Marine Assemblages
Shoal Sequences and Shale-Dominated Patterns

The sandy fossiliferous limestones and fine- to
medium-grained fossiliferous sandstones (both are
facies A in Table 1) are cross-stratified, plane-bed-
ded, and/or rippled. These most likely were formed
as part of stacked, winnowed shoal sequences in
which wave and current action removed mud and
silt, concentrating coarser clastic material and fos-
sils.

The shoal sequences are interbedded with
thick, dark-gray shale sections (facies C) and scat-
tered thinner sandstone beds. Some fine-grained
quartz sandstones are so clean and well sorted
that sedimentary structures cannot be seen (facies
E); other fine- to medium-grained sandstones have
trough (facies H), ripple (facies G), and/or large-
scale, low-angle (facies F) cross-bedding. At the top
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Figure 1. Generalized stratigraphic section of the Ardmore

basin (after Raymer, 1987).

of one fine-grained marine sequence there is a dis-
tinctive unit with numerous foreset reactivation
surfaces and sandstone and shale couplets (facies
D).

The sandstones are probably wave-reworked
shallow-marine bars and beach deposits, similar to
those described by Elliott (1986) and Johnson and
Baldwin (1986). Reactivation surfaces are typical
of tidal flats (Elliott, 1986) and tide- and current-
dominated, shallow siliciclastic seas (Johnson and
Baldwin, 1986). The cross-beds with reactivation
surfaces may have been deposited in tidal chan-
nels, whereas the plane-laminated beds with reac-
tivation surfaces could be tidal bundles deposited
on a tidal flat. The overall pattern to these shale-
dominated sections is that of offshore to
interdistributary-bay shale deposition, with epi-
sodes of sand-bar, shoal, and possibly tidal-flat
deposition.

There is a set of five rippled, coarsen-
ing-upward sequences, each 2.5-9 m
thick (Fig. 4), plus another set of thinner
cycles. Both are between dark-gray
shales. At the base of each sequence there
are wavy to lenticular, nonfossiliferous,
light-colored (tan to light gray and green or red-
dish, with a few siderite zones) facies B shales.
These coarsen upward to wavy- and lenticular-
bedded, alternating sandstones and shales (facies
D) and are capped with highly rippled (mostly
unidirectional current ripples, but also some
interference ripples), flaser-bedded sandstones (fa-
cies G) with apparent herringbone cross-stratifica-
tion.

Coarsening-upward sequences like these can
form in several tide- and wave-dominated shallow-
marine settings. One possibility is shoreline or
bayfill deltas, similar to those described by Tan-
kard (1986), in which tides and waves, not dis-
tributary channels, control the deposition. Alter-
natively, these sequences could represent aggrad-
ing transgressional tidal flats, in which the inter-
tidal and subtidal mixed flats and sand flats have
migrated over the shallow-water mud flats or have
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Figure 2. Location map of the Ardmore basin in southern Oklahoma (after Sutherland, 1988).

formed on the flanks of nearshore bars (Johnson
and Baldwin, 1986).

Conglomeratic Braidplain and
Alluvial-Fan Assemblages

Fan-Delta and/or Alluvial-Fan Sequences

Overlying the dominantly marine section is a
sandstone and conglomerate sequence 65 m thick
(Upper Devil’s Kitchen Member; Fig. 5). The se-
quence includes a thick sandstone with trough
cross-bedding (facies H) overlain by a cherty,
cross-bedded sandstone with conglomeratic sand-
stone and/or chert-pebble conglomerate (facies J).
This pattern repeats up to the top sandstone. The
lower cross-bedded sandstone portion of the
Devil’s Kitchen Member is interpreted as a fan
delta that deposited a high bed load while pro-
grading over the shallow-marine sequences. The
alluvial fans and/or fan deltas were at least 32 km
long (Saether, 1976; Clark, 1983). The size of the
fan and the presence of plant fossils (Calamites)
are more in keeping with humid fans than with
typical southwestern United States arid fans.

Incised-Valley and /or Braidplain Sequences

Within a largely covered mudstone section near
the base of the lower Deese there is a thick (8 m),
fining-upward, chert-flake sandstone that is mas-
sive (facies E) to trough cross-bedded (facies H)
and contains a few thin chert-pebble and/or mud-

stone-pebble conglomerate (facies J) beds. One bed
has pronounced flute clasts at its base. Fifteen
meters higher in the section there is a second,
thinner (1.3 m), poorly sorted to bimodal, coarse-
grained sandstone with many scattered chert
pebbles and some low-angle cross-beds. Both units
have an abrupt coarse-grained base.

The thicker sequence is interpreted as braided-
stream alluvium, similar to the distal alluvial-
plain sequences of Steel and others (1977). It was
probably deposited within a valley incised into
shelf sediments following a tectonic uplift, as indi-
cated by the abrupt appearance of this coarse
material above finer-grained mudstones. The thin-
ner unit is more like the proximal facies of Steel
and others (1977), i.e., deposited near a basin
margin. It may also have formed in a shallow val-
ley incised into shelf sediments, but its bimodal
nature indicates that it could be a very coarse
fanglomerate that was deposited directly onto
shallow-marine shelf mudstones following a tec-
tonic episode.

Delta-Front, Delta-Plain, and
Fluvial Assemblages

Rippled and Cross-Bedded,
Coarsening-Upward Sequences

Between two of the shallow-marine assem-
blages there is a set of five cross-bedded, coarsen-
ing-upward sequences, each 3-6 m thick. Each
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TABLE 1. — FACIES SUMMARY

Description, Interpretations,
Facies sedimentary structures Processes environment

A Macrofossil zones, sandstone Short: (unbroken fossils) to Marine (brachiopod, bryozoan,
and sandy limestones, with medium distance transport; coral) to brackish-water (pele-
bedding; some have trough concentration into lags. cypod) deposition, by storms or
and/or ripple cross-bedding currents, at delta margins, in
Random fossil orientations. estuaries, on the shelf.

B Shale to silty shale, red Shallow quiet-water depo- Back bar lagoon, delta top ponds,
to tan, brown, and light sition, swamps. Fairly well- shallow lakes, overbank and levee
greenish gray. oxygenated conditions. deposits, and/or swamp deposition;

generally nonmarine to brackish
waters. Many of the reddish clay-
rich zones may be paleosols.

C Shale, gray to black. May Quiet-water deposition. Interdistributary bay (delta) to
contain brachiopods or other deeper offshore waters.
marine fossils.

D Alternating thinly laminated Variable flow regime. Distal delta-mouth bar, splay
to thin-bedded shale and fine- overbank deposits, tidal-flat
grained sandstone or siltstone and or estuarine environment.
fine-grained sandstone units. May Reactivation surfaces may
have reactivation surfaces or con- indicate tidal deposits.
volute lamination. Wavy and len-
ticular bedding.

E Unstructured siltstone or sand- Rapid uniform deposition Deposition in a number of settings,
stone, thick to no apparent winnowing, deposition by ranging from delta mouth and
bedding. May have a few clean decelerating sediment-laden nearshore bars to upper-channel-
climbing ripples or graded currents, or sediment struc- fill-deposits.
bedding. Light-gray to buffand tures-destroyed by burrowing.
tan. May be bioturbated and
have convolute lamination.

F Sandstone with large-scale, (1) Beach swash, waves, (1) Beach to offshore storm-
low-angle bedding, wedging, storms. influenced bar environment.
or hummocky cross-stratifica- (2) Successive accreting Can occur below fair-weather
tion. A few beds have undulating with high bed loads. wave base. High energy.
surfaces. ' (2) Braided streams.

G Ripple or climbing-ripple cross-  Lower (moderate) flow than Deposition on delta-mouth bars,
stratified sandstones and silt- facies H (sand dunes or waves) tidal flats and channels, point bars,
stones, small-scale trough or or I (planar beds), with cur- splay or overbank deposits, and
tabular. Flasers common; uni- rent, wave, and/or wind beach or estuary areas. Apparent
directional, bidirectional, and ripples. herringbone pattern created by
interference-wave cross-strati- bidirectional (e.g., tidal) currents,
fication. May have tracks (Cru- or interference-wave ripples.
ziana) on bedding surfaces.

H Sandstones with tabular or Often erosion followed by Deposition in a channel, (river,
trough cross-stratification, rapid deposition of migrat- delta distributary, tidal), point
~6 cm to 1 m high. May have ing sand waves and sand bar, or offshore bar yielding
large curved channel shape; dunes. cross-stratification.
mudstone-pebble and/or chert-
pebble lags. May be incised into
lower units, have lines of pebbles
on foreset planes.

I Thin planar-bedded to platy Upper-flow-regime planar- River bar, distributary channel-
sandstone beds. Some beds have bedding due to high flow, mouth bars, river or delta overbank
lineations on bed surfaces. May  shallow depth, and/or sand deposits, or braided-stream and/or
have convolute lamination. coarser than 0.6 mm. alluvial fan sheet-flood deposits.

J Coarse cherty sandstone, 50% Very high flow, lag deposits. Channel lag or alluvial-fan deposi-

conglomerate. Commonly thick-
bedded to trough cross-stratified,
often cut into underlying bed.

tion, longitudinal bars in braided
streams. Streams often subject to
extremely fluctuating flow
conditions.
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Figure 3. Rippled, fining-upward sequences in the
Deese | interval (letters designating the facies are
explained in Table 1).
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Shale or mudstone matrix (R = red beds)
Siltstone matrix
Sandstone matrix
Congolmeratic sandstone
Limestone

Thin-bedded to laminated
Thick-bedded to massive
Mud pebbles and clasts
Chert grains or pebbles
Concretions

Graded bedding
Convolute bedding

Ripple cross-stratification

Rippled surfaces on bed(s)

Rib and furrow pattern on bed(s)
Climbing ripples

Lenticular or wavy bedding
Apparent herringbone cross-stratification
Reactivation of surfaces

Gap in section

Tabular cross-bedding

Trough cross-bedding

Scoured, eroded base

Load clasts

Coal

Large-scale troughs or channels
Large-scale low-angle bedding

Hummocky cross-stratification
Fining-upward sequence
Coarsening-upward sequence

Crinoid pieces or columns
Brachiopods

Bryozoans

Gastropods

Other fossils, marine to brackish water
Burrows

Plant fossils (esp. Calamites)

Fusilinids and other foraminifera

Cruziana tracks
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Figure 4. Rippled, coarsening-upward sequences in
the Deese | interval (see Fig. 3 for legend; letters
designating the facies are explained in Table 1; R=
red beds).

coarsening-upward sequence within the set begins
with sandy, wavy- to lenticular-bedded, tan to yel-
lowish-brown, reddish-brown, or light greenish-
gray shale (facies B). Above this shale (or forming
the base of some cycles) are rippled, alternating
fine sandstone and shale beds (facies D). These
two facies dominate the lower two cycles. Above
these facies (in no particular order) are rippled
sandstone beds (facies ); a few thin, upper-flow-

5m 200 8.4: A P-N o
N e er 2
L U ocoe
ROAD

Figure 5. Upper Devil's Kitchen Member, Deese |l
interval (see Fig. 3 for legend; letters designating the
facies are explained in Table 1).
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regime, planar beds (facies I) or sandstones with
tabular cross-bedding; and many sandstones with
trough cross-bedding (facies H).

Thin (1 mm to ~5 cm) siltstone or shale beds lie
between some of the (2 ¢cm to 1 m thick) sandstone
beds, and there are several fine, thin, rippled,
coarsening-upward sandstone and shale couplets.
The foresets in successive beds sometimes indicate
opposing flow directions. Many bed surfaces, espe-
cially near the tops of the sequences, have unidi-
rectional, straight-crested ripples and/or interfer-
ence-ripple patterns (facies G). There is a gray
shale (facies C) above this set of five sequences.

This set of five coarsening-upward cycles be-
tween gray shales can be interpreted in two ways.
They could be a record of deposition in wave- and
tide-influenced, fluvially dominated delta-mouth
bars. The cross-bedding could have formed in
delta-distributary channels; the sandstone and
shale couplets may be levee deposits at the sides of
distributary channels. The abundant unidirec-
tional- and interference-ripple patterns on many
bed surfaces indicate the presence of waves, per-
haps with some tidal influence. The alternative
explanation is that these rocks represent large,
coarsening-upward shallow-marine sand waves
and sand ridges similar to those described by
Walker (1984). Cross-bedded and rippled, coarsen-
ing-upward sandstones make up the bulk of these
elongate sandstone bodies; the shales would be
interridge deposits. Both the delta-front and ma-
rine sand-ridge interpretations are consistent with
the shallow-marine assemblages found above and
below these sequences.

Thick, Cross-Bedded, Coarsening-Upward
Sequences

Overlying the Devil’s Kitchen are finer-grained
sedimentary rocks, including some marine lime-
stones. Above these are many thick (19-40 m
thick) cross-bedded, coarsening-upward sequences
interpreted as representing delta-front sediments.
One typical sequence coarsens upward from tan
shales with a few crinoids into alternating sand-
stone and shale beds (facies D), medium- to coarse-
grained sandstone with trough cross-bedding (fa-
cies H) and thin conglomerate beds (facies J), and
a few plane-bedded sandstones (facies I); the se-
quence is capped by coarse, cross-bedded sand-
stones. Other sequences contain thick sandstones
with the hummocky and large-scale, low-angle
cross-bedding typical of wave- and storm-domi-
nated deltas (Elliott, 1986) and/or the convolute
bedding and water-escape structures typical of
rapidly prograding deltas (Tankard, 1986).

Delta-Plain Sequences

The thick, coarsening-upward delta-front se-
quences are sometimes capped with thick sections
of gray-green to pale-tan or reddish shales and
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siltstones (facies B), locally containing thin sand-
stones with ripple cross-stratification (facies G)
and/or fining-upward sequences. These are inter-
preted as upper-delta-plain and fluvial and/or
flood-plain deposits.

One typical section (Fig. 6) consists of sand-
stones with parallel laminations and fine ripple
cross-bedding, light-gray shales, and greenish-
gray to red and tan siltstones (facies B). The lami-
nated fine material was probably deposited on the
flood plain or in delta-plain ponds, whereas the
finely rippled or climbing-rippled siltstones were
overbank deposits in splays and on levees. The
sandstones are 0.1-0.4 m thick and have upper-
flow-regime planar beds (facies I) or ripple cross-
stratification (facies G). These sandstones are in-
terpreted as splay deposits and small flood deltas
into shallow delta-plain lakes. There are also
cross-bedded, fining-upward sequences inter-
preted as point bars; some are capped by red mud-
stones (facies B), which may be relict paleosols.

Cross-Bedded, Fining-Upward Sequences

The middle of the lower Deese, above some
delta-front and delta-plain sequences, contains a
series of stacked, fining-upward sequences. The
base of a sequence is usually cross-bedded sand-
stone, typically deposited on a scoured surface
and/or with obvious large channels and troughs.
Above this sandstone are finer-grained sand-
stones, typically cross-bedded, planar-bedded, and/
or rippled; siltstones (including some thick beds
with climbing ripples); and shales. These are inter-
preted as fluvial point-bar sequences; several
within a delta-plain setting are shown in Figure 6.

DISCUSSION AND SUMMARY

The lower Deese Group can be divided into sev-
eral distinct sections (Fig. 1): (1) the shallow-ma-
rine and delta-front Deese I interval, from the top
of the Pumpkin Creek Member to the base of the
Lower Devil’s Kitchen Member; (2) the conglomer-
atic Upper Devil’s Kitchen Member (Deese II); (3)
the fluvial-deltaic Deese III section; (4) the marine
(Deese IV) Arnold Limestone Member; and (5) the
fluvial-deltaic Deese V section.

Most of the Deese I interval consists of shales
containing, and/or alternating with, thin sand-
stones; cross-bedded fossil zones; rippled, coarsen-
ing-upward sandstone and shale sequences; and
rippled, fining-upward sandstone and shale se-
quences. The thicker dark-gray shales probably
record deposition in deeper water, below wave
base. The repeating rippled, and/or cross-bedded,
fining- and coarsening-upward sequences that
contain light-colored shales occur as sets between
darker-gray shales, suggesting that there were
both bundled small-scale and more pronounced,
larger-amplitude changes in depositional water
depth. This fivefold bundled pattern is similar to
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Figure 6. Delta-plain and point-bar sequences in the
Deese lll interval (see Fig. 3 for legend; letters des-
ignating the facies are explained in Table 1; R = red
beds).

Pleistocene sediments that reflect climatic
changes with Milankovich periodicity. These shal-
low-marine to shoreline-bar, shoal, delta-front,
tidal-flat and estuarine, and possibly supertidal
facies assemblages could be, but are not necessar-
ily, part of delta-margin complexes.

The shoal deposits at the base of the Deese I
section, the alluvial and braided-stream deposits
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within the Deese I, and the conglomeratic (Deese
IT) Upper Devil’s Kitchen Member all have coarse
cherty material. The chert sandstones and con-
glomerates within the Deese I section grade into
sandstones that thin and pinch out to the north-
west across the basin. The Upper Devil’s Kitchen
Member (Deese II) can be correlated across the
basin; south of Ardmore, nearer the Quachita
thrust belt, it is a very thick chert-pebble conglom-
erate deposited in an alluvial-fan delta, but on the
north side of the basin, the Deese II is a thinner,
sandy, deltaic sequence (Saether, 1976).

The Ouachita fold belt, to the southeast of the
Ardmore basin, contains the Ordovician Big Fork
Chert and the (cherty) Devonian Arkansas No-
vaculite, which are sources for the chert in the con-
glomerates. Similar chert-rich sources are not
known in the uplifts southwest or north of the
Ardmore basin. Coarse conglomeratic deposits
generally indicate periodic mountain-front uplift
(Steel and others, 1977; Rust and Koster, 1984;
Burbank and others, 1988). The conglomeratic
deposits, in the southeast part of the Ardmore ba-
sin within the Deese I shallow-marine section,
suggest that deposition was periodically inter-
rupted by episodes of tectonic uplift of the Ouach-
ita fold belt. Shallow-marine deposition ended
when the coarse-grained deposits of the fan delta
and/or alluvial fan that produced the Upper
Devil’s Kitchen Member (Deese II) prograded over
this shallow shelf.

The Deese ITI and Deese V intervals are domi-
nantly siltstone and sandstone. Thick sandstone
units are separated by shales. There are thick,
coarsening-upward delta-front deposits and upper-
delta-plain siltstones with sandy splay deposits.
There are indications of changing water depths in
that thin marine limestones and prodelta deposits
alternate with thick sections of delta-front, delta-
plain, and fluvial deposits. No definite cyclic pat-
tern can be demonstrated. The delta and flood-
plain sedimentary units resemble the red-shale—
capped flood-plain deposits described by Gibling
and Bird (1994).

Many fining-upward, nonmarine fluvial (point
bar) deposits in the Deese I and Deese II intervals
are stacked into thick (up to 80 m thick) se-
quences; these indicate the possibility of nearby
uplifts (Shanley and others, 1991). However, other
evidence for later tectonic activity, i.e., in the
Deese III through Deese V intervals, is weak; in
these rocks, the many alternations of marine and
delta-front sedimentary units with nonmarine
sedimentary units could be due to eustatic, cli-
matic, and/or tectonic forces.
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ABSTRACT.—The Lower Desmoinesian Cherokee Group (Pennsylvanian) in Oklahoma is
partly represented by a series of sandstones and shales deposited during cyclic periods of
progradation and marine transgression. Mapped occurrences of oil and gas production from
four selected Cherokee sandstones (Bartlesville, Red Fork, Skinner, and Prue) illustrate some
patterns that have been interpreted as fluvial channels. These fluvial systems generally had
their sources in the north and northeast; they formed deltas across parts of the Anadarko shelf
in northwestern Oklahoma and the northeastern Oklahoma platform. These sandstones are
usually stratigraphically separated by limestones and shales deposited during periods of
marine transgression.

The Oklahoma Geological Survey’s Natural Resources Information System (NRIS) was
used to study the production profiles from these four selected Cherokee sandstones. A 12-year
production history shows data for those leases that report a selected sandstone as the only
producing interval. Those leases that report more than one producing interval are shown as
“co-reported” and are used for comparative analyses only. The NRIS database is a useful tool
for analyzing occurrence and/or production from reservoirs across the State of Oklahoma.

The Tecumseh NW field, located in T. 9-10 N., R. 3 E,, in Pottawatomie County, Oklahoma,
is an example of a successful development in a Cherokee Group sandstone. The field, discov-
ered in 1979, produces oil and associated gas from stratigraphic traps in the upper and lower
Red Fork sandstone. These reservoirs have been interpreted as a series of valley-fill shoreline
deposits laid down by a fluvial-dominated estuarine deltaic system. Data indicated that the
Red Fork sandstone was well suited for secondary development, and a water-flooding program
was implemented in the field in 1991. As of August 1992, the NRIS Oil and Gas Production file
indicates Red Fork sandstone cumulative production in the Tecumseh NW field to be 7 MMBO
and 24 Bef of associated gas. Data from the NRIS Well History file show a total of 89 wells have
been drilled within the field since its inception.

Brown, D. P.; Northcutt, R. A.; and Grasmick, M. K., 1996, Cherokee Group (Pennsylvanian) production in
Oklahoma: data from fluvial-dominated deltaic reservoirs, in Johnson, K. S. (ed.), Deltaic reservoirs in the
southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 249.
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Using Flooding Surfaces as Interpolation Guides:
Three-Dimensional Modeling Concepts for a
Fluvial-Dominated Deltaic Reservoir

Raymon L. Brown

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—This paper proposes the use of process-based methods of three-dimensional in-
terpolation between two bounding surfaces as an approach to building three-dimensional
models of fluvial reservoirs. The bounding surfaces best suited for interpolation purposes in
fluvial-dominated deltaic reservoirs appear to be the marine- and fluvial-flooding surfaces. The
resulting modeling scheme is very much like the interpretation process in a fluvial-dominated
deltaic environment. The advantages gained via three-dimensional modeling in this manner
are the visualization and the constraints upon the interpretation that result from a process-

based interpolation.

INTRODUCTION

How can a three-dimensional model of a reser-
voir deposited in a fluvial-dominated delta be con-
structed? One easy way is to give a geologist a
large number of wooden blocks of different colors
representing the different facies and let him or her
stack the blocks into a three-dimensional model of
the Earth. Admittedly, this method seems rather
awkward compared to the cross sections and struc-
tural maps that have been used by the oil and gas
industry for years. However, this example is not
very different from some of the early computer-
based three-dimensional modeling packages. The
user almost has to define every cube of the reser-
voir in order to build a three-dimensional model
that is representative of the user’s intuitive pic-
ture of a particular depositional environment. This
is not a very satisfactory approach because of the
intensive extra effort required to build a three-di-
mensional model of a reservoir. In order to ease
the problem of assembling a three-dimensional
model of a reservoir, interpolation methods have
been introduced to reduce the amount of input ef-
fort required to construct a three-dimensional
model. This paper describes a process-based inter-
polation concept that can be used to incorporate a
priori information about fluvial systems into the
three-dimensional modeling process.

I begin by describing how surfaces can be used
to interpolate information between well control.
Next, I deal with the issue of which kind of sur-

faces are best suited for interpretation and inter-
polation. Finally, process-based interpolation algo-
rithms are suggested for filling the volumes be-
tween the surfaces. The ideas presented here are
for fluvial-dominated deltaic environments, but
the basic principles can be used in all depositional
environments.

EARLY IDEAS FOR INTERPOLATION

Sequence stratigraphy (Sloss, 1963) and the
concepts of seismic stratigraphy (Vail and others,
1977) have successfully been applied in large-scale
marine environments where sea-level changes
leave pronounced unconformities. The unconform-
ities can often be recognized on seismic data and in
the well control so that the surfaces associated
with the unconformities can be mapped. The depo-
sitional package or “sequence” of genetically re-
lated strata between surfaces represents the rise
and fall of sea level. This understanding of the vol-
ume enclosed by the sequence boundaries is then
used by sequence stratigraphers in their efforts to
interpret the distribution of facies between the se-
quence boundaries. The process of interpolating to
build a three-dimensional model can proceed in
very much the same way.

Consider Figure 1, in which two sequence
boundaries are identified. The layers between
these two sequence boundaries are treated as if
they vary in proportion to the thickness of the in-
terval between the two sequence boundaries. Fig-

Brown, R. L., 1996, Using flooding surfaces as interpolation guides: three-dimensional modeling concepts for
a fluvial-dominated deltaic reservoir, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern
Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 250-253.
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SEQUENCE
BOUNDARIES
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Figure 1. Proportional interpolation. Sequence
boundaries can be used to guide interpolation. In this
illustration, the lighter lines represent the distribution
of similar values distributed in proportion to the sepa-
ration of the sequence boundaries.

ure 2 illustrates a case in which the top sequence
boundary is used to guide the interpolation. This
approach to interpolation simulates onlap and
downlap. Figure 3 shows a circumstance in which
the bottom sequence controls the interpolation.
This can be used to simulate the effects of toplap.

However, in fluvial-dominated deltaic environ-
ments, the reservoirs are deposited under mixed
circumstances in which the fluvial and marine
forces play their respective roles. Unconformities
are not easy to recognize at the reservoir scale in
the subsurface. Alternatives to sequence stratigra-
phy have to be sought.

WHICH SURFACES SHOULD BE USED
TO GUIDE INTERPOLATION IN A
FLUVIAL ENVIRONMENT?

Deciding which surfaces should be used for
three-dimensional subsurface modeling of a fluvial
environment is a matter of practicality. The se-
quence boundaries associated with sea-level rise
and fall are certainly useful for unraveling the big
picture related to a fluvial-dominated delta. How-
ever, a detailed analysis required for exploration
and development work requires the construction of
models at smaller scales, and the sequence stratig-
raphy does not offer much information about the
strictly fluvial portion of the environment.

Miall (1988) has suggested a hierarchy of sur-
faces associated with fluvial systems that was
based upon field observations. However, the sur-
faces described by Miall are generally not easy to
recognize in subsurface studies unless specialized
logs are used.

Fortunately, fluvial-dominated deltaic environ-
ments are characterized by flooding surfaces at all
scales. At the smallest scale, the flooding surfaces
represent the localized flooding episodes of a river.
At the largest scale, the flooding surfaces can rep-
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Figure 2. Onlap and downlap. Another way to use a
sequence boundary to guide an interpolation is by
using the top sequence boundary as a guide to inter-
polation. In this case, only the geologic data at the
top of the sequence in the well on the left influence
the predictions of the geology in the well on the right.
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Figure 3. Toplap. If the bottom sequence boundary is
used to guide the interpolation, the effects of toplap
can be simulated in a three-dimensional model.

resent a marine flooding surface or even a large-
scale avulsion or a period of nondeposition. Conve-
niently, these surfaces can be used for relative
correlation purposes and to control estimates of
the geology confined between the surfaces. Figure
4 illustrates how these flooding surfaces can often
be recognized across the flood plain of a fluvial sys-
tem. The interpretation then proceeds by first cor-
relating these surfaces in all the wells and then
attempting to recognize the facies between the
flooding surfaces in the well control. Once these
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Figure 4. Flooding surfaces. Sequence boundaries
are not easy to recognize at the reservoir scale, but
flooding surfaces associated with fluvial-dominated
deltaic deposits can be used as a substitute.

facies have been identified, the geologist extends
the interpretation away from the well control.

In three-dimensional modeling on a computer,
the process is very much the same. The difference
suggested here is that the interpretive process be
augmented by process-based modeling procedures
that can significantly improve the accuracy of any
final model. Some ideas for process-based model-
ing are described in the next section.

PROCESS-BASED INTERPOLATION
BETWEEN SURFACES ’

Process-based interpolation is an attempt to
use what is known about a geologic environment,
e.g., the fluvial-dominated deltaic environment, as
a guide to the interpolation process. There is much
empirical information about fluvial systems (e.g.,
see Bridge and Mackey, 1993) and even fluvial-
dominated deltas (e.g., Tyler and others, 1991).
The equations and quantitative information avail-
able from a priori information about fluvial-domi-
nated deltaic reservoirs can significantly improve
the accuracy of the modeling effort. At the largest
scale, for example, parameters such as the width
of a channel, W, observed in a well can be related
via empirical equations to the wavelength, L, of
the river meander (Fig. 5). At smaller scales, the
distribution of facies within the fluvial-dominated
deltas can be related to the distributions assigned
to the larger-scale features. The ultimate result is
a three-dimensional model in which various prop-
erties can be assigned for seismic and reservoir-
simulation studies.

SUMMARY

It is clear from the foregoing that three-dimen-
sional computer modeling of reservoirs can and
probably should be designed very much like the

R. L. Brown
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Figure 5. Process-based modeling. Much observa-
tional data conceming fiuvial systems can be used to
construct models of fluvial environments guided by
the interpreted flooding surfaces shown in Figure 4.
The data have been constructed into equations (see
Bridge and Mackey, 1993) that can be used to con-
struct realistic geometries for channels. These ideas
can further be extended to include the distribution of
facies with respect to the channels.

interpretation precess. For fluvial-dominated del-
taic reservoirs, unconformities for the large scale
combined with flooding surfaces (both marine and
fluvial) can be used for interpolation as well as
correlation.purposes. Then, three-dimensional in-
terpolation between these surfaces can be accom-
plished by using process-based algorithms that
basically incorporate available data about deposi-
tional environments into the interpolation. The
result will be a more realistic three-dimensional
capability that can be used for visualizing a model
from different views and for interactively con-
structing models that can be used for various stud-
ies associated with the reservoir.
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Detailed sedimentological and stratigraphic
characterization using wireline logs and cores is
required to understand the heterogeneity found in
deltaic reservoirs and for planning advanced pro-
duction methods and related enhanced-oil-recov-
ery processes.

The lithostratigraphic framework character-
ized in the Conoco 33-5 well ranges from the
Barneston Limestone (Chase Group—early
Wolfcampian) at the top to the Lagonda Sandstone
Member of the Senora Formation (Cabaniss
Group—Desmoinesian) below. The stratigraphic
interval comprises a total stratigraphic thickness
of 3,067.1 ft, of which 1,373.5 ft was cored.

Facies observed in cores were correlated with
their appropriate geophysical log signatures; in
uncored wells, facies were identified from log sig-
natures that enabled the subsurface stratigraphic

units to be correlated with outcrop analogues.
Core-to-log correlations are being used in a
series of stratigraphic sections to delineate deposi-
tional environments throughout the test borehole
facility and in selected parts of the immediate
area.

One of the main sandstone reservoirs of inter-
est in the cored sequence is the upper part of the
“Osage-Layton sandstone” interval (Cottage Grove
Sandstone Member—Missourian) of the Chanute
Formation. Eight core facies, or reservoir zones,
are recognized in this sandstone-dominated se-
quence that is 123 ft thick. The core-facies bound-
aries are defined by lithofacies, sedimentary struc-
tures, and wireline log responses, particularly
gamma-ray log markers. The composition of
the eight core facies is described below, in strati-
graphic order.

Thickness
‘Core facies Lithology (ft)

8 Sandstone, very fine grained, noncalcareous, massive with abundant 9.9
carbonized plant fragments

7 Sandstone (98%), very fine grained, noncalcareous with abundant carbonized 10.9
plant fragments; rare beds of shale (2%) showing low-angle cross-bedding

6 Sandstone (99%), very fine grained, noncalcareous, massive, with abundant 53.1
carbonized plant fragments

5 Sandstone (98%), very fine grained, noncalcareous with wavy laminae of 12.7
shale (2%); conglomeratic lag at base

4 Interlaminated noncalcareous, very fine grained sandstone (60%) and shale (40%) 3.4

3 Sandstone (98%), very fine grained, very calcareous with very thin bands of 27.5
interlaminated shale (2%) and ripple-marked sandstone

2 Interlaminated, fissile, black shale (60%) and noncalcareous, very fine grained 2.2
sandstone (40%)

1 Sandstone, very fine grained, noncalcareous, with carbonaceous shale laminae 14

Chaplin, J. R.; and Kareem, M. R, 1996, Stratigraphic characterization of selected Pennsylvanian petroleum-
producing sandstone reservoirs from integrated core and well-log data, Conoco 33-5 well, Conoco test bore-
hole facility, Kay County, Oklahoma, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern Mid-
continent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 254.
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Surface Geochemical Hydrocarbon Signatures of the
Eastern Colorado and Western Kansas Morrow Group
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ABSTRACT.—Meandering fluvial deposition joined with valley-fill stratigraphic and combi-
nation traps makes the Pennsylvanian Morrow Group sandstones of eastern Colorado and
western Kansas a very challenging exploration target. Surface geomicrobial analysis of shal-
low soil samples enhances and ranks geophysical and geologic leads by identifying hydrocar-
bon microseepage signatures. Productive versus nonproductive Morrow traps are delineated
by microbial prospecting that locates and measures concentrations of specific microbial popu-
lations associated with hydrocarbon gases leaking from buried reservoirs. Examples of
microbial signature profiles over known production and prospect locations prior to drilling
are provided, including the Moore-Johnson stateline field and Colorado’s Second Wind

field.

INTRODUCTION

The Microbial Oil Survey Technique (MOST)
is based on the presence of hydrocarbon micro-
seeps leaking from buried reservoirs. The
microseeps are detected by observing concentra-
tions and distributions of hydrocarbon-indicating
microorganisms found in shallow soils. More
specifically, when the upward-migrating hydrocar-
bon gases from hydrocarbon reservoirs enter
the shallow soil environment, they are utilized by
a specific group of microorganisms. There is a
direct, positive relationship between the hydrocar-
bon concentrations in the soils and these microbial
populations (Fig. 1). This relationship between
increased hydrocarbon concentrations and in-
creased hydrocarbon-indicating microorganism
populations is easily measurable and distinctly
reproducible (Tucker and Hitzman, 1994).
High hydrocarbon-indicating microbial popula-
tions are therefore reliable indicators of hydro-
carbon gas migration (Pareja Lopez and others,
1993).

The specific microorganism populations are
measured from shallow soil samples collected from
depths of between 6 and 8 in. The soils are ana-
lyzed by microbiological screening techniques for
hydrocarbon-indicating microbes (Hitzman and
others, 1994). The process used in this survey
screened for only those microorganisms that indi-
cate the presence of light hydrocarbons, particu-
larly butane.

Sample patterns and sample density are se-
lected to best define the hydrocarbon potential of
the target area, subject to considerations of terrain
and accessibility. Reconnaissance and more de-
tailed surveys of acreage or prospects may be com-
pleted in this manner. The predictive value of this
technology has been demonstrated by extensive
field surveys. Microbial surveys are highly effec-
tive when used in conjunction with geologic and
geophysical data.

MORROW MICROSEEPAGE
SIGNATURES

Morrow reservoirs are usually identified from
subsurface mapping and seismic profiles. The loca-
tions of trapped hydrocarbons with sufficient com-
mercial value are more difficult to determine.
Although improved seismic studies can sometimes
locate Morrow channel deposits, the presence of
hydrocarbons is still unknown until tested by the
drill bit. Microbial surveys indicate the presence
of hydrocarbon microseepage and both confirm
and deny the presence of commercial hydrocar-
bons. When used with sufficient sample spacing
and density, microbial surveys act as a lead
exploration tool and can identify meandering
channel prospects with positive hydrocarbon
microseepage. However, the common role of sur-
face geochemical surveys has been to rank and
screen good seismic prospects against poor seismic
prospects.

Hitzman, D. C.; Tucker, J. D.; and Rountree, B. A., 1996, Surface geochemical hydrocarbon signatures of the
eastern Colorado and western Kansas Morrow Group, in Johnson, K. S. (ed.), Deltaic reservoirs in the
southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 255-262.

255



256

Stateline Reservoirs

The Moore-Johnson field, located in northwest
Greeley County, Kansas, T. 18 S., R. 43 W, is be-
lieved to be a braided-stream deposit with two
sandstone lenses containing moderately sorted,
coarse-grained quartz. Lower Morrow Group lime-
stones and shales form both the bottom and top
traps (Adams, 1990). The Moore-Johnson No. 1
initially produced 522 barrels of oil per day in Oc-
tober 1989. Microbial samples were collected every
330 ft along a 6-mi east-west traverse across the

D. C. Hitzman and others

narrow reservoir area. A microbial profile (Fig. 2)
shows an anomalous microbial signature at the
reservoir location and a second strong signal 2 mi
to the east. A second microbial profile exhibits
similar anomalies over recently discovered deltaic
traps 2 mi south of the Moore-Johnson field
(Fig. 3). The Amoco 2 Settles gas well and the
Murfin Schmidt C oil well were surveyed with a
3-mi traverse and a sample spacing of every 530
ft.

The Sidney field, located farther north in
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Ideahzed Hydrocarbon Mlcroseepage Profile

Figure 1. Model hydrocarbon microseepage profile with microbial response profile.
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Figure 2. Microbial plot of Moore-Johnson field after discovery. Anomalous microbial values define the Moore-

Johnson stateline field.
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Greeley County, T. 16 S., R. 42 W., was tested
with a 5-mi traverse and a sample spacing of 330
ft (Fig. 4). The microbial signature of the Sidney
field is positive compared to the background
and dry-hole areas of the rest of the traverse.
These three reconnaissance traverses exhibit
high microbial microseepage signatures associated
with the known producing Morrow channels.
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More complete prospect definition and evalua-
tion requires additional samples in closer parallel
or grid traverses along with comparison with geo-
logic and geophysical data.

Colorado Wildcats

Predictive microbial surveys of wildcat wells
correctly tested microseepage signatures of the
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Figure 3. Microbial plot of Amoco no. 2 Settles and Murfin Schmidt C traverse. Stateline area Morrow pros-

pects exhibit anomalous microbial responses.
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Figure 4. Microbial plot of the Sidney field (after discovery) in northwest Greeley County, Colorado.
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Mt. Pearl and Second Wind fields and, just as sig-
nificantly, clearly identified Morrow target dry
holes prior to drilling. As part of a large (400 mi?)
evaluation of the Las Animas arch area of eastern
Colorado, Phillips Petroleum Company collected
approximately 10,000 MOST samples (Sundberg
and others, 1994). Sampling along county road
right-of-ways and seismic traverses, Phillips
mapped a microseepage pattern in 1983 that de-
lineated the Sorrento field and predicted the sub-
sequent Mt. Pearl extension (Figs. 5,6).

120

MICROBIAL VALUES (MOVING AVERAGE)

Limits of Sorrento Field

D. C. Hitzman and others

The Second Wind field in Cheyenne County,
Colorado, was surveyed by Phillips prior to the
field’s discovery well. In this case, Phillips used a
histogram-distribution interpretation of microbial
values to predict whether the wildcat’s section was
microseepage prone (Fig. 7). After hundreds of
similar comparisons, Phillips has determined that
a microseepage-prone area exhibits a high micro-
bial average and multimodal and right-hand-
skewed frequency distribution (Beghtel and
others, 1987). Dry holes exhibit histogram distri-
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Figure 7. Second Wind field’s frequency-distribution
histogram (above) exhibiting high microbial average
and right-hand-skewed distribution. Successful pre-
diction of new discovery made prior to drilling
(below).

butions with lower averages and more normal or
bell-shaped distributions (Fig. 8). Phillips has used
this analysis to correctly rank hundreds of pros-
pects.

Two examples of dry-hole predictions were
mapped in Kiowa and Cheyenne Counties, Colo-
rado (Figs. 9,10). Parallel, 2-mi traverses, with a
sample spacing of every 330 ft, searched for Mor-
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row channels in areas previously screened by geo-
physical data. A total of four wildcats located away
from the best microseepage pathways were cor-
rectly predicted to be dry holes. In each case, addi-
tional microbial samples would be recommended
for exact drill-site placement.

CONCLUSIONS

Meandering fluvial-deltaic Morrow reservoirs
are difficult to locate with conventional seismic
and geology. These tools do not indicate the pres-
ence of hydrocarbons, only possible traps. Micro-
bial surveys measure hydrocarbon microseepage
leaking from Morrow channel deposits. Predictive
microbial case studies warned against dry holes
and accurately defined the Mt. Pearl and Second
Wind fields of Cheyenne County, Colorado. The
Moore-Johnson and Sidney fields of Greeley
County, Kansas, show anomalous microbial
microseepage signatures. Ideal microbial explora-
tion strategy includes the collection of samples
approximately 330 ft apart in parallel traverses
nearly perpendicular to the prospect channels and
alignments. The integration of microbial
microseepage data with geology and geophysics
creates a triad of technology that seeks to
eliminate dry holes and increase exploration suc-
cess.
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Figure 8. Morrow target dry hole predicted (below)
with microbial-distribution histogram (above) that

shows low average and normal (bell-shaped) distri-
bution.
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Figure 9. Mapped microbial signatures of four traverses at approximate 0.75-mi spacing predict dry holes in
Kiowa County, Colorado.
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Figure 10. Mapped microbial signatures of three more widely spaced traverses at approximately 1-mi spacing
predict dry-holes in Cheyenne County, Colorado.
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ABSTRACT.—The Alamo SW field, discovered in 1988, produces 50° API oil from an
“unconformity” sandstone (Bartlesville) reservoir that consists of upper and lower sandstones
separated by 10 ft of silt and shale. Cumulative primary production from the 10 field wells was
294,968 STB of oil and 0.572 BCF of gas through November 1992. Most of the production has
been from the lower sandstone zone. The geologic model constructed for the field with well-log
and core data was used in reservoir-simulation studies to evaluate water-flooding performance
and to determine the effects of horizontal completions for production and injection wells during
primary and secondary recovery. '

The simulation model contained 322 active cells, each with a length and width of 330 ft and
a thickness interpreted from the sandstone isopach maps for each zone. The average porosity
and permeability for the lower zone was 12% and 2.25 md. The average water saturation was
26%.

Simulation results showed that conversion of three wells to water-flooding injectors would
produce 400,000 STB more oil than projected primary recovery. Using a horizontal completion
(1,000 ft), simulation results showed that there would be very little improvement in primary
recovery, but that a horizontal completion would provide a more uniform water-flooding front,
thus bypassing less oil. Simulation results also showed that, compared to a vertical injection

well, a horizontal injector would have a significantly greater recovery efficiency per barrel of

water injected.

INTRODUCTION

The Alamo SW field, located largely in sec. 19,
T. 7 N., R. 1 W_, Cleveland County, Oklahoma,
produces 50° API oil and gas from the “uncon-
formity” sandstone, interpreted in this area to be
equivalent to the Bartlesville sandstone. The dis-
covery well was completed in January 1988
as a reentry of a previous well abandoned in
1959. Currently, this field has 10 wells, all conven-
tional vertical completions (Fig. 1). Completion
procedures usually included a fracture treatment
using 20,000 to 40,000 gallons of gelled oil and
60,000 to 70,000 pounds of 20/40 sand. Cumulative
production through November 1992 from the 10
wells completed in the field was 294,968 STB of oil
and 0.572 BCF of gas, estimated to be 11% of the
original oil in place. Solution-gas drive is the pri-
mary recovery mechanism for the field. Evidence

for an initial gas cap was not found, and no water
has been produced from the field wells.

The purpose of this study was to determine (1)
whether horizontal well completions could im-
prove either remaining primary recovery or water-
flooding performance in this field and (2) the opti-
mum locations for such wells.

RESERVOIR GEOLOGY

The reservoir consists of two small, discontinu-
ous sandstone bodies separated by a shale interval
10 ft thick. The areal extent of this basal Des-
moinesian reservoir is approximately 652 acres.
The base of the lower sandstone is incised into the
Woodford Shale. The upper sandstone is limited to
152 acres and only produces in three wells. The
reservoir is referred to as the unconformity sand-
stone or the Bartlesville sandstone.

Knapp, R. M.; Forgotson, J. M., Jr.; Collins, T.; Genuzio, A.; and Gossling, J. M., 1996, Improved recovery
alternatives for the Alamo SW field: a tight fluvial-deltaic sandstone reservoir, in Johnson, K. S. (ed.), Del-
taic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98,

p. 263-273.
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Figure 1. Base map of Alamo SW field showing well locations in sec. 19, T. 7N., R. 1 W., Cleveland County,
Oklahoma; also shown are well names and grid used for simulation. Active grid cells are within heavy out-

line.

Core Description
and Environmental Interpretation

Figure 2 shows the well logs illustrating the
stratigraphic position and log characteristics of the
reservoir in the J. & T. Operating Inc. Montgom-
ery no. 1-19 well located in the CSEVANWY of sec.
19. Figure 3 depicts the lithology and interpreted
depositional environments of the interval cored
between 6,797 and 6,834 ft. The core has been sub-
divided into six distinct lithofacies, as shown on
the stratigraphic column in Figure 3.

The sharp erosional contact between the
Woodford Shale and the overlying basal Bartles-
ville sandstone represents a major uncon-formity.
The lower 10 ft of this section represent a channel
cut into the underlying Woodford and infilled with
very fine grained, lithic-rich quartz sand exhibit-
ing large-scale bed forms. The bed forms and grain
size decrease upward through the section. The fin-
ing-upward sequence is interrupted by a 2-ft-thick,
structureless, fine-grained sandstone that grades
upward into a 10-ft-thick interval of intercalated
shale and thin sandstone. The upper contact of the
shale unit appears to be conformable and exhibits

a distinct coarsening-upward sequence. This tran-
sition from fine-grained clastic sediment to
coarser-grained material may represent filling of
an oxbow lake by crevasse-splay deposits. The to-
tal sandstone package near the top of the core may
be related entirely to the crevasse splay. However,
it is probable that a fluvial channel overlies the
upper surface of the crevasse splay and that the
contact between the two sandstones is not distin-
guishable. The contact between the upper sand-
stone unit and the overlying marine prodelta
shales is missing.

The net porosity isopach of the lower Bar-
tlesville reservoir is shown in Figure 4. The net
porosity isopach of the upper zone is shown in Fig-
ure 5. The average connate water saturation calcu-
lated from well logs is 26%. A monoclinal structure
mapped on the top of the lower Bartlesville sand-
stone dips approximately 100 ft/mi uniformly
westward. The stratigraphic trap is formed by lat-
eral gradation of the reservoir sandstones into
nonpermeable siltstones and shales. Development
wells have been drilled at least 660 ft apart along
the trend of the sandstone body.
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Figure 5. Net porosity isopach (porosity >8%)} for the upper Bartlesville reservoir, Alamo SW field.
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TABLE 1. — RESERVOIR PROPERTIES

Third layer (lower Bartlesville)

Horizontal permeability: x direction 2.25md
Horizontal permeability: y direction 2.25md
Vertical permeability: z direction 0.6 md
Thickness (Avg.) 151t
Porosity (Avg.) 12%
DESCRIPTION OF THE
SIMULATOR INPUT DATA

A grid of 24 x 20 x 3 in the x, y, and z directions,
respectively, was used to simulate this three-
phase reservoir. The grid size was chosen to pro-
vide a close description of the reservoir, to describe
the initial physical properties, and to model the
behavior of individual wells so that it would be
possible to simulate future reservoir behavior un-
der different strategies, such as horizontal comple-
tions or water flooding. The x axis of the grid was
oriented parallel to the east-west trend of the net-
sandstone isopach and the maximum permeability
vector. Three layers were used to model the upper
and lower sandstones separated by an imperme-
able shale layer. The total number of cells was
1,440, and the number of active cells was 322.

The depths to the top faces of all reservoir grid
cells were interpolated from the structure map.

The length and width of each grid block was
330 ft (Fig. 1). This size was chosen to maintain at
least two grid blocks in each direction between
wells. Thickness values for the upper and lower
sandstone layers of the reservoir were interpolated
from the isopach maps to the center coordinate for
each grid block. Zone thicknesses shown in Fig-
ures 3 and 4 were interpreted from logs of the
wells. A uniform 10-ft shale layer completely sepa-
rated the upper and the lower sandstones.

Reservoir Properties

Porosity values calculated by using log data
from the wells were used to prepare isoporosity
maps for the upper and lower zones. The average
porosity value for each zone in each well was as-
signed to the grid block where that well is located,
and by using those ten grid blocks containing
wells, the porosity values for the rest of the grid
blocks were obtained by interpolation or extrapola-
tion. The shale layer was defined as having zero
effective porosity.

Permeability was defined in each of the x, y,
and z directions (for example, see Table 1). The
core report for the Montgomery no. 1 presented
evidence of directional permeabilities. Because
permeabilities in the x and y directions were of
similar magnitude, the geometric average values
were used. The permeability in the vertical, z, di-
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rection was taken directly from the core analysis
report. The shale layer was considered imperme-
able.

Petrophysical Data

Several tables within the Eclipse software
(INTERA, 1992) describe the petrophysical rela-
tionships between the reservoir rock and the pore
fluids. Because capillary-pressure data were not
measured on the Montgomery no. 1 core, a capil-
lary-pressure curve for a low-permeability water-
wet sandstone was obtained from Amyx and oth-
ers (1960). By using that general curve, curves for
water-oil and gas-oil fluid systems for each zone
were generated from the Leverett J-function and
log-derived data (Amyx and others, 1960).

The relative permeability curves were based on
relationships from Justus and others (1953) be-
cause no data were available for the Alamo SW
field. The Justus and others (1953) curves were
adjusted by shifting the connate water and re-
sidual oil saturation to those values for the SW
Alamo field reservoirs.

Reservoir-Fluid Data

The PVT data obtained from reports for J. & T.
Operating, Inc. (1988) and from a reservoir-fluid
study for Harbart Energy (Core Laboratories,
1988) are shown in Table 2.

Well Definition Data

The completed zones and depths to perforations
were obtained from completion reports. Other data
necessary were the economic limit, 1 STB/day, and
the productivity index (PI) for the wells. The PI
values were adjusted by trial and error until calcu-
lated results matched the history of the production
of the field. Production reports were for six-month
intervals.

SIMULATION RESULTS

The following assumptions were made for his-
tory matching. (1) PVT data for both zones are
identical, (2) no communication existed between
the upper and lower zones, (3) permeabilities in
the x and y directions have the same values for the
upper and lower zones, but permeabilities in the z
direction have different values for the zones, (4)
upper limits of production rates were set at 100
BFD for any forecast runs, (5) minimum allowed
bottom-hole pressure was set at 350 PSIA, and (6)
predicted production simulation was confined to a
10-yr period.

Primary Recovery Using
Existing Vertical Wells
A 10-yr forecast period was selected to compare
recovery factors. The “base case” for comparing
alternative strategies is a continuation of the cur-
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TABLE 2. — RESERVOIR FLUID PROPERTIES

Connate-water saturation (for both layers) 26%

Oil gravity 50° API

Gas viscosity at bubble pressure 0.0156 cP

Qil viscosity at bubble pressure 0.310cP

Oil density at surface 47.6 Ibm/ft?
Gas density at surface 0.06054 Ibm/ft?
Water density at surface 64.0 Ibm/ft?
Solution gas/oil ratio at bubble pressure 1008 SCF/STB
Oil formation volume factor at bubble pressure 1.582 RB/STB
Gas formation volume factor at bubble pressure 0.00986 RCF/SCF
Reservoir temperature 170 °F

Initial reservoir pressure 2745 PSIA
Bubble point pressure 1632 PSIA
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Figure 6. Simulated cumulative oil production (in STB units) by well projected for 10 yr from November 1992,
Field total is 640,000 STB.

rent field production practices with the ten exist- Primary Recovery Using a

ing wells. The estimated original oil in place from Single Horizontal Well

both sandstone zones was 2,700,000 STB. If the

field were to produce at 350 PSIA constant bottom- To find the best location in the reservoir for a

hole pressure for an additional 10 yr, the expected  horizontal production well, every vertical well was
recovery factor would be 23.7%. Figure 6 shows simulated with a 1,000-ft horizontal segment at
the expected cumulative oil production for all indi- various orientations. This analysis indicated that
vidual wells. Two wells, the Northeutt no. 1 and  the best location for a horizontal recompletion
the Montgomery no. 1, account for 42% of the ex- would be the Northcutt no. 2 with the horizontal
pected production. The historical match period is segment oriented northward from the existing
previous to 1,752 days. Projected production is  well bore. The productivity index (PI) for the hori-
from 1,751 to 5,351 days. Figure 7 shows the oil- zontal well was estimated by using Joshi’s
saturation map for the lower zone at the end of the  (1987,1989,1991) method. Multiple simulations
base case. using critical gas saturations varying from zero to
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Figure 7. Simulated oil-saturation map for lower Bartlesville zone; primary recovery projected for 10 yr from
November 1992. SOIL = oil saturation.
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Figure 9. Simulated oil-saturation map for lower Bartlesville sandstone based on water-flooding performance
with three vertical injection wells for 10-yr period from November 1992. SOIL = oil saturation.

0.4 show no significant difference in oil recovery.
The field production with a horizontal completion
in the Northcutt no. 2 well would be 2.3% (60
MSTB) higher than with vertical wells only.

Water-Flooding Analysis

Water-flooding performance was analyzed to
compare the sweep efficiency of vertical injectors
or producers with horizontal injectors or producers
for this reservoir and to evaluate the recovery sen-
sitivity to permeability anisotropy for vertical in-
jection wells, compared to a horizontal injection
well in this reservoir.

Water Flooding with Vertical Injection
and Production Wells

The vertical-wells water-flooding program con-
verted the Scott no. 1, Scott no. 2, and Montgom-
ery no. 2 wells to injection wells. Figure 8 shows
the cumulative oil production for all wells after 10
yr of water-flooding operations. Figure 9 shows the
expected oil saturation in the lower zone of the
reservoir after 10 yr of water-flooding operations
for this case. Based on the simulation results in
the homogeneous case (kx = ky), the oil recovery
was 38% of the original oil in place (OOIP) (1.03
MMSTB). This value represents an increase in
recovery of 14.3% (390 MSTB) over the primary
case and suggests that a water-flooding operation

should be effective for increasing recovery in the
Alamo SW field. Reservoir anisotropy where kx =
6ky increases the oil recovery to 41% of the OOIP.
These results show that water flooding using ver-
tical completions is relatively insensitive to forma-
tion anisotropy in this model.

Water Flooding with a
Horizontal Injection Well

Simulations were conducted to determine the
effect of placement of the horizontal injection well.
The Northcutt no. 2, Scott no. 2, and Montgomery
no. 1 wells were considered in sequence as being
converted to horizontal injection wells. Oil recov-
ery after 10 yr of water injection into one of these
wells was as follows for the homogeneous reservoir
case: Northcutt no. 2—28.7% (775 MSTB), Scott
no. 2— 33% (890 MSTB), and Montgomery no. 1—
34.8% (940 MSTB). For the anisotropic case in
which the permeability was kx = 2ky, the recovery
using the Montgomery no. 1 improved to 40.7%
(1.10 MMSTB).

Figure 10 shows the calculated water satura-
tion in the lower reservoir zone after 10 yr of water
injection into the Montgomery no. 1 well with a
1,000-ft horizontal segment extending northward
from the vertical well location. During the 10-yr
period, the amount of water injected through the
single 1,000-ft horizontal segment would be ap-
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Figure 10. Simulated water-saturation map for lower Bartlesville sandstone based on water-flooding perfor-
mance with single horizontal injector for 10-yr period from November 1992. SWAT = water saturation.

proximately one half the volume that would be
injected if the three vertical wells were used dur-
ing this same period. The recovery values using
the Montgomery no. 1 well show that the recovery
efficiency per barrel of water injected is nearly
doubled for the horizontal injector compared to
three vertical injectors. Water-saturation maps
show that the water front is more uniform with
the horizontal injector, thus reducing the amount
of bypassed oil during this flood-performance pe-
riod. It is expected that the project life would be
extended with additional recovery.

Water Flooding with a
Horizontal Production Well

To evaluate water-flooding performance with a
single horizontal producing well, the Scott no. 1,
Scott no. 3, and Montgomery no. 3 wells were used
as vertical injection wells and the Northcutt no. 2
as the horizontal proeducer. One of the injection
wells is different from the base water-flooding case
to avoid early water breakthrough at the horizon-
tal producer. Because of this change, only one half
of the water was injected during the 10-yr period
compared to the base water-flooding case. The re-
covery of oil, after 10 yr of injection, was 29.6%
(800 MSTB) of the OOIP. The recovery is lower
than the base water-flooding case because of

the much lower volume of injected water. How-
ever, the sweep efficiency is significantly greater
when the horizontal producer is used. The larger
area of low pressure resulting from the horizontal
producer results in much lower oil saturations
and higher gas saturations in the eastern part of
the reservoir compared to the vertical-wells base
case.

CONCLUSIONS

1. Simulations indicated that water flooding
would result in recovery of approximately 400,000
barrels of additional oil within a 10-yr period.

2. Simulations indicated that the production
increase from the conversion of a vertical well to a
horizontal producer during primary recovery
would not justify the risk-weighted expense of the
horizontal well segment.

3. Simulations indicated that a single horizon-
tal injection well would result in a significantly
greater oil recovery per barrel of water injected
compared to using three vertical injection
wells. Unfortunately, for the 10-yr simulation pe-
riod, less water was injected and less oil was recov-
ered. ’

4. Simulation results showed that the horizon-
tal injection well produced a more uniform water
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front than the vertical wells, thus reducing the
amount of bypassed oil.

5. Horizontal permeability anisotropy had little
influence on primary recovery. However, kx > 2ky
produced a significant increase in the simulated
recovery during water-flooding operations for a 10-
yr period.

6. Simulation results using the water-flooding
scenarios presented indicated that the field would
be economically productive beyond the 10-yr pe-
riod that was evaluated.
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Significance of Detrital Ore Minerals in the Basal
Atoka Formation (Middle Pennsylvanian),
Pope County, Arkansas

Lisa K. Meeks and Walter L. Manger
University of Arkansas
Fayetteville, Arkansas

ABSTRACT.—Conglomerates of the Spiro Sandstone Member, basal Atoka Formation
(Middle Pennsylvanian), in Pope County, Arkansas, contain alkali feldspars and fragments of
metamorphic rocks, as well as detrital galena and sphalerite. The lithology of the conglomer-
ates, combined with dispersal directions for the Spiro Sandstone Member, suggests the core
area of the Ozark dome (St. Francois Mountains) as the likely source for these sediments and
supports the existence of a broad erosional surface at the Morrowan-Atokan boundary across
the southern Midcontinent. Detrital ore minerals at the base of the Atoka Formation suggest
that some lead-zinc mineralization in southeastern Missouri is not related to fluids produced
by the Ouachita orogeny, which did not begin until middle Atokan time (Middle Pennsylva-

nian).

INTRODUCTION

Mississippi Valley—type lead-zinc mineraliza-
tion is well known in the southern Midcontinent
from the Tri-State district (Oklahoma-Kansas-
Missouri), and the Central and Southeastern Mis-
souri districts (Viburnum, Old Lead Belt, Annapo-
lis, Indian Creek, and Fredericktown trends).
Similar, but less-well-known, deposits also occur
in Arkansas, as the North Arkansas district (par-
ticularly from mines at Ponca, Newton County,
and Rush, Marion County), and the West-Central
Arkansas district (particularly the Kellogg mine in
Pulaski County) (Stroud and others, 1969, p. 148-
152). The origin of these Mississippi Valley—type
deposits has been attributed to a single event in-
volving the migration of brines derived from the
dewatering of sediments deformed by the
Ouachita orogeny (Leach and others, 1975; Leach,
1979; Leach and Rowan, 1986), which began in
middle Atokan time (Middle Pennsylvanian)
(Sutherland and Manger, 1979).

Not all the mineralization can be attributed to
the Ouachita orogeny, however. Detrital ore min-
erals occur in the conglomerates associated with
the Spiro Sandstone Member, basal Atoka Forma-
tion (Middle Pennsylvanian), along the margin of
the northern Arkoma basin, in northern Pope
County, Arkansas (Meeks and Manger, 1992). Al-
though the occurrence of these minerals has been
known for at least 20 years (Stroud, personal com-

munication), they have not been reported in the
literature, and their significance to the Pennsylva-
nian history of the southern Midcontinent has not
been recognized.

GEOLOGIC SETTING

The primary exposures used for this study are
located on a tributary of Moccasin Creek in north-
western Pope County, Arkansas (SWYSWV4 sec.
21, T.11 N, R. 20 W.) (Fig. 1), and are part of a
larger mineralized area that covers ~3 mi2. A sec-
ond area of exposures, known as the Brewer-Robin
prospect, is located ~3.5 mi south of the Moccasin
Creek locality (SWY4NEVs sec. 9, T. 10 N., R. 20
W.) (Fig. 1) and also covers ~3 mi?. The latter were
studied in a thesis by Knight (1985). Both local-
ities occupy the Treat 7.5-minute quadrangle
(1980).

Both the Moccasin Creek and Brewer-Robin
localities occur in the Spiro Sandstone Member,
basal Atoka Formation (Atokan Series, Middle
Pennsylvanian) (Fig. 1). The Spiro Member—in-
cluding interbedded shale, sandstone, and pebble
conglomerate—rests unconformably on Morrowan
strata and is overlain conformably by the Patter-
son Member of the Atoka Formation. The Spiro
sediments were laid down initially in a fluvial-del-
taic system; they were partly redistributed into a
sheetlike deposit by a broad marine transgression
at the beginning of Atokan time (Sutherland,

Meeks, L. K.; and Manger, W. L., 19986, Significance of detrital ore minerals in the basal Atoka Formation
(Middle Pennsylvanian), Pope County, Arkansas, in Johnson, K. S. (ed.), Deltaic reservoirs in the south-
ern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 274-278.
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Figure 1. Location, geologic setting, and lithostratigraphic succession of the Moccasin Creek (MC) and
Brewer-Robin (BR) localities. No vertical scale intended for the stratigraphic column.

1988). Spiro thicknesses are typically 150-200 ft,
but exceed 300 ft in some sections (Knight, 1985;
Sutherland, 1988).

Sandstone of the Spiro Sandstone Member at
the Moccasin Creek locality overlies a black shale
of indeterminate thickness; the shale is presumed
to lie within the Spiro Member. Contact with the
Kessler Member of the Bloyd Formation
(Morrowan) was not observed at this locality, but

the Bloyd Formation is mapped in the immediate
area of Treat, Arkansas, which is <2 mi away (Fig.
1). A dark shale above the Kessler Member has
been observed at localities elsewhere in the Treat
and adjacent Simpson 7.5-minute quadrangles
(Knight, 1985), and we believe that it forms the
base of the Moccasin Creek outcrop; however, a
position within the Spiro Member cannot be dis-
counted. At the Brewer-Robin prospect, the Spiro
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Member contains a conglomeratic channel se-
quence ~40 ft thick that truncates most of the un-
derlying Spiro Member, but it is succeeded by an-
other 150 ft of shale-free, calcareous sandstone
(Knight, 1985). Marine fossils and limestone lens-
es are common in the channel facies, suggesting
reworking of a fluvial-deltaic sequence by marine
transgression as postulated by Sutherland (1988).

LITHOLOGY OF THE BASAL
ATOKAN CONGLOMERATES

Moccasin Creek

Of all the rock types in this study, the conglom-
erates of the Spiro Sandstone Member at Moccasin
Creek have been examined in the most detail.
They are immature, lithic, subarkosic wackes. The
gravel fraction falls within the granule- to pebble-
size class. Clasts of siltstone and very fine grained
to fine-grained sandstone make up ~78% of the
gravel fraction. Shale and limestone clasts, phos-
phatic bodies that are probably limestone replace-
ments, and quartz, chert, granite, and fossil frag-
ments compose the remaining gravel fraction.
Most of the gravel clasts are well rounded. The
clasts are matrix supported; they do not form a
framework for the rock.

The sand fraction is mostly medium and finer
size grades, and some samples are distinctly bimo-
dal. Approximately 72% of the sand is composed of
quartz (monocrystalline and polycrystalline) and
chert; 12% is alkali feldspars (microcline, ortho-
clase, and albite). Most of the monocrystalline
quartz contains vacuoles, and acicular mineral
inclusions are common. Fragments of metamor-
phic rocks contribute 7% of the sand fraction, and
the remaining 9% consists of fossils and miscella-
neous grains. The quartz sand fraction varies from
subangular to well rounded, reflecting a mixture of
reworked grains with first-cycle sand. In general,
the coarser sand sizes exhibit better rounding. The
feldspars and fragments of metamorphic rocks are
all well rounded and vary from fresh to highly al-
tered. Cements include silica, iron oxide-iron hy-
droxide, calcite, and ankerite. The matrix, which
forms ~22% of the lithology, is clay, probably
sericite. As a consequence, the rocks at Moccasin
Creek are most properly termed wackes.

Brewer-Robin Prospect

The description, by Knight (1985), of the Spiro
lithologies from the Brewer-Robin prospect indi-
cates a character similar to that of the Spiro at
Moccasin Creek. The only significant difference is
that clay matrix forms only ~3% of these rocks;
therefore, they may be classified as immature,
arkosic litharenites, rather than wackes. The
smaller amount of clay matrix at the Brewer-
Robin prospect is consistent with the higher-en-
ergy channel setting exhibited by the Spiro at that
locality.

L. K. Meeks and W. L. Manger

Sphalerite and Galena

Detrital sphalerite occurs in the sand and
coarse-silt fraction as rounded grains and sub-
rounded cleavage fragments at both the Moccasin
Creek and Brewer-Robin localities (Meeks and
Manger, 1992; Knight, 1985) (Fig. 2). No sphaler-
ite was observed in the gravel fraction. At Mocca-
sin Creek, galena occurs with calcite as well-
rounded pebbles (Fig. 3) and as an infilling of fos-
sil fragments that appear to be reworked. No de-
trital galena was observed in the sand fraction of
the conglomerate at either locality.

Both the Moccasin Creek and Brewer-Robin
localities show evidence of postdepositional miner-
alization. Sphalerite and galena are found as vein-
lets and disseminated grains.

PROVENANCE AND DISPERSAL

The basal Spiro conglomerates reflect erosion
from sedimentary, igneous, and metamorphic
sources, in decreasing order of their contribution.
The sedimentary clasts that dominate the gravel
fraction and much of the well-rounded sand com-
ponent are similar to those in the underlying
Morrowan and older strata occurring throughout
the southern Ozarks. Limestone clasts are also
consistent with an Ozark source. The presence of
fresh feldspars, granite, and quartz gravel clasts
indicates a nearby igneous source that is most
probably the St. Francois Mountains region of
southeastern Missouri. The first-cycle sands, clay
matrix, and fragments of metamorphic rocks sug-
gest more distant source areas, probably related to
the Canadian Shield or perhaps the southern Ap-
palachians.

Dispersal directions for the lower Atoka Forma-
tion indicate fluvial systems flowing onto the
Ozark shelf from the northeast, accompanied by
longshore currents that moved east to west
(Zachry and Sutherland, 1984; Sutherland, 1988).
Detrital sphalerite and galena and the granitic
components could only have been derived from the
St. Francois Mountains area of southeastern Mis-
souri, the core of the Ozark dome, which is only
~200 mi northeast of the study area. We note that
many existing rivers draining the St. Francois
Mountains region have courses that approach 200
mi. Availability of the St. Francois Mountains as a
source during Atokan time is further supported by
the presence of Atokan sedimentary deposits
(Chelthenham Clay) filling sinkholes in southeast-
ern Missouri (Searight and Howe, 1961), indicat-
ing that the region was emergent and undergoing
erosion at the time of Spiro deposition on the
southern Ozark shelf and in the Arkoma basin.

SIGNIFICANCE AND CONCLUSIONS

The suggestion that all Mississippi Valley—type
lead-zinc mineralization in the Ozark region is
related to a single emplacement event caused by
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Figure 2. Detrital sphalerite cleavage fragment (S) with quartz sand and carbonate cement; viewed under
crossed polarizers. Spiro Sandstone Member, Atoka Formation, Moccasin Creek locality.

Figure 3. Polished slab of conglomerate with rounded pebble (arrow) mineralized by galena (g), chalcopy-
rite, and calcite. Spiro Sandstone Member, Atoka Formation, Moccasin Creek locality.
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the OQuachita orogeny (Leach and Rowan, 1986) is
not supported by the occurrence of detrital sphal-
erite and galena in the Spiro Sandstone Member
in Pope County, Arkansas (Meeks and Manger,
1992) (Figs. 2,3). The first major pulse of the Ouac-
hita orogeny during the Pennsylvanian occurred
during middle Atokan time (Sutherland and Man-
ger, 1979) and thus could not have caused the min-
eralization represented by detrital grains in the
basal Atoka. Stein and Kish (1985) proposed an
Early Mississippian age (359 + 22 Ma) for mineral-
ization at the Magmont mine, Viburnum trend, in
southeastern Missouri, and this Arkansas occur-
rence may be viewed as supporting that age, if
only indirectly. Since there is no evidence of major
tectonic movement prior to Atokan time in the
Ouachita region, another mechanism for mineral-
ization is required to explain this pre-Pennsylva-
nian event. Nevertheless, mineralization associ-
ated with the Quachita orogeny certainly occurs
throughout the southern Ozarks, including the
Moccasin Creek and Brewer-Robin localities, both
of which contain sphalerite and galena in small
veinlets and as disseminated grains.
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Heterogeneity in Delta-Destructive Oil Reservoirs:
Deposition and Diagenesis of the Carter Sandstone
(Upper Mississippian), Black Warrior Basin, Alabama

Jack C. Pashin and Ralph L. Kugler

Geological Survey of Alabama
Tuscaloosa, Alabama

INTRODUCTION

More than 85% of the oil produced from the
Black Warrior basin is from the Carter sandstone
in Lamar and Fayette Counties, Alabama, and
>65% of that production is from the North Blow-
horn Creek oil unit (Fig. 1A). The Carter sand-
stone is in the lower Parkwood Formation and is of
Chesterian (Late Mississippian) age. Most oil is
produced from localized sandstone bodies that
were deposited as part of a muddy strand plain
that formed by progressive shoaling during delta
destruction (Pashin and Kugler, 1992).

Interdeltaic barrier-island deposits have been a
primary focus of studies of reservoir heterogeneity
(Sharma and others, 1990; Schatzinger and oth-
ers, 1992), but heterogeneity in muddy strand-
plain deposits, such as cheniers and delta-destruc-
tive barrier-island arcs, has yet to be analyzed.
This paper characterizes heterogeneity in Carter
sandstone and examines ways in which muddy
strand-plain deposits differ from better-known
barrier-island deposits. Investigation of heteroge-
neity in Carter oil reservoirs in the Black Warrior
basin is based on analysis of well logs and cores
and has employed stratigraphic, sedimentologic,
petrologic, and petrophysical methods. Production
and engineering data also were used to evaluate
the performance of recovery operations in Carter
oil fields.

STRATIGRAPHY AND SEDIMENTOLOGY

Lower Parkwood Lithofacies

The lower Parkwood Formation overlies the
Bangor Limestone and is overlain by the inter-
bedded limestone and shale of the middle Park-
wood Formation, which locally contains the
Millerella sandstone at the base (Fig. 2). The lower
Parkwood contains shale, siltstone, and sandstone
and was divided into three lithofacies by Pashin
and Kugler (1992). The shale-and-siltstone facies

forms the base of the lower Parkwood and is com-
posed of interbedded gray shale and siltstone with
wavy, lenticular, and flaser bedding. Sedimentary
structures include current ripples, wave ripples,
load structures, graded bedding, and feeding bur-
TOWS.

In the upper half of the lower Parkwood Forma-
tion is the Carter sandstone, which comprises the
two remaining lithofacies, the sandstone facies
and the variegated facies. The sandstone facies is
the principal Carter reservoir rock and is yellow-
ish brown, thick bedded, very fine to fine grained,
and moderately to well sorted. Sedimentary struc-
tures include current-ripple cross-laminae, hori-
zontal laminae, and planar cross-strata dipping at
<5°. In some cores, accumulations of shale pebbles
or shells form conglomeratic zones as thick as 4 ft.

The variegated facies typically composes the
upper part of the Carter sandstone and is so
named for diverse colors and rock types. Sand-
stone, siltstone, and shale with wavy, flaser, and
lenticular bedding predominate in the facies.
Much of the sandstone has a mottled texture, and
some sandstone is composed of pebble- to cobble-
size, intraclastic flat pebbles separated by anasto-
mosing claystone laminae. Root structures and
slickensides are abundant, and burrows are pres-
ent in parts of the facies. Thick beds of gray and
red shale are also in the variegated facies and con-
tain slickensides, plant fossils, and pisoidal car-
bonate nodules (large coated grains resembling
pisolites).

Reservoir Architecture

Although Carter cores from the study area ex-
hibit the same general succession of lithofacies, a
sandstone-isolith map establishes marked varia-
tion in the plan of the sandstone bodies (Fig. 1B).
This variation is especially pronounced among
the oil fields. In the area containing the South
Fairview, Central Fairview, South Brush Creek,
and Blowhorn Creek oil units, isolith patterns are

Pashin, J. C.; and Kugler, R. L., 1996, Heterogeneity in delta-destructive oil reservoirs: deposition and diagen-
esis of the Carter Sandstone (Upper Mississippian), Black Warrior basin, Alabama, in Johnson, K. S. (ed),
Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular

98, p. 279-285.
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Figure 2. Resistivity-log cross sections of the Carter sandstone and associated strata in parts of Fayette,
Lamar, and Marion Counties, Alabama. See Figure 1A for locations.
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lobate to concentric. In the North Blowhorn Creek
oil unit, by contrast, the reservoir is in the termi-
nus of a linear sandstone body with an irregular
southwest margin and a comparatively smooth
northeast margin. Bluff field was established in a
linear series of lensoid sandstone bodies that ex-
tend southeastward from the North Blowhorn
Creek sandstone axis, and the Wayside oil unit
was established in one of several lensoid sand-
stone bodies near the northeast limit of the Carter
sandstone.

Internally, all Carter sandstone bodies in the
study area are made up of imbricate, clinoformal
sandstone lenses, but the lithologic characteristics
and spatial arrangement of those lenses differ
greatly among the fields (Fig. 2). In the South
Brush Creek and West Brush Creek oil units, well
logs have a serrate, coarsening-upward log signa-
ture reflecting vertical gradation of the shale-and-
siltstone lithofacies into the sandstone lithofacies.
Clinoformal sandstone beds dip gently toward the
northwest and southeast, and the sandstone is
truncated by a scour surface that is overlain by
shale of the variegated facies. The Carter sand-
stone in the Blowhorn Creek oil unit is a continu-
ation of that in the South Brush Creek oil unit,
and channels locally truncate the full thickness of
the sandstone. Oil in the Blowhorn Creek oil unit
is produced from the Millerella sandstone, which
also is truncated by a channel.

In the North Blowhorn Creek oil unit, the size
of imbricate sandstone lenses decreases southeast-
ward toward the terminus of the reservoir (Fig. 2).
The sandstone lithofacies forms the axis of the
sandstone body and typically has a blocky resistiv-
ity pattern. Southwest of the axis, sandstone and
shale of the variegated lithofacies predominates,
and resistivity logs typically have a serrate pat-
tern. In Bluff field, the oil reservoir comprises iso-
lated sandstone lenses that define four separate
Carter and Millerella pools. The Wayside oil unit,
by comparison, was developed in a single lensoid
sandstone body. Depositional dip of the imbricate
sandstone lenses is gentler than in the other oil
fields. The sandstone generally has a serrate resis-
tivity signature, except at the western end of the
sandstone body, where the sandstone is thickest
and has a blocky resistivity signature.

Depositional Systems

Lower Parkwood lithofacies have been inter-
preted to represent open-marine to backshore en-
vironments (Pashin and Kugler, 1992). The shale-
and-siltstone lithofacies represents a muddy,
storm-dominated shelf on the basis of wave
ripples, graded bedding, and load structures. Pre-
dominance of horizontal laminae and gently dip-
ping planar cross-strata in the sandstone
lithofacies is characteristic of shoreface and fore-
shore environments. By contrast, root structures
and pisoidal carbonate in the variegated facies sig-
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nify vegetation and soil formation in backshore
environments. The variety of isolith patterns and
stratigraphic architecture (Figs. 1,2) demonstrates
that Carter beach systems were diverse. Moreover,
the change of sandstone-body geometry from lo-
bate bodies in the southwest to thin, isolated
lenses in the northeast records systematic evolu-
tion of the strand plain.

The lobate geometry and serrate, coarsening-
upward resistivity signature of the Carter sand-
stone in the South Brush Creek oil unit and adja-
cent areas (Figs. 1,2) signify sedimentation in a
cuspate delta. Truncation of the top of the sand-
stone suggests subaerial degradation of the
beaches as the delta prograded farther seaward.
Similar degraded beaches are present in the Doce
Delta of Brazil (Dominguez and Wanless, 1991).
The Carter reservoir in the Blowhorn Creek oil
unit apparently accumulated at the distal fringe of
the cuspate delta. The shale-filled scours are inter-
preted as tidal channels that were part of the
cuspate delta, because the uppermost Carter sand-
stone lenses extend above the scour structures.

The Carter sandstone in the North Blowhorn
Creek oil unit has been interpreted as a spit-style
beach system by Pashin and Kugler (1992) (Figs.
1,2). They suggested that the irregular southwest
margin of the sandstone body and the southward
decrease in size of the imbricate sandstone lenses
delineate spit arms. Bluff reservoirs apparently
formed in a string of beaches extending socutheast
from the axis of the North Blowhorn Creek spit.
The localized geometry of the Carter reservoir in
the Wayside oil unit is suggestive of the small,
arcuate beaches that form in areas of high tidal
range (Hayes, 1979). Indeed, localized sandstone
bodies in the Wayside area apparently accumu-
lated along the margin of an estuarine tidal
embayment where no sand was deposited. Thick
sandstone with a blocky log signature adjacent to
the embayment may reflect reworking by tide- and
storm-generated currents.

PETROLOGY, DIAGENESIS, AND
PETROPHYSICAL PROPERTIES

The Carter sandstone is dominantly very fine
grained to fine-grained, moderately well sorted
quartzarenite. Heterogeneity in the Carter sand-
stone is influenced by grain-size distribution,
intrabasinal framework grains, and authigenic
minerals. Volumetrically important authigenic
minerals are quartz, kaolinite, and carbonate min-
erals, including nonferroan and ferroan calcite,
ferroan dolomite—ankerite, and siderite (Kugler
and Pashin, 1992). The distribution of diagenetic
components in some oil units is related directly to
depositional facies, but the present distribution
and composition of authigenic minerals and the
nature of compactional features resulted from
burial diagenesis. Carbonate-cemented sandstone,
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which is associated with the margins of reservoir
zones and with shell accumulations, forms baffles
and barriers to fluid flow. Pressure-solution seams
also form effective barriers to flow and mark the
lower limit of oil-stained sandstone in several
cores. Deformed intraclasts and wispy micro-
stylolites increase tortuosity of fluid flow.

The pore system in the Carter sandstone con-
sists of effective macropores between framework
grains and ineffective micropores between detrital
and authigenic clay particles. In general, shoreface
and foreshore deposits of the sandstone facies have
a well-interconnected pore system, whereas
backshore deposits of the variegated facies contain
the most authigenic clay and carbonate and thus
have a poorly interconnected pore system. The
primary pore system was modified to some extent
during burial. Some aluminosilicate framework
grains, such as feldspar, were dissolved and redis-
tributed as kaolinite; redistribution did not en-
hance porosity significantly. Authigenic carbonate
is common in Carter sandstone but occludes all
pores only in the vicinity of shell accumulations;
secondary porosity related to dissolution of carbon-
ate is scarce. Of all the factors affecting the pore
system, dispersed and laminated clays have the
most detrimental effects on reservoir properties.

A weak correlation exists between porosity and
permeability (R? = 0.52) in the Carter reservoir of
the North Blowhorn Creek oil unit. Capillary-pres-
sure data indicate that pore-throat size distribu-
tion is typically polymodal, reflecting the mixture
of micropores and macropores and, hence, the dis-
tribution of authigenic and detrital clay minerals.
Order-of-magnitude variation of permeability in
some shoreface and foreshore sandstone may be
related to grain-size variation. This variation af-
fects sweep efficiency during water flooding, be-
cause fluids are channeled preferentially through
high-permeability zones.

DISCUSSION:
PRODUCTION PERFORMANCE AND
RESERVOIR HETEROGENEITY

To sustain or increase oil production in the
Black Warrior basin of Alabama, five Carter oil
fields have been unitized for water flooding, gas
injection, or a combination of the two processes.
Production patterns of oil and water correlate well
with depositional features and petrophysical pa-
rameters, reflecting progressive evolution of the
Carter strand plain and subsequent burial diagen-
esis. In the North Blowhorn Creek oil unit, for
example, the distribution of original oil in place
corresponds favorably with sandstone-isolith pat-
terns (Fig. 3A). Most of the oil extracted in the
northern part of the oil unit has been from
shoreface and foreshore sandstone northeast of the
sandstone-body axis; production from backshore
and recurved-spit deposits behind the axis is mini-
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mal (Fig. 3B). Oil production in the southern part
of the unit is variable, reflecting segmentation of
the reservoir by imbricate sandstone lenses (Fig. 2,
cross section C-C’; Fig. 3B). Similar patterns are
vigible in the cumulative volume of injected water
(Fig. 3C). Although similar amounts of water have
been injected in the northern and southern parts
of the field, cumulative water production is excep-
tionally high in the southern part of the oil unit
(Fig. 3D), signifying early breakthrough. Injected
fluids channeled through high-permeability thief
zones and fractures may have bypassed some pro-
ducible oil where breakthrough occurred early;
similar relationships exist in the other oil units.
Because the geologic processes that form a
sandstone reservoir operate at multiple scales,
heterogeneity in petrophysical and other engineer-
ing properties in the reservoir also is scale depen-
dent. Knowledge of controls on reservoir heteroge-
neity becomes increasingly important at smaller
scales as field development progresses from pri-
mary production through a variety of improved-
recovery techniques. This is especially apparent in
the Carter oil reservoirs of the Black Warrior ba-
sin. Carter reservoirs are unusually heteroge-
neous for beach deposits, because they are local-
ized and shaly. Imbricate sandstone lenses
present a critical megascopic heterogeneity in the
Carter sandstone, and the arrangement of those
lenses differs in each producing oil unit, reflecting
environmental variability within the delta-de-
structive strand plain. Mesoscale heterogeneity
within the sandstone lenses is controlled in part by
the transition from shoreface to backshore facies.
Porosity and permeability contrasts inherent in
this facies transition, moreover, have been ampli-
fied by diagenetic factors operating at a micro-
scopic scale, which include the development of
authigenic clay minerals and carbonate cement.
Although Cartér oil reservoirs in Alabama were
deposited as part of a single strand-plain system
and were subjected to similar diagenetic condi-
tions during burial, these reservoirs are morpho-
logically diverse and have correspondingly diverse
production characteristics. Therefore, these reser-
voirs must be characterized on a field-by-field ba-
sis. In each oil unit, the success of recovery opera-
tions depends on the ways that problems related
to specific depositional and diagenetic heterogene-
ities are addressed. Continued success necessi-
tates careful evaluation of the sedimentologic, pet-
rologic, and petrophysical characteristics of indi-
vidual sandstone bodies to gain the fullest under-
standing of controls on oil production and the
methods that can best be applied to improve recov-

ery.
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Reservoir Characterization of Pennsylvanian
Sandstone, Nelson Lease, Savonburg N.E. Field,
Allen County, Kansas
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University of Kansas
Lawrence, Kansas

The Nelson lease comprises three 160-acre
tracts in secs. 21, 28, and 29, T.26 S, R. 21 E,,
within the Savonburg N.E. field in Allen County,
Kansas. The eastern part of the lease (SW% sec.
21 and NW¥: sec. 28) has the greatest potential
for additional oil recovery and will be considered
here. There are 48 injection wells, 48 producing
wells, and four dry holes forming an irregular five-
spot pattern on a 2.5-acre spacing in those quarter
sections. The first well in this area was drilled in
1962. A pilot water-flooding project began in
March 1981 and was expanded in 1983, with full
development in 1985. Total production as of No-
vember 1991 for all three tracts has been 347,304
bbl. Of this production, 131,530 bbl were attrib-
uted to primary depletion, and 215,774-bbl have
been produced by water-flooding operations, in-
cluding augmentation by 11 gel-polymer treat-
ments undertaken in 1986. The lease currently
produces an average of 22 bbl of oil and 800 bbl of
water per day, placing it at the economic limit.

Analysis of the reservoir was undertaken as
part of a project to demonstrate the use of existing
technologies to prolong the life of marginal oil
fields under a cost-sharing program funded by the
U.S. Department of Energy for fluvial-dominated
deltaic reservoirs. Any data or methods developed
in characterizing and managing the Savonburg
N.E. field could be applied to many of the similar
fields developed in the Cherokee Group sand-
stones in Kansas. Production on the Nelson lease
comes from multiple sandstone lenses in the
Cabaniss Formation of the Cherokee Group
(Desmoinesian, Pennsylvanian). These lenses ap-
pear to be channel sandstones of different ages,
separated by regional marker beds that consist of
underclay, coal, sandy shell lag, and dark shale.
The most prominent marker beds, which can be
precisely correlated over much of southeast Kan-
sas and beyond, are the Verdigris Limestone—“V
Shale”-Croweburg Coal, the Tebo Coal with asso-
ciated limestone and dark shale, and the Weir-
Pittsburg Coal. Other markers correlate to coal

beds of the Cabaniss Formation and associated
dark shales. Although informally referred to as the
Bartlesville sandstone, reservoir sandstones in the
Nelson lease actually may be part of the informal
Cattleman, Chelsea, or Skinner intervals of the
subsurface.

Channel sandstones consist of structureless or
cross-bedded sandstone with pebble conglomerates
or pebbly sandstones at the base; the pebbles are
locally derived interclasts of claystone. The main
reservoir consists of a north-south channel just
east of the center of the pattern, where it cuts
through the underlying Tebo and Weir-Pittsburgh
markers. A separate, older channel cuts across the
southern part of the lease, and it is also produc-
tive. To the east and west, the main reservoir
breaks up into interbedded sandstones and shales
that are not as productive. These channel trends
intersect and form different, but possibly intercon-
nected, reservoirs. Because of the similarity of the
producing lenses to each other, and the presence of
multiple unconformities, defining flow units in the
Nelson lease is very difficult. One to three lenses
might be present in a single well. There also might
be one lens incised directly into another partially
eroded lens, with no discernible boundary but with
a permeability barrier.

Volumetric analysis of the reservoir shows that
only 10% of the oil originally in place (OOIP) has
been recovered, leaving an estimated 822,000 bbl
of mobile oil remaining in the two quarter sections.
By using viscosity data and relative-permeability
characteristics from similar reservoirs, the mobil-
ity ratio was found to be near unity, or only
slightly unfavorable. This result indicates that the
sweep efficiency of water flooding should be rea-
sonably high, with total recovery being as much as
20-30% of the OOIP at the completion of the op-
eration. Poor sweep efficiency has caused the field
to prematurely water out. With improved water
quality and better understanding of the flow units,
the water flooding can be optimized.

There will be both geologic and engineering

Phares, T. L.; Walton, A. W.; and Schoeling, L. G., 1996, Reservoir characterization of Pennsylvanian sand-
stone, Nelson lease, Savonburg N.E. field, Allen County, Kansas, in Johnson, K. 8. (ed.), Deltaic reservoirs
in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 286-287.
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components to the reservoir characterization. The
initial part of reservoir characterization will be to
determine the stratigraphy of the units in the res-
ervoir as identified by their gamma-ray-neutron
logs. If the log analysis does not provide enough
resolution to determine boundaries between the
different sandstone lenses, sporadic core-analysis
data and the cores themselves may be employed to
define the flow-unit boundaries. Correlation from
well to well will establish the continuity and distri-
bution of these flow units. Correlations with
perforation and differential-temperature or spin-
ner-survey data should reveal the injection profile
and determine if all the proper zones are being
flooded.

The other part of the reservoir characterization
will consist of a series of pulse tests. The pulse
testing will reveal the transmissibility between
wells and the formation compressibility. It should
identify any water channeling due to fractures and
should show if there is a directional-permeability

trend. The pulse testing will be conducted with-

either downhole pressure gauges or surface pres-
sure transducers. Both testing methods may be
employed on several patterns to check the validity
of the surface transducers since they have not
been field tested for accuracy. By coming to under-
stand the reservoir better, we hope to see ways to
economically reach bypassed mobile oil by re-
arranging the water-flooding pattern or infill drill-
ing, or by implementing profile-modification treat-
ments.

Like so many Cherokee oil fields, the quality of
injected water is “poor,” so plugging of the reser-
voir, precipitation of ferric hydroxides in tubing
and tanks, and other related problems are likely.
The demonstration includes designing and install-
ing a water-treatment facility to reduce the par-
ticulate matter and oxygen injected into the reser-
voir during water-flooding operations.

Additional Comments by Anthony W.
Walton and Lanny G. Schoeling

Reservoir characterization of the reservoirs in
the Nelson lease and engineering analysis of the
field led to implementation of several steps to en-
hance oil production and reduce operating costs.
Currently 28 injection wells and 16 production
wells remain active, producing 27 bbl oil and
450 bbl water daily. Injection rate is 750 bbl per
day. Production to date is 363,000 bbl, including
131,000 bbl during primary production and
232,000 bbl under water flood.

Geological reservoir characterization has
shown that the major reservoir sandstones are
part of a valley-fill system (Walton, 1996). The
valley-fill succession includes three intervals, in-
formally referred to as B;, B, and B (from top to
bottom). Sandstones in the Bj interval are the
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most productive part of the reservoir. Sandstone in
the B, interval is also productive, but is only an
adjunct to the larger production from the deeper
sandstone. The Bj interval and its sandstone is
best developed in a belt down the eastern part of
the lease, but the interval thins and becomes less
sandy in the southern part.

Much of the effort to improve production was
directed at cleaning the wells of junk, verifying
that they were perforated in the proper interval,
redesigning the pattern to take advantage of
knowledge of the reservoir, and performing gelled
polymer treatments to block fractures that trans-
mitted injected water quickly to producing wells.
Unproductive wells have been abandoned, at least
temporarily, and the operators efforts have con-
centrated on the most favorable part of the field,
including less productive parts where thick sand-
stones are known to exist. The operator drilled one
replacement injection well, which encountered
good oil saturation in a thick B; sandstone, as pre-
dicted by the geological model. The operator in-
stalled a floatation system to remove sulfides from
the produced water before filtration and reinjec-
tion. The results have been economical removal of
nearly all particles down to 10 microns, with re-
sulting savings in workovers and maintenance
(Schoeling and others, 1996).

This project has involved exemplary collabora-
tion among engineers and geologists of the Ter-
tiary Oil Recovery Project (TORP) of the Univer-
sity of Kansas (KU) and employees of J.E. Russell
Petroleum Inc., the operator. Collaboration has
included frequent meetings of participants, ex-
change of technical information and knowledge
based upon experience, and discussion of major
steps in field operations. The most frequent par-
ticipants have included Bob Barnett and Wendell
Weatherbie of Russell Petroleum, Lanny
Schoeling and Michael Michnick of TORP, and
A.W. Walton of the KU Department of Geology.
Don Green and G. Paul Willhite provided overall
supervision of TORP’s effort in this project. All in-
volved are grateful for funding under the Depart-
ment of Energy Class 1 program.
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Geologically targeted infill drilling and a multi-
discipline reservoir-management plan are ex-
pected to boost ultimate recovery from a fluvial-
estuarine Upper Cretaceous (Cenomanian) sand-
stone reservoir, located in the Denver-Julesburg
basin (Fig. 1). The “D” sandstone member of the
Graneros Formation has typically yielded only 20—
25% of the original oil in place (OOIP) after pri-
mary and water-flooding operations in nearby

fields. The project includes reservoir characteriza--

tion in which high-density 3-D seismic studies,
detailed stratigraphy, and reservoir simulation
are used to identify optimal infill well sites, relo-
cate injection patterns, and schedule injection-
withdrawal rates.

Production and pressure data provided early
clues that the relatively small reservoir, 2.5 mi
long by 0.75 mi wide, is composed of several pres-
sure compartments. Pressure measurements
taken early in the primary production phase of the
reservoir suggested low permeability barriers or
baffles between some wells (Fig. 2).

During water-flooding repressurization, varia-
tions of static pressures of more than 1,000 psi
between wells spaced on 40-acre locations added to
the evidence of reservoir operational compart-
ments. Some wells were unaffected by injection in
offset wells; however, other wells had early water
breakthrough, indicating strongly directional per-
meability.

Core examination and log comparison indicate
that the sandstones of the Sooner unit were depos-
ited in an estuarine environment, where fluvially

transported sands and silts were redistributed by
tidal and marine processes. Thin carbonaceous-
shale and silt laminae probably affect flow of fluids
in reservoirs. There are four mappable intervals
that contain separate flow units; flow units in each
interval may be subdivided into separate pressure
compartments (Fig. 3).

Integration of geophysics with geology was
made by recording a 3-D seismic grid over the unit
area (and the adjacent perimeter) to image the
entire reservoir. A vertical seismic profile, re-
corded in a well near the center of the 3-D seismic
grid, allowed calibration of seismic traveltimes
during data interpretation. Seismic data indicate
the presence of basement faults; these define val-
ley edges that form boundaries for deposition of
Sooner reservoir sediments.

Discontinuous seismic events near the top of
the “D” sandstone member suggest shingling of
sandstones in a transgressive sequence (Figs. 4,5).
Minor faults appear to cut across the valley-fill
reservoirs. The faults, in combination with deposi-
tional boundaries, probably affect fluid flow (Fig.
6).

Engineering observations of static reservoir
pressure and production data, such as gas/oil and
water/oil ratios, were integrated with geologic
descriptions and maps of separate or disconnected
flow units. Integrated analysis led to conversion of
one well from production to injection, and the drill-
ing of one well to increase the efficiency of second-
ary recovery from one reservoir compartment (Fig.
2). Similar opportunities are available in other

Sippel, M. A ; Pritchett, R. W.; and Hardage, B. A., 1996, Integrated reservoir management to maximize oil
recovery from a fluvial-estuarine reservoir: a case study of the Sooner unit, Colorado, in Johnson, K. S. (ed.),
Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular

98, p. 288-292.
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Reservoir Management, Sooner Unit, Colorado

Figure 4. Gross thickness of the “D” sandstone mem-
ber of the Graneros Formation in the Sooner unit;
contour interval, 10 ft.

Figure 5. Seismic amplitude of “D” sandstone wave-
form peak. Seismic amplitude corresponds very well
with sandstone thickness; contour interval, 13,000
amplitude units.
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Figure 6. Potential reservoir boundaries inferred from
seismic amplitude of “D” sandstone waveform peak
where linear trends of low amplitude may be related
to faults. Integrating these potential-reservoir flow
boundaries with engineering and geologic observa-
tions has led to identification of infill-drilling opportu-
nities.

reservoir compartments, and evaluations are un-
derway to maximize oil recovery in a cost-effective
manner (Figs. 2,6).
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ABSTRACT.—Electrofrac is the tradename of the electrically initiated heat-flooding process
that has been demonstrated in an oil lease located in Neosho County, Kansas. The oil reser-
voir in the Peru Sandstone at that location is shallow and generally unproductive, with essen-
tially no natural driving pressure, and natural flow is typically just 1-3 gallons per day per
well from ~20 ft of pay sandstone. Commercial-scale prototype facilities have been employed
to increase production beyond 10 times the natural rate for extended periods during field-scale
research and development work. Increased production was sustained for more than two years.
The ultimate potential may prove much better, because the field was only partially stimulated

during those demonstrations.

INTRODUCTION

Application of thermal energy as primary, sec-
ondary, and even tertiary oil-recovery techniques
has been tried in oil fields with mixed results. It
was initially considered a process suitable for
heavy-oil reservoirs, but later research and inves-
tigation revealed mechnisms involved in the ther-
mal-recovery processes that can be taken advan-
tage of for light-oil reservoirs as well. Examples of
thermal-recovery techniques are in-situ combus-
tion, more commonly known as “fireflood,” and
steam flooding. Other less-known thermal-recov-
ery techniques are the detonation of thermo-
nuclear devices and the use of electrical energy.
Electrical energy can be used for bottom-hole heat-
ing within a single wellbore to initiate combustion,
or for heating of injected or produced fluid.

An alternate technique is to take advantage of,
and alter the natural earth resistance between,
two electrodes spaced a considerable distance
apart. This technique has been successfully ap-
plied to “electrocarbonization” experiments with
coal in both the laboratory and the field (Sarapuu,
1951), tar sands (Schoeppel and Sarapuu, 1962),
and oil shale (Sarapuu, 1945). Successful elec-

trocarbonization and creation of fractures have
been documented in the literature (Sarapuu, 1957,
Hill, 1952; Slezak and Davis, 1952). It seems to be
feasible to take advantage of the electrocar-
bonization and the eventual creation of electrical
linkage to initiate combustion within the reservoir
far from the wellbore. This process can be used as
a stimulation technique for the kind of reservoirs
in which a displacing front cannot be created be-
cause of the existence of extensive natural frac-
tures or simply because of the nonhomogeneity of
the reservoir.

ELECTRICALLY INITIATED
HEAT-FLOODING PROCESS

The electrically initiated heat-flooding process
entails the use of downhole electrodes mounted in
the oil-bearing sandstone, a specially configured
electrical-power unit, and facilities for injecting air
and fuel into a controlled-combustion zone within
the area to be stimulated. One essential feature is
creation of electrically conductive paths within the
oil-bearing sandstone. This requirement is accom-
plished in either, or both, of two mutually support-
ive ways: (1) electrocarbonization of a small por-
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tion of the oil present between electrodes mounted
in the oil-bearing sandstone and (2) injection
of electrically conductive pellets with, or in place
of, the sand normally injected during hydraulic
fracturing as part of the original well completion.

RESERVOIR AND
DEMONSTRATION SITE

The reservoir is located within the Saint Paul—
Walnut field in the east-central portion of Neosho
County, Kansas, at a depth of ~200 ft. The oil is
trapped in fluvial-deltaic channel sandstones of
the Peru Sandstone that form a depositional sys-
tem averaging ~1 mi wide and elongated to the
northeast. The shallow-marine environment of
deposition has caused the sandstone to occur in
irregular, islandlike patterns of fluvial-deltaic
channels and to have varying degrees of thickness.
Permeability of the reservoir increases from top to
bottom and is directionally oriented southwest-
northeast.

The oil left in the formation is hard to recover
by conventional recovery techniques, because of
the unfavorable reservoir characteristics. The

S. Vossoughi and others

greatest difficulties are caused by the highly het-
erogeneous character of the oil-bearing sandstone.
Within just a few feet, a large variation of perme-
ability (in the range of 25-150 millidarcies) is ob-
served. In addition, some of the thin stringers in
the formation have permeabilities of only a few
millidarcies, thus creating serious lateral and ver-
tical heterogeneities.

The electrically initiated heat-flooding process
was tested in two leases, totaling 240 acres, called
the Beachner-1 and Beachner-2 leases. Both are
located in Neosho County, Kansas, in T. 29 S, R.
21 E.

FIELD-TEST RESULTS

The original field research (in 1960-61) in-
cluded both air injection and electrically enhanced
in situ combustion. The capability of the process
was later demonstrated in 1979-81, when produc-
tion was enhanced by a factor of 4.5-5.4 during the
periods of intermittent (cyclic) stimulation. Figure
1 shows oil production before, during, and after
field trials at the Beachner-1 lease during 1979—
81.
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Figure 1. Oil production during first field trial at Beachner-1 lease.
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Figure 2. Crude-oil production history during and after application of the electrically initiated heat-flooding
process in the Beachner-1 and Beachner-2 leases (solid lines) and selected (nonfractured) neighboring

leases (total production shown by dashed lines).

Better evidence of effectiveness was recorded in
a later commercial-scale trial during 1983. The
average production from test wells was enhanced
by a factor ranging from 5.2 to 10.7 in a five-spot
test pattern where electrical stimulation, air injec-
tion, and cyclic heating were introduced at the cen-
ter well. This trial was then expanded to include
partial stimulation at several wells in a field of 49
wells. The overall result, based on average annual
production, was an enhancement ratio in excess of
20 for the field as a whole. Figure 2 shows historic
annual production for the Beachner-1 and Beach-
ner-2 leases combined and for neighboring leases
to the south that also benefited indirectly from the
stimulation and cyclic heating conducted at some
of the wells on the Beachner-1 and Beachner-2
leases.
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