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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
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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. Qil 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 southeast
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
visible 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 Carter 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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