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EXECUTIVESUMMARY

The Upper Jurassic Smackover Formation is found in an arcuate belt in the subsurface from south
Texas to panhandle Florida. The Smackover is the most prolific hydrocarbon-producing formation in
Alabama and is an important hydrocarbon reservoir from Florida to Texas.

In this report Smackover hydrocarbon reservoirs in southwest Alabama are described. Also, the
nine enhanced- and improved-recovery projects that have been undertaken in the Smackover of
Alabama are evaluated. The report concludes with recommendations about potential future
enhanced- and improved-recovery projects in Smackover reservoirs in Alabama and an estimate of
the potential volume of liquid hydrocarbons recoverable by enhanced- and improved-recovery
methods from the Smackover of Alabama.

The Smackover was deposited on a carbonate ramp, similar to that of the present-day Persian
Gulf, in much of the Gulf-Coast region. However, in southwest Alabama, Smackover strata were
deposited in four interconnected basins' the eastern part of the Mississippi interior salt basin, the
Manila embayment (which contains two separate depocenters), the Conecuh embayment, and a
basinal area south of the Baldwin high. The distribution of facies was more closely controlled by local
paleotopography than by southerly regional dip, aswould have been the case in an unmodified ramp
setting. High-energy facies were deposited in nearshore areas rimming exposed paleohighs and near
the updip limit of Smackover deposition; lower energy strata were deposited in basin centers. Based
on ammonites recovered from the lower portion of the unit, the Smackover has been assigned a late
Oxfordian age. The Smackover ranges up to more than 550 feet thick in the study area.

Basal Smackover strata in Alabama contain laminar and domal stromatolites; these deposits
probably formed in shallow water during the early stages of marine transgression. Middle Smackover
strata are dominated by lime mudstone and pelletal or fossiliferous lime wackestone. These strata
were deposited at and near the time of maximum transgression, and during and after a period of
rapidly increasing water depth. Middle-Smackover lime mudstone is typically laminated and organic
rich. Upper Smackover strata were laid down during a relative sea-level stillstand. Progradational
strata of the upper Smackover are dominated by ooid grainstone and diverse peritidal carbonates on
the flanks of the paleohighs and by pelletal and oncoidal packstone and grainstone in the centers of
the depositional basins. The Smackover locally contains substantial amounts of siliciclastic material,
particularly near the Conecuh ridge and its associated small paleohighs (e.g., Barnett, North Wailers
Creek, Uriah, Vocation, and Burnt Corn Creek fields) and in the Manila embayment. Diagenesis of
Smackover reservoirs was dominated by the effects of (1) early cementation, (2) leaching of calcium-
carbonate allochems, and (3) dolornitization, both mimetic and nonmimetic. The Smackover
Formation is overlain in south_est Alabama by the Buckner Anhydrite Member of the Haynesville
Formation, whose basal portion is dominated by subaqueous evaporites in depositional basins, and
by peritidal and supratidal evaporitic and siliciclastic strata on the flanks and crests of paleohighs.

As of December 1990, the Smackover had produced oil, condensate and/or natural gas from 73
established fields in Alabama. At that time, cumulative production from Smackover reservoirs in
Alabama totaled over 113 million barrels (MMB) of oil (including Norphlet oil production at South
Womack Hill field and minor amounts from a few other fields, which are not reported separately),
145 MMB of condensate (including Norphlet condensate production at Hatter's Pond field, which is
not reported separately), and 1.12 trillion cubic feet (TCF) of natural gas.

Smackover hydrocarbon traps in southwest Alabama can be characterized as structural or
combination structural and stratigraphic traps. Many structural traps result from halokinesis of the
Louann Salt, but basement-cored anticlinal traps are locally common. The Buckner Anhydrite Member
of the Haynesville Formation commonly forms the seal. Combination traps generally involve porosity
or permeability pinch-outs occurring on regional dip, on halokinetically generated anticlines or
structural noses, or on basement-related anticlines or faulted anticlines.

Most Smackover reservoirs originated as nearshore-marine carbonate sediments with minor
admixtures of noncarbonate material. Some of these reservoirs preserve abundant evidence of their
environment of deposition. Others have been highly altered and their origins are unclear. The most
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common Smackover reservoir rocks are nonskeletal grainstone. Mixed-particle grainstone/packstone
is the second most common reservoir type in the Smackover of southwest Alabama. Two other
important kinds of reservoir are microbial boundstone and crystalline dolostone. Quartzose
sandstone, commonly dolomitic, forms permeable reservoirs locally in southern Monroe County.

In this study, Smackover reservoir rocks are classified using capillary pressure curve shape. CP-
curve shape summarizes a wealth of petrophysical information about reservoir rocks, including pore-
throat size distribution and estimates of recovery efficiency and permeability. CP..curve class 1
includes samples that have extremely leptokurtic pore-throat size distributions and that exhibit little
or no extrusion of mercury during pressure reduction. Samples assigned to CP-curve class 2 differ in
exhibiting pore-throat size distributions with minor fine tails. CP-curve class 3 includes samples that
exhibit as much as 60 percent mercury extrusion during pressure reductien. CP-curve class 4 includes
samples that have mesokurtic pore-throat size distributions (ranging from like those of class 2 to
substantially more variable). These samples exhibit a prominent tail of small throats that accounts for
as much as 25 percent of the pore volume, or a smooth reduction in volume of pores accessed through
smaller and smaller throats over the entire range of pore-throat sizes. Samples assigned to this class
extrude up to more than 25 percent of their mercury during pressure reduction. Samples assigned to
CP-curve class 5 exhibit platykurtic or polymodal pore-throat size distributions. CP curves assigned to
this class are variable, as are porosity values, recovery-efficiency values, and median throat sizes. On
average, however, porosity values and throat sizes are smaller than for classes 1 through 4; recovery
efficiencies range up to about 40 percent. CP-curve class 6 includes marginal reservoir rocks; porosity
values are less than 10 percent and the mean is about 6 percent. These samples have mesokurtic
throat size distributions and lack large throats (.nedian throat sizes do not exceed 0.5 m). Recovery
efficiencies range between about 30 and 40 percent. CP-curve classes 7 and 8 include nonreservoir
rocks exhibiting very small throats.

Three methods of predicting permeability are discussed. The first is based on the relationship be-
tween microporosity, as measured from capillary-pressure data and as estimated by calibration of
well logs, and permeability. The ultimate goal is to predict permeability values from well logs or from
limited amounts of other kinds of data. The second is by measuring median throat size, which is
derived from capillary-pressure analysis. Small amounts of microporosity can dramatically depress
permeability in the Smackover. lt appears that small (centimeter-scale?) areas of small pores and small
pore throats act as permeability baffles. The only petrophysical variable investigated that is strongly
correlated with permeability is median throat size (MTS). MTS is derived from capillary-pressure
analysis, an expensive and time-consuming method which usually requires core samples. However,
whereas permeability can be measured only in samples cut from cores, MTS can be calculated from
analysis of cuttings. Therefore, permeability can be estimated from noncored intervals. The third
method of predicting permeability is from porosity data. The porosity-permeability relationships
differ among reservoirs dominated by different kinds of pore systems. Intercrystalline reservoirs
exhibit the strongest porosity-permeability relationships, but even for these reservoirs, equations
derived from one field will not yield accurate results when applied to another.

Pore systems in reservoir rocks of the Smackover Formation in southwest Alabama are dominated
either by moldic plus secondary intraparticle pores or by intercrystalline pores. Intermediate pore
systems are less common. Because the Smackover reservoir rocks described here fall naturally into two
distinct groups, two pore facies are defined. Pore facies are rock units characterized by certain pore
types or combinations of pore types and by certain consequent pore-throat size distributions. Pore
facies also possess characteristic fluid-flow properties.

Reservoir rocks assigned to different pore facies are petrophysically, petrographically, and
geographically distinct. Those assigned to the moldic pore facies are dominated by rnoldic plus
secondary intraparticle pores. Some samples contain up to about 20 percent interparticle pores.
Reservoir rocks assigned to the intercrystalline pore facies are dominated by intercrystalline pores.
Moldic pore systems are products of primary sediment fabric, modified by (usually) fabric-selective
dolomitization and by dissolution of unstable particles before, during, or after dolomitization.
Intercrystalline pore systems are most strongly affected by pervasive fabric-destructive
dolomitization, although primary sediment fabric commonly has some effect on the final rock fabric.
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This means that geological models of environment of deposition and of diagenetic history are more
likely to help interpretation of moldic reservoirs than of intercrystalline reservoirs. Moldic pore
systems tend to have higher mean porosity values but lower maximum permeability values than
intercrystalline pore systems. Moldic pore systems have more leptokurtic pore-throat size
distributions, but are fundamentally heterogeneous at microscopic scales because coarse and fine
pores are found together. Intercrystalline pore systems are fundamentally homogeneous at this level,
at least in the ideal case. Intercrystalline pore systems are more heterogeneous megascopically
(vertically) and therefore have more potential for bypassing of potentially productive intervals. Also,
high-permeability thief zones are more abundant in intercrystalline reservoirs. Intermediate samples
resemble petrophysically the intercrystalline pore facies, and occupy intermediate regions
geographically. Because rocks of the Moldic and Intercrystalline pore facies are readily
distinguishable, and exhibit quite different fluid-flow characteristics, the pore-facies classification
proposed here may be a useful tool in planning development of Smackover fields in Alabama, and
could probably be applied successfully to other porous and permeable carbonate units.

Quantitative (rank) measures of microscopic and megascopic reservoir heterogeneity are used to
describe heterogeneity in Smackover hydrocarbon fields in southwest Alabama. Microscopic reservoir
heterogeneity (H) is:
{[(0.25o([_)+ (mean natural log of K) + (1.5o natural log of K)]/3}.

Megascopic heterogeneity (MH) is:
[(# of reservoir intervals)+ (# of high-K reservoir intervals)+ (o of # of reservoir intervals)]

where reservoir rock is defined as exhibiting permeability values - 0.1 md and high-K reservoir rock
exhibits permeability values ->1.0 rod. Both MH and H are determined from core data and are
estimates of vertical heterogeneity. The Dykstra-Parsons coefficient (DP) is a measure of microscopic
heterogeneity that is partially independent of H (r2 = 0.428).

H and MH are distributed in opposing patterns. H generally decreases from northwest to
southeast; MH increases in the same direction. H values are high in the moldic pore facies and low in
the intercrystalline pore facies. Reservoirs belonging to the moldic pore facies tend to be
homogeneous with respect to MH, wh_.reas reservoirs assigned to the intercrystalline pore facies are
characterized by relatively high MH values.

The congruency of patterns of variation of H and MH with pore-system characteristics
(controlled by depositional patterns, dissolution, and dolomitization) and regional structural and
paleogeographic trends suggests that reservoir heterogeneity characteristics are controlled by
structural and paleogeographic setting and by diagenesis. However, because contours of H and MH
are approximately normal to structure contours but parallel to Smackover thickness contours (on a
regional scale), it appears that depositional setting (or paleogeography) exerted more stringent
control on reservoir heterogeneity than did structural evolution. On the scale of a single field,
heterogeneity is controlled by depositional and diagenetic patterns.

The distribution of DP values is not related to pore-facies distribution; thus the DP coefficient is
less useful for regional heterogeneity studies than is MH or H.

Estimation of H and MH regionally in the Smackover of southwest Alabama will facilitate EOR
planning for fields that are still in the early stages of development. Prediction of reservoir
heterogeneity characteristics will facilitate advance planning of production strategies and
cost/benefit analyses for development of new fields. _ addition, it wil_ be possible to identify regions
characterized by or cor.taining unusually heterogeneous or unusually homogeneous reservoirs
(microscopic, megascopic, or both).

Microscopic lateral heterogeneity (LH) was calculated for 12 of the largest Smackover fields.
Relatively SOl_histicat_d parameters could not be applied to the Smackover of southwest Alabama
because the data are of poor quality. Instead, LH was estimated as a function of the difference
between the residual variance about the porosity-permeability trend for single wells and that for
entire fields. If a field is perfectly laterally homogeneous, then wells will not differ with respect to
their porosity-permeability trends and subtracting the field value from the average of values for
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single wells yields an LH estimate of zero. Conversely, if a field is highly heterogeneous laterally, then
the field value will exhibit a high degree of scatter because wells with very different porosity-
permeability relationships will have been lumped together. A high value of LH results. Analysis of the
12 fields for which sufficient data are available indicates that H and LH covary. Also, gas-condensate
fields are relatively laterally homogeneous, and oil fields are relatively laterally heterogeneous.

Eleven Smackover fields in Alabama have been unitized through 1990. Three fields were unitized
specifically to allow the drilling of a strategically placed well to recover uncontacted oil. Two fields in
Alabama are undergoing waterflood projects. Five fields are undergoing gas-injection programs to
increase the ultimate recovery of hydrocarbons. In each of the unitized fields where injection or
waterflooding has occurred, additional wells have been drilled. These wells have been drilled as
either replacement, infill, or strategically located wells, and in each case appear to be an integral part
of the enhanced- or improved-recovery project.

Silas and Choctaw Ridge fields were unitized but no enhanced-recovery operations have been
initiated. Appleton, Turkey Creek, and Stave Creek fields were unitized for the purpose of strategic
well placement. In each case, an additional well was drilled to increase the recovery of hydrocarbons
from the field.

Waterflood operations have commenced in Womack Hill field in Choctaw and Clarke Counties,
Alabama, and in Jay-Little Escambia Creek (Jay-LEC) fields, located in Escambia County, Alabama, and
in Escambia and Santa Rosa Counties, Florida. In the Womack Hill field unit, an additional 13 million
barrels have been recovered since unitization. Ultimate recovery from both primary and secondary
recovery is predicted to be 17 million barrels of oil. Jay-LEC fields are undergoing infill drilling,
waterflood, and gas-iniection operations. The waterflood project was begun initially along with an
infill-drilling program in areas of low permeability. Prior to completing the waterflood project it was
determined that 355 million barrels of oil would remain in the reservoir after waterflooding and
therefore, a water-alternating-gas program or "WAG" using methane and later nitrogen was
initiated. Jay-LEC fields have produced approximately 399 million barrels of oil, 87 percent of which
has been recovered since enhanced-recovery operations were initiated.

Chatom field, in Washington County, is the site of the oldest gas-injection project in Alabama.
Primary recovery in the field was estimated to be 6.3 million barrels of condensate. Through 1990,
14.3 million barrels of condensate have been recovered using primary and secondary recovery, an
incremental increase of 8 million barrels. Ultimate recovery for Chatom field is projected at 15.8
million barrels. Hatter's Pond field was unitized in 1985 to allow injection of residue gas into the
reservoir. A total of 41 million barrels of condensate have been produced from the field, and ultimate
recovery under secondary recovery is expected to be 13 million barrels over what would have been
produced under primary depletion. Fanny Church field, in Escambia County, was also unitized in 1985.
A nitrogen-injection program was commenced in a portion of the field. Primary recovery was

I estimated to be 3.9 million barrels. However, using nitrogen injection, 7 million barrels could be
recovered. Through 1990, 4.3 million barrels of oil have been recovered from the unit. Approximately

, 9.3 billion cubic feet of gas have bee_, _njec;.ed into the Smackover reservoir although no injection
operations are ongoing.

Unitized fields are found in each of the pore facies defined by Kopaska-Merkel and Mann (1991).
Within the moldic pore facies, only strategic well placement has been used. Gas injection and infill
drilling are the only enhanced- or improved-recovery techniques used in the intercrystalline pore
facies. Enhanced- or improved-recovery methods used in reservoirs with intermediate pore systems
include infill drilling, strategic well placement, waterflooding, and gas injection. However, pore-
system characteristics should not necessarily restrict the type of enhanced- or improved-recovery
methods used. Injection operations should be considered for fields in the moldic pore facies and
strategic well placement is a viable option wherever hydrocarbons are updip from existing wells. Also,
reservoirs with intercrystalline and moldic pore systems should be evaluated for multiple enhanced-
or improved-recovery techniques as have been implemented in Jay-LEC fields.

Unitized fields with intermediate pore systems have produced over 435 million barrels of oil
(including the Florida portion of Jay-LEC fields). The intercrystalline pore facies has produced approxi-
mately 90 million barrels of liquid hydrocarbons from unitized Smackover fields. Approximately 11
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million barrels of hydrocarbon liquids have been produced from unitized reservoirs within the moldic
pore facies.

Potential candidates for enhanced or improved recovery are identified based on similarities to
fields already unitized. Strategic well placement is the most viable improved-recovery technique for
medium to small reservoirs where injection operations are economically prohibitive. By drilling wells
at strategic locations portions of the reservoir that would not be drained by existing wells can be
penetrated and hydrocarbon recovery increased. Fields that should be considered for strategic well
placement include Movico, Blacksher, Barrytown, and North Choctaw Ridge. Candidates for injection
include Movico, Big Escambia Creek, and North Choctaw Ridge fields.

The combined estimates, made by operators prior to enhanced- or improved-recovery
operations, for secondary production from the nine Alabama Smackover fields currently undergoing
such operations, amount to 331.5 million barrels of hydrocarbon liquids. Revision of this estimate
based on (1) results of enhanced- and improved-recovery operations through 1990, (2) proposed
tertiary recovery from some of these nine fields using reasonable estimates of relevant parameters
from this report and from the published literature, and (3) proposed enhanced or improved recovery
from potential candidates listed above, yields a new estimate of 468 million barrels of liquid
hydrocarbons expected to be produced by enhanced- or improved-recovery methods from the
Alabama Smackover. Even this estimate is probably conservative.
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ABSTRACT

The Upper Jurassic Smackover Formation is found in an arcuate belt in the subsurface from south
Texas to panhandle Florida. The Smackover is the most prolific hydrocarbon-producing formation in
Alabama and is an important hydrocarbon reservoir from Florida to Texas. Most Smackover reservoirs
originated as nearshore-marine carbonate sediments with minor admixtures of noncarbonate
material. Some of these reservoirs preserve abundant evidence of their environment of deposition.
Others have been highly altered and their origins are unclear. The most common Smackover reservoir
rocks are nonskeletal grainstone, dominated by pellets, ooids, and oncoids, in order of decreasing
abundance. Mixed-particle grainstone/packstone is the second most common reservoir type in the
Smackover of southwest Alabama. Other important Smackover reservoirs are microbial boundstone
and crystalline dolostone. Quartzose sandstone, commonly dolomitic, forms permeable reservoirs
with interparticle pore systems locally in southern Monroe County (e.g., North Wailers Creek field).
The most common kinds of pores in the Smackover are particle molds, secondary intraparticle (partial
moldic) pores, intercrystalline pores, and interparticle pores. The various pore types lend different
petrophysical characteristics to pore systems, and combinations of different kinds of pores in varying
proportions create further effects.

In this study, Smackover reservoir rocks are classified using capillary-pressure curve shape. CP-
curve class 1 includes samples that have extremely leptokurtic pore-throat size distributions and that
exhibit little or no extrusion of mercury during pressure reduction. Samples assigned to CP-curve class
2 differ in exhibiting pore-throat size distributions with minor fine tails. CP-curve class 3 includes
samples that exhibit as much as 60 percent mercury extrusion during pressure reduction. CP-curve
class 4 includes samples that have mesokurtic pore-throat size distributions (ranging from like those
of class 2 to substantially more variable). Samples assigned to this class extrude up to 25 percent or
more of their mercury during pressure reduction. Samples assigned to CP-curve class 5 exhibit
platykurtic or polymodai pore-throat size distributions. CP curves assigned to this classare variable, as
are porosity values, recovery efficiency values, and median throat sizes. On average, however, poros-
ity values and throat sizes are smaller than for classes 1 through 4;' recovery efficiencies range up to
about 40 percent. CP-curve class6 includes marginal reservoir rocks; porosity values are less than 10
percent and the mean is about 6 percent. These samples have mesokurtic throat-size distributions and
lack large throats (median throat sizes do not exceed 0.5 pm). Recovery efficiencies range between
about 30 and 40 percent. CP-curve classes7 and 8 include nonreservoir rocks.

Pore systems in reservoir rocks of the Smackover Formation in southwest Alabama are dominated
either by moldic plus secondary intraparticle pores or by intercrystalline pores. Intermediate pore
systems are lesscommon. Therefore, two pore facies, rock units characterized by certain pore types or
combinations of pore types, and by certain consequent pore-throat-size distributions, are defined.
Pore facies also possesscharacteristic fluid-flow properties. Reservoir rocks assigned to tile moldic
pore facies are dominated by moldic plus secondary intraparticle pores. Some samples contain up to
about 20 percent interparticle pores. Reservoir rocks assigned to the intercrystalline pore facies are
dominated by intercrystalline pores. Moldic pore systems are products of primary sediment fabric,
modified by (usually) fabric-selective dolomitization and by dissolution of unstable particles before,
during, or after dolomitization. Intercrystalline pore systems are most strongly affected by pervasive
fabric-destructive dolomitization, although primary sediment fabric commonly has some effect on
the final rock fabric. Moldic pore systems tend to have higher mean porosity values but lower
maximum permeability values than intercrystalline pore systems. Moldic pore systems have more
leptokurtic pore-throat size distributions, but are fundamentally heterogeneous at microscopic levels
because coarse and fine pores are mixed together. Intercrystalline pore systems are fundamentally
homogeneous microscopically. Intercrystalline pore systems are more heterogeneous megascopically
and therefore there is more potential for bypassing of potentially productive reservoir zones. Also,
high-permeaL, ility thief zones are more likely in intercrystalline reservoirs. Intermediate samples
resemble petrophysically the intercrystalline pore facies and occupy intermediate regions
geographically.
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Quantitative (rank) measures of microscopic and megascopic vertical reservoir heterogeneity are
used to describe heterogeneity in Smackover hydrocarbon fields in southwest Alabama. Microscopic
reservoir heterogeneity (pH) is

{[(0.25o_) + (mean natural log of K) + (1.5o natural log of K)]/3}.

Megascopic heterogeneity (MH) is

[(# of reservoir intervals)+ (# of high-K reservoir intervals)+ (o of # of reservoir intervals)]

where reservoir rock is defined as exhibiting permeability values ->0.1 md and high-K reservoir rock
exhibits permeability values _ 1.0 md. pH and MH are distributed in opposing patterns, pH generally
decreases, and MH increases, from northwest to southeast, pH values are high in the moldic pore
facies and low in the intercrystalline pore facies. Conversely, moldic reservoirs tend to be
homogeneous with respect tc" MH, whereas intercrystalline reservoirs are characterized by relatively
high values of MH. The congruency of patterns of variation of pH and MH with pore-system
characteristics (controlled by depositional patterns, dissolution, and dolomitizaltion) and regional
structural and paleogeographic trends suggests that reservoir heterogeneity characteristics are
controlled by structural and paleogeographic setting and by diagenesis. However, because contours
of pH and MH are approximately normal to structure contours but parallel to Smackover thickness
contours, it appears that depositional setting (or paleogeography) exerted more stringent control on
reservoir _leterogeneity than did structural evolution. Variation of the Dykstra-Parsons coefficient is
not related to pore facies; thus DP is less useful for regional heterogeneity studies than is MH or pH.
Microscopic lateral heterogeneity was calculated for 12 of the largest Smackover fields. Lateral
heterogeneity was estimated as a function of the difference between the residual, variance about the
porosity-permeability trend for single wells and that for entire fields, pH and microscopic lateral
heterogeneity covary. Also, gas-condensate fields are relatively laterally homogeneous, and oil fields
are relatively laterally heterogeneous.

Eleven Smackover fields in Alabama have been unitized through 1990. Three fields were unitized
specifically to allow the drilling of a strategically placed well to recover uncontacted oil. Two fields in
Alabama are undergoing waterflood projects. Five fields are undergoing gas-injection programs to
increase the ultimate recovery of hydrocarbons. In each of the unitized field,s where injection or
waterflooding has occurred, additional wells have been drilled. These wells have been drilled as
either replacement, infill, or strategically located wells, and in each case appear 'to be an integral part
of the enhanced- or improved-recovery project.

Silas and Choctaw Ridge fields were unitized but no enhanced-recovery operations have been
initiated. Appleton, Turkey Creek, and Stave Creek fields were unitized for the purpose of strategic
well placement. In each case, an additional well was drilled to increase the recovery of hydrocarbons
from the field.

Waterflood operations have commenced in Womack Hill field in Choctaw and Clarke Counties,
Alabama, and in Jay-Little Escambia Creek (Jay-LEE) fields, located in Escambia County, Alabama, and
in Escambia and Santa Rosa Counties, Florida. In the Womack Hill field unit, an additional 13 million
barrels have been recovered since unitization. Ultimate recovery from both primary and secondary
recovery is predicted to be 17 million barrels of oil. Jay-LEC fields are undergoing infili drilling,
waterflood, and gas-injection operations. The waterflood project was begun initially along with an
infill-drilling program in areas of low permeability. Prior to completing the waterflood project it was
determined that 355 million barrels of oil would remain in the reservoir after waterflooding and
therefore, a water-alternating-gas program or "WAG" using methane and later nitrogen was
initiated. Jay-LEE fields have produced approximately 3_.9 million barrels of oil, 87 percent of which
has been recovered since enhanced-recovery operations were initiated.

Chatom field, in Washington County, is the site of the oldest gas-injection project in Alabama.
Primary recovery in the field was estimated to be 6.3 million barrels of condensate. Through 1990,
14.3 million barrels of condensate have been recovered using primary and secondary recovery, an
incremental increase of 8 million barrels. Ultimate recovery for Chatom field is projected at 15.8
million barrels. Hatter's Pond field was unitized in 1985 to allow injection of residue gas into the
reservoir. A total of 41 million barrels of condensate have been produced from the field, and ultimate
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recoveryunder secondaryrecovery is expected to be 13 million barrels over what would have been
producedunder primarydepletion. FannyChurchfield, in EscambiaCounty, was alsounitized in 1985.
A nitrogen-injection program was commenced in a portion of the field. Primary recovery was
estimated to be 3.9 million barrels. However, using nitrogen injection, 7 million barrels could be
recovered.Through 1990, 4.3 million barrelsof oil have been recoveredfrom the unit. Approximately
9.3 billion cubic feet of gas have been injected into the Smackoverreservoiralthough no injection
operationsare ongoing.

Unitized fields are found in eachof the pore faciesdefined byKopaska-Merkel and Mann (1991).
Within the moldic pore facies, only strategic well placement hasbeen used. Gas injection and infill
drilling are the only enhanced- or improved-recoverytechniques used in the intercrystalline pore
facies.Enhanced- or improved-recoverymethodsused in reservoirswith intermediate pore systems
include infill drilling, strategic well placement, waterflooding, and gas injection. However, pore-
systemcharacteristicsshould not necessarilyrestrict the type of enhanced- or improved-recovery
methods used. Injection operations should be considered for fields in the moldic pore facies and
strategicwell placement isa viable option wherever hydrocarbonsare updip from existingwells.Also,
reservoirswith intercrystallineand moldic pore systemsshouldbe evaluated for multiple enhanced-
or improved-recoverytechniquesashavebeen implemented inJay-LEefields.

Unitized fields with intermediate pore systemshave produced over 435 million barrels of oil
(includingthe Floridaportion of Jay-LECfields).The intercrystalline pore facies hasproducedapproxi-
mately 90 million barrels of liquid hydrocarbonsfrom unitized 5mackoverfields. Approximately 11
million barrelsof hydrocarbonliquidshavebeen producedfrom unitized reservoirswithin the moldic
pore facies.

Potential candidates for enhanced or improved recovery are identified based on similaritiesto
fields already unitized. Strategicwell placement is the most viable improved-recovery technique for
medium to small reservoirswhere injec*.ionoperations are economicallyprohibitive. Bydrilling wells
at strategic locationsportions of the reservoir that would not be drained by existing wells can be
penetrated and hydrocarbon,ecovery increased.Fieldsthat shouldbe consideredfor strategicwell
placement includeMovico, Blacksher,Barrytown, and North Choctaw Ridge. Candidatesfor injection
includeMovico,BigEscambiaCreek,and North ChoctawRidgefields.

The combined estimates, made by operators prior to enhanced- or improved-recovery'
operations, for secondaryproductionfrom the nine Alabama Smackoverfields currently undergoing
suchoperations, amount to 331.5 million barrels of hydrocarbon liquids. Revisionof this estimate
based on (1) resultsof enhanced- and improved-recoveryoperations through 1990, (2) proposed
tertiary recoveryfrom some of these nine fields using reasonableestimates of relevant parameters
from thi_ _aport and from the publishedliterature, and (3) proposedenhanced or improved recovery
from potential candidates listed above, yields a new estimate of 468 million barrels of liquid
hydrocarbonsexpected to be produced by enhanced- or improved-recovery methods from the
AlabamaSmackover.Eventhisestimate isprobablyconservative.

INTRODUCTION

This is the final summary report on DOE contract number DE-FG22-89BC14425, entitled
"Establishmentof an Oil and Gas Database for IncreasedRecoveryand Characterization of Oil and
Gas Carbonate ReservoirHeterogeneity." This volume constitutes the final report for the entire
project, except for Subtask 1, which was completed with submittal of a computer tape for the TORIS
database in December of 1990. For descriptionsof methods employed in this project, see Kopaska-
Merkel (1991; 1992a).This report is basedon reservoircharacterizationsof ali 73 Smackoverfields in
Alabama (fig. 1,table 1),which were publishedbyKopaska-Merkeland others(1992).

GEOLOGIC SETTING

A detailed review of the geologicsetting of the Smackoverin southwest Alabama was presented
byKopaska-Merkel(1992a). That discussionissummarizedhere.



i°..--o. ................. ° .......... 1;=-.,-.-Iio ° ° .... ---° ........ • .................. • ......... "_.................................... o ........... °

: o" ° :,
. ..................................... ; ,

o .*'°"

i' ,o

i............................... -" '....'.
[ CHOCTAW '"'': "": .... "";

_o ..... :o, ," -- ;

; : ', ....... _ "

: ., .. , :
, ;,o--- o ,' o

: IER FORMATION : :
: _ :

ii U_ ""'"" :

' "°; i

=_-"''":': i.............................../ ;

: i MONROE :
".t : CLARKE : ,........"_....... ;. ..._

,/, : .." :

',. ;, • .
°-°.. , , ,

',.. " f; ",, ';
Qe_OQ

% * ..... _ .......... "*°" ..... : i

(_ : : :_," ."_ CONECUH ;. ',.;
i" • .... ...! . ;,' .o .°

WASHINGTON "" " ,."" : ::
....," _-';.°' , .oOO .

,; ,.'., ..... ., : :

;: -- ..
: ,,. :
,_''" : ,.;

.. .................... ;"_"

........ ' ..' : ESCAMBIA
_t

' ° ..... " .......................... I, ...... . .......

,, /
°' t,*"

..'" "-, 0 10 20 30 40 50 MILES
MOBILE ::',i"-. BALDWIN "',,

', %.

,.": .... ,., 0 10 20 30 40 50KILOMETERS

ia

• ii

• ; ; ",,
°° _ ° o°°"

"' :"'"'"", i ":_ .'"
_ o-,.,. ',

. ,:°-"

::-:::'2"." " ....,:::-.".:'.'.".Cii" """:::::.'--:::::: .............

Figure 1.--Location map for ali Smackoverfields inAlabama as of December 1990.



5

Table 1.-:Smackoverfields inAlabama asof December 1990

Field Fieldname County Hydrocarbontypenumber

1 Appleton Escambia Oil ..........
2 BarlowBend Clarkeand Monroe Oil
3 Barnett Conecuhand Escambia Oil

4 Barrytown Choctaw Oil
5 BigEscambiaCreek Escambia Condensate
6 Blacksher Baldwin Oil

7 BrokenLegCreek Escambia Oil
8 BucatunnaCreek Choctaw Oil

9 BurntCorn Creek Escambia Oil

10 ChappeiiHill Choctaw Oil
11 Chatom Washington Condensate
12 Choctaw Ridge Choctaw Oil
13 Chunchula Mobile Oil/Condensate
14 ColdCreek Mobile Oil

15 CopelandGas Washington Condensate
16 CrosbysCreek Washington Condensate
17 EastBarnett Conecuhand Escambia Oil
18 EastHuxford Escambia Oil

19 FannyChurch Escambia Oil
20 GinCreek Choctaw Oil
21 Gulf Crest Mobile Oil

22 Hanberry Church Escambia Oil
23 Hatter's Pond Mobile Condensate

24 Healing Springs Washington Condensate
25 Huxford Escambia Oil "

26 Jay-LittleEscambiaCreek Escambia Oil
27 Little Mill Creek Choctaw Oil
28 Little River Baldwinand Monroe Oil
29 Little Rock Escambia Condensate
30 Lovetts Creek Monroe Oil
31 Melvin Choctaw Oil
32 Mill Creek Choctaw Oil
33 Mineola Monroe Oil
34 Movico Baldwin and Monroe Oil

35 North Choctaw Ridge Choctaw Oil
36 North SmithsChurch Escambia Oil
37 North Wailers Creek Monroe Oil

38 Northeast Barnett Conecuh Oil

39 Northwest Range Conecuh Oil
40 PaceCreek Clarke Oil
41 PalmersCrossroads Monroe Oil
42 Perdido Baldwin and Escambia Oil
43 PussCussCreek Choctaw Oil

44 RedCreek Washington Condensate
45 RobinsonCreek Escambia Oil
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Table 1.--Smackoverfieldsin Alabama asof December1990_Continued

Field Fieldname County Hydrocarbontypenumber

46 Silas Choctaw Oil
47 SizemoreCreekGas Escambia Condensate
48 SmithsChurch Escambia Condensate
49 SouthBurntCornCreek Escambia Oil
S0 South ColdCreek Mobile Oil
51 SouthVocation Monroe Oil
52 South Wild ForkCreek Escambia Condensate
53 SouthWomack Hill Choctaw andClarke Oil

54 SoutheastChatom Washington Condensate
55 SouthwestBarrytown Choctaw Oil
56 SouwilpaCreek Choctaw Condensate
57 StaveCreek Clarke Oil

58 Sugar Ridge Choctaw Oil
59 Toxey Choctaw Oil

60 Turkey Creek Choctaw and Clarke Oil
61 Turnerville Mobile Oil
62 Uriah Monroe Oil
63 Vocation Monroe Oil
64 Wallace Escambia Oil
65 WagersCreek Monroe Oil

66 West Appleton Escambia Oil
67 West Barrytown Choctaw Oil
68 West Bend Choctaw and Clarke Oil

69 West Okatuppa Creek Choctaw Oil
70 Wild ForkCreek Escambia Oil

71 Wimberly Choctaw Oil
72 WomackHill Choctawand Clarke Oil

73 ZionChapel Choctaw Oil

REGIONAL FRAMEWORK

Southwest Alabama is part of the eastern Gulf Coastal Province of North America. This province
includes that part of the Gulf Coastal Plain situated east of the Mississippi River and west of the
Atlantic Coastal Plain, whose southwestern boundary is the northwest-southeast trending Ocala (or
Peninsular) arch in Georgia and Florida. The northernmost extent of outcropping Upper Cretaceous
or younger strata is the northern limit of the Coastal Plain, where coastal plain strata unconformably
overlie Paleozoic sedimentary and Precambrian and Paleozoic metamorphic and igneous rocks, most
of which have been deformed. The southern limit of the Gulf Coastal Plain is the southernmost extent
of the continental rise of the Gulf of Mexico (Murray and others, 1985).

The Gulf of Mexico basin did not exist during the Late Paleozoic and early Mesozoic; no Upper
Permian to Upper Triassic marine sediments have been found in the circum-Gulf region (Pindell,
1985). Separation of the North American plate from the Afro-South American plate and the opening
of the Gulf basin began with continental rifting in the Early Triassic (Wood and Walper, 1974; Murray
and others, 1985; Wilson and Tew, 1985). Extensional faulting along the rifted margin of the basin
generated a system of grabens and half grabens (Rainwater, 1967; Walper and Rowett, 1972; Beall,
1973; Smith and others, 1981; Mink and others, 1990). These newly formed basins became the loci of



deposition of the basal Mesozoic strata: Triassic to Early Jurassic continental siliciclastic red beds and
igneous intrusives of the Eagle Mills Formation (e.g., Todd and Mitchum, 1977). During the early
stages of basin formation, the Gulf was intermittently invaded by marine waters. Restriction
combined with an arid climate caused intense evaporation, and thick successionsof evaporites were
deposited during the early and middle Jurassic. The Gulf basin was essentially open by the middle
Jurassic (Buffler and Sawyer, 1985), and the area was dominated by normal marine and marginal
marine conditions from the late Jurassiconward (Murray, 1961).

Mesozoic and Cenozoic strata of the eastern Gulf Coastal Plain comprise a seaward-dipping and
thickening wedge of sediment that blanketed the passive southern margin of North America. The
following major kinds of structural elements, either alone or combined, have affected eastern Gulf I

Coastal Plain strata: (1) positive and negative basement features generated during continental
collision and suturing or continental rifting; (2) features related to the movement of Jurassic salt; and
(3) features associated with igneous activity (fig. 2).

The major positive basement elements that affected Mesozoic sedimentation in the eastern Gulf
are the Wiggins _rch, the Baldwin high, the Choctaw ridge complex, and the Conecuh ridge complex
in southeast Mississippi an6 southwest Alabama and the Pensacola-Decatur ridge complex in
southwest Georgia and nort,_west Florida. At least some of these features are related to the
Appalachian fold and thrust belt that was generated in the Late Paleozoic by the collision of the
North American and Afro-South American continental plates. Some of these positive basement
elements (e.g., the Wiggins arch) may be isolated horst blocks of continental lithosphere formed
during rifting of the Gulf basin (Smith and others, 1981; Miller, 1982).

The Mississippi interior salt basin (MISB) of southern Mississippi and southwest Alabama, which
was an actively subsiding depocenter throughout the Mesozoic and into the early Cenozoic, is a
broad, prominent depression on the basement surface (Wilson, 1975). The post-Paleozoic succession
in the basin is much thicker than in surrounding areas. The MISB overlies an area of attenuated
grani*ic continental crust; crustal thinning resulted from extension of the lithosphere during rifting in
the T_iassic and Jurassic (Wilson, 1975). Crustal attenuation created a subsiding structural basin
cratonward of th_ rifted and elevated continental margin (Wood and Walper, 1974).

The Conecuh and Manila embayments also were major sites of Mesozoic sedimentation (Mancini
and Benson, 1980). The Manila embayment actually contained two separate depocenters during
Smackover and Buckner deposition (fig. 3). These negative structural features may have originated as
rift grabens during the breakup of Pangea (Miller, 1982).

Movement of the Jurassic Louann Salt has resulted in a complex network of salt-related structural
elements in southwest Alabama. Martin (1978) attributed the structural fabric of most of the
northern Gulf margin to salt movement. Structural elements in the study area resulting from salt
movement include the regional peripheral fault trend, the Mobile graben, and numerous smaller
features. Salt movement began in some areas as early as late Smackover time.

STRATIGRAPHY

Pre-Jurassic and Jurassic geologic units found in the subsurface in the study area include pre-
Mesozoic "basement" rocks; the Triassic-Lower Jurassic Eagle Mills Formation; the Jurassic Werner
Formation, Louann Salt (including Pine Hill Anhydrite Member), Norphlet Formation (including
Denkman Sandstone Membet'), Smackover Formation, and Haynesville Formation (including basal
Buckner Anhydrite Member); and the Jurassic-Cretaceous Cotton Valley Group (fig. 2). None of these
strata are exposed at the surface in the study area.

Jurassicstrata underlying the U.S. Gulf coast contain huge volumes of evaporites: thick halite rock
in the Louann and Haynesville, and anhydrite rock in the Werner, Pine Hill, and Haynesville. In
addition, eolian strata dominate the Norphlet Formation in the eastern Gulf. Sabkhas and salinas are
common in the upper Smackover (e.g., Barnett, Barrytown, Blacksher, Burnt Corn Creek, Chatom, and
Zion Chapel fields; Kopaska-Merkel and others, 1992). Early diagenetic fabrics of carbonates of the
Smackover and Haynesville formations suggest that meteoric diagenesis was limited. By contrast,
indicators of arid-zone diagenesis, such as intrasedimentary penecontemporaneous discoidal gypsum
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crystals, tepee structures, and calcareous crusts (caliche) are widespread (e.g., Appleton, Barrytown,
and Chappell Hill fields; Kopaska-Merkel and others, 1992). Jurassicsediments in the study area were
deposited in an arid setting.

NORPHLET FORMATION

The Norphlet Formation (Oxfordian) is a regionally extensive, predominantly continental
siliciclastic deposit that is found in the subsurface throughout most of the study area. The Norphlet is
dominated by alluvial-fan, wadi, playa, and eolian deposits. Sandstone reworked by marine processes
makes up the uppermost part of the unit (Wilkerson, 1981; Mancini and others, 1984, 1985). In
southwest Alabama, the Norphlet Formation ranges up to 800 feet in thickness.

During deposition of the Norphlet Formation the study area was dominated by a broad desert
plain bordered on the north and east by highlands underlain by Proterozoic and Paleozoic rocks and
on the south by the developing Gulf of Mexico basin. Major positive basement features such as the
Wiggins arch were partially exposed at this time (Mancini and others, 1985).

The Norphlet is conformably overlain by the Smackover Formation. The contact is commonly
abrupt, but is gradational over an interval of a few feet or less in parts of Mobile County (Tolson and
others, 1983), including Chunchula field, in Jay field, Escambia and Santa Rosa Counties, Florida
(Bliefnick and Mariotti, 1988), and in Barnett field on the Conecuh ridge (Kop3ska-Merkel and others,
1992).

SMACKOVER FORMATION

PALEOGEOGRAPHIC SETTING

The Smackover was deposited on a carbonate ramp, like that of the present-day Persian Gulf, in
much of the Gulf-Coast region (Ahr, 1973; Mancini and Benson, 1980, 1981; Budd and Loucks, 1981;
Moore, 1984). However, in southwest Alabama, deposition of Smackover strata was strongly affected
by a system of preexisting ridges and basins (fig. 2). Smackover strata in southwest Alabama were
deposited in four interconnected basins: the eastern part of the MISB, the Manila embayment (which
contained two separate depocenters during Smackover deposition), the Conecuh" embayment
(Mancini and Benson, 1980, figs. 2 and 3), and a basinal area south of the Baldwin high. The
distribution of facies was more closely controlled by local paleotopography (fig. 3) than by southerly
regional dip (fig. 4), as would have been the case in an unmodified ramp setting. High-energy facies
were deposited in nearshore areas rimming exposed paleohighs and near the updip limit of
Smackover deposition; lower energy strata were deposited in basin centers. Some positive areas, such
asthe Wiggins arch, were partially exposed throughout Smackover time.

STRATIGRAPHY

The Smackover Formation conformably overlies the uppermost (marine) part of the Norphlet
Formation. The Smackover is a platform carbonate that (together with the uppermost Norphlet)
comprises the marine (lower) portion of a transgressive-regr¢.ssive sequence. Based on ammonites
recovered from the lower portion of the unit, the Smackover has been assigned a late Oxfordian age
(Imlay, 1945). The Smackover ranges up to more than 550 feet thick in the study area (fig. 3).

Basal Smackover strata in Alabama contain laminar and domal stromatolites; these deposits
probably formed in shallow water during the early stages of a marine transgression. Middle
Smackover strata are dominated by lime mudstone and pelletal or fossiliferous lime wackestone,
deposited at and near the time of maximum transgression, and during and after a period of rapidly
increasing water depth. Middle-Smackover lime mudstone is typically laminated and organic rich.
These strata are inferred to be the source rocks from which most of the oil in Jurassic reservoirs in the

study area was generated (Erdman and Morris, 1974; Mancini and Benson, 1980, Hughes, 1984,
Oehler, 1984; Sassen and others, 1987; Sofer, 1988; Claypool and Mancini, 1989; Sassen, 1989).
During middle Smackover time, prolific production of high-energy carbonate sediment on the flanks
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of the paleohighsinitiateci a progradational phaseof Smackoverdeposition. Upper Smackoverstrata
were laid down during a relative sea-level stillstand.Progradational strata of the upper Smackover
are dominated by ooid grainstone and diverseperitidal carbonateson the flanks of the paleohighs
and by pelletal and oncoidal packstoneand grainstone in the centers of the depositional basins.
Upper Smackoverstrata are generally arranged in a successionof stacked, upward-shallowing cycles
(Mancini and Benson,1980; Benson,1984) that grade from subtidal strata at their basesto shallower
subtidal to supratidal strata at their tops (Moss, 1987; Benson, 1988; Mancini and others, 1990;
Kopaska-Merkeland others, 1992). Cyclescapped by supratidal strata are found on paleohighsand
near the updip limit of the Smackover(Moss,1987). Exposurefeatures, including hardened crusts,
mudcracks,fenestral fabric, dissolutionfabrics, vadosepisoids,and pendant cement, are found at the
topsof many cycles(e.g., Barrett, 1987; Benson,1988; Mancini and others, 1990; Kopaska-Merkeland
others, 1992).

The Smackoverlocally containssubstantialamountsof siliciclasticmaterial, particularly near the
Conecuh ridge and its associatedsmall paleohighs (e.g., Barnett, North Wailers Creek, Uriah,
Vocation, and Burnt Corn Creek fields). Also, terrigenous siliciclasticmaterial is significant in the
upperSmackoverin partsof the Manila embayment (Wade and others, 1987).The upper Smackoveris
very argillaceousin the northern part of the embayment; in the southeasternpart, severalintervalsof
calcareoussandstoneare interbedded with peloidal and oolitic packstoneand grainstone (Wade and
others, 1987).

Microbial boundstoneisa significantcomponent of upper Smackoverstrata on the north sideof
the Wiggins arch in Mobile County,Alabama, and on the Conecuhridge complex in Baldwin County,
Alabama (Baria and others, 1982; Benson, 1988). These strata are primarily composed of laminar,
digitate, or domal stromatolitic cyanobacteria, along with foraminifers, sponges,and calcareous
worm tubes(Benson,1984; Moss,1987; Benson,1988).

DIAGENESIS

Smackover diagenesis in southwest Alabama was dominated by the effects of (1) early
cementation, (2) leaching of calcium-carbonateallochems,and (3) dolomitization. Other diagenetic
processesthat significantly affected Smackover reservoir characteristicsinclude pressuresolution,
dissolution of calcium-carbonate cement, late (post-dolomitization) calcite and anhydrite
cementation, and fracturing, both tectonic and caused by collapse of partially dissolved rock
frameworks. Despite grosssimilarities of diagenesisof the Smackover throughout the Gulf, the
diagenetic history and resultant reservoir characteristicsof the Smackoverof southwest Alabama
differ substantially in detail from conditions in the central and western Gulf Coast (Mississippito
southTexas)(e.g., Moore, 1984).

Early marine-phreatic cementation in interparticle pore spacesin particle-supported Smackover
carbonateswasnearly ubiquitous.Marine-phreatic cement in the Alabama Smackoverisfibrouspore-
lining calcium carbonate that destroyedinterparticle pore throats and in many casesfilled primary
interparticle pores, forming polygonal boundaries between opposing cement rims. At least some
early marine-phreaticpore-lining cement in the Alabama Smackoverwas aragonitic, as indicated by
square crystal terminations still preserved in partially filled primary interparticle pores. Marine-
phreatic cementation was suppressed,and primary interparticle porosity preserved, in areas where
meteoric waters are most likely to have reached upper Smackoverstrata. Early freshwater-phreatic
(Benson, 1984; Moss, 1987) and vadose (see fig. 19; Kopaska-Merkel, 1992a, Kopaska-Merkel and
others, 1992, p. 90) cements were precipitated shortly before (Kopaska-Merkel, 1992a; Kopaska-
Merkel and others, 1992) and shortly after (Benson,1984; Moss, 1987) formation of early marine-
phreatic cement in updip areas.These meteoric cementssupport the inference that meteoric water
was responsiblefor inhibition of marine cementation in updip areas. Where primary interparticle
pore space was destroyed by marine-phreatic cement, an initially highly permeable sediment was
converted to a relatively impermeable (and nonporous) rock. Meteoric water also influenced early
Smackoverdiagenesison paleohighsnot near the updip limit of the formation (e.g., Bliefnickand
Mariotti, 1988; precipitation of freshwater-phreaticcement in Jayfield).
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In many areas, early marine cementation was followed by leaching of ooids (Smackover ooids in
Alabama were aragonitic) and other mineralogically unstable particles. Oncoids tended to be
partially dissolved by the formation of small vugs within them; pellets and mollusks were commonly
entirely dissolved. This widespread particle dissolution vastly increased porosity values (to 40 percent
or more) but had little direct effect on permeability. This early dissolution of mineralogically unstable
particles may have been caused by the same meteoric fluids that inhibited marine cementation and
precipitated meteoric cements in updip areas. Reservoirs that have been cemented and leached, but
not extensively dolomitized, are uncommon and occur mainly in southern Choctaw County and
northwestern Clarke County (e.g., some strata in Bucatunna Creek and Womack Hill fields; Kopaska-
Merkel and others, 1992.)

During deposition of upper Smackover strata in the eastern part of the MISB a minor relative sea-
level drop initiated sabkha development on the crests of many topographic highs (e.g., Chatom and
Zion Chapel fields; Kopaska-Merkel and others, 1992; Mann and Kopaska-Merkel, 1992; see also
Moss, 1987). These sabkha deposits (and associated salina deposits) contain significant amounts of
anhydrite and range up to a few tens of feet in thickness. They are commonly overlain by comparable
or greater thicknesses of peritidal carbonates, including reservoir rock, laid down during and after a
subsequent minor relative searlevel rise. These in turn are overlain by massive anhydrite of the basal
Buckner Anhydrite Member of the Haynesville Formation. The basal massive anhydrite was deposited
subaqueously as a result of evaporative concentration of MISB waters (Mann, 1990; Mann and
Kopaska-Merkel, 1992).

Early dolomitization of uppermost Smackover strata by reflux of hypersaline brines was
widespread, but of minor importance for reservoir evolution. Widespread formation of isotopically
light (oxygen isotopes) dolomite in permeable Smackover strata caused extensive post-depositional
alteration of Smackover strata (e.g., Benson and Mancini, 1984; Vinet, 1984; Barrett, 1987). This
widespread Smackover dolomite, which is responsible for formation and/or preservation of many
permeable Smackover pore systems, has been interpreted as mixed-water in origin (e.g., Vinet, 1984;
Worrall, 1988; Prather, 1992) or to have formed as a result of lateral migration of formation waters
with focusing of flow over paleohighs (Barrett, 1987). Two different forms of isotopically light
dolomite are common and likely represent the products of two different episodes of dolomitization.
Some isotopically light Smackover dolostone is mimetic; it preserves clear evidence of primary
sediment _abrics in the form of (1) inclusions within dolomite crystals, (2) dolomite crystal boundaries
that mimic particle boundaries, (3) nondolomitized patches controlled by particle boundaries, and (4)
relatively unaltered pores.

Abundant mimetic dolomite in the Smackover of Alabama formed before, during, and after
widespread particle dissolution (Kopaska-Merkel and others, 1992). Marine-phreatic calcium-
carbonate cement predates dolomitization in most areas; whereas locally primary pore-rimming
rhombic dolomite cement appears to have been the earliest cement, or to have precipitated after
formation of meniscus cement (see fig. 19 and Kopaska-Merkel, 1992a, fig. 51A). At least some of this
mimetic dolomite precipitated before significant compaction. Hence, at least some of the mimetic
dolomite, namely that which formed early and in association with widespread particle dissolution,
could have formed from mixed waters as hypothesized by Vinet (1984) and by Prather (1992). Post-
compaction and post-dissolution mimetic dolomite (e.g., in Gin Creek field, Kopaska-Merkel and
others, 1992, p. 222) may have a different origin. However, most porous and permeable mimetic
dolostone in the Smackover of Alabama appears to be dominated by pre-compaction dolomite.

Other isotopically light Smackover dolostone is nonmimetic, or fabric destructive. In these rocks,
dolomite crystals did not honor particle boundaries, ascan be seen clearly in (relatively rare) examples
exhibiting faint bands of inclusions that outline particle boundaries and that are transgressed by
dolomite crystals. In most Smackover fabric-destructive dolostone, no such bands of inclusions can be
seen, and the primary fabric is indeterminable. Nonmimetic Smackover dolostone has been
interpreted to have formed from subsurface fluids (e.g., Barrett, 1987; University of Alabama, 1991).
Both mimetic and nonmimetic dolostone form excellent reservoirs in the Smackover. Their similarities
and differences visa vis reservoir characteristics and heterogeneity are discussed at length in
subsequent sections.



14

Late baroque (saddle) dolomite is widespread but volumetrically insignificant in the Smackover
(e.g., Murray, 1991). Other episodes of dolomitization may have also taken place (e.g., pene-
contemporaneous hypersaline dolomitization of lower Srnackover strata in the Jay field area of
Alabama and Florida; Vinet, 1984).

Late-stage diagenetic processesthat were widespread in the Alabama Srnackover include stylolitic
pressure solution and growth of replacive anhydrite laths. Other late diagenetic processesthat were
of at least local importance included dissolution of calcium-carbonate cement, dissolution or
calcitization of dolomite, calcitization of anhydrite, pressure solution by particle interpenetration,
post-dolomitization calcite and anhydrite cementation, and fracturing. Fracturing included both
tectonic formation of fracture sets and crushing of dissolution-weakened rock components. These
included cement frameworks around particle rnold_ (see fig. 31) and dolomite cement crystals with
their cores dissolved. Paragenetic sequences diagramed by Kopaska-Merkel and others (1992) suggest
the geographic and temporal distribution of these processes in the Alabama Smackover. Only
pressure solution, calcite and anhydrite cementation, and tectonic fracturing exerted more than local
effects on porosity and permeability of Smackover reservoirs.

BUCKNER ANHYDRITE

The Smackover Formation is overlain in southwest Alabama by the Buckner Anhydrite Member of
the Haynesville Formation, whose basal portion is dominated by subaqueous evaporites (predomi-
nantly anhydrite and halite) in depositional basins and by peritidal and supratidal evaporitic and
siliciclastic strata on the flanks and crests of paleohighs (Dickinson, 1968; Harris and Dodman, 1982;
Moore, 1984; Moore, 1986; Lowenstein, 1987; Mann, 1988, 1990). Deposition of the basal Buckner in
the eastern part of the MISB was initiated by partial isolation of the eastern MISB and increase of
salinity to the point of gypsum saturation (Mann, 1990; Mann and Kopaska-Merkel, 1992). This
chemical event involved a minor relative sea-level fall caused by a net evaporative water loss in the
eastern MISB. Thus the massive anhydrite offlaps the underlying peritidal carbonates. Because its
origin is a basin-wide (Alabama part of MISB) chemical event, the base of the massive Buckner saltern
evaporite is a time plane (see Hardie and others (1978) and Kendall (1988) for discussion of this
phenomenon). However, this time horizon may not be identifiable in basin marginal areas, where
basal Buckner evaporites were deposited in sabkhas and salinas. On the crests of paleohighs, where
uppermost Smackover strata include sabkhas and salinas, the base of the saltern also may be difficult
to identify. In addition, halokinesis of the Louann Salt during Buckner time created high-frequency
thickness variation in Buckner strata where underlying 3mackover strata vary only slightly in
thickness.

Analysis of well logs and cores suggests that similar processes operated in the Manila and
Conecuh embayments. However, in the Manila embayment, a thin anhydrite interval is overlain by a
thick sequence of halite (to th_ _outhwest) or sandstone (to the northeast). These two regions were
separated during Smackover and Buckner time by a ridge that prevented sand from reaching the
southwestern Manila embayrnent. The Buckner in the Conecuh embayment resembles that in the
southwestern Manila embayment; up to about 50 feet of anhydrite is overlain by a thick halite
succession.Thick sequences of halite in the Buckner of the Manila and Conecuh embayments suggest
that these basins were deep enough to develop permanent haloclines during Buckner time. In the
Manila embayment, there appear to be two major areas of Buckner salt, whereas in the Conecuh
embayment, salt was deposited primarily in small subbasins.

SMACKOVER PETROLEUM GEOLOGY

Commercial quantities of hydrocarbons were first discovered in the Smackover Formation in
Alabama at Toxey field, Choctaw County, in 1967. The Smackover has subsequently proven to be the
most prolific hydrocarbon-producing reservoir in southwest Alabama. As of December 1990, the
Smackover had produced oli, condensate and/or natural gas from 73 established fields in southwest
Alabama. At that time, cumulative production from Smackover reservoirs in Alabama totaled over



15

113 million barrels (MMB) of oil (including condensateproduction from Chunchulafield and minor
Norphlet oil production from severalfields), 145 MMB of condensate(includingNorphlet condensate
production from Hatter's Pond field, which is not reported separately), and 1.12 trillion cubicfeet
(TCF)of natural gas.Productiondata were summarizedby Hall (1992). Smackoverpetroleum geology
wasreviewed byKopaska-Merkel (1992a), andisbriefly summarizedhere.

Smackoverhydrocarbontraps in southwestAlabama are structuralor combination structuraland
stratigraphic traps (Mancini and others, 1990). Many structuraltraps result from halokinesisof the
Louann Salt. The Buckner Anhydrite Member of the HaynesvilleFormation seals most Smackover
traps in Alabama. Basement-relatedstructuraltraps are common in Monroe, Conecuh,and Escambia
Counties. Typically, these traps are anticlinesdeveloped over basementpaleohighs. The Buckneris
the sealfor mostof thesebasement-relatedtrapsasweil.

Combination traps generally involve porosity or permeability pinch-outson regional dip or on
halokinetically generated anticlines or structural noses.Porosity and permeability pinch-outs on
basement-relatedanticlinesor faulted anticlinesare alsorecognizedinthe studyarea.

Microbially influenced laminated lime mudstoneof the lower to middle SmackoverFormation is
the main source rock for the oil, condensate,and gas in Smackoverreservoir rocks(Erdman and
Morris, 1974; Mancini and Benson,1980; Hughes,1984; Oehler, 1984; Sassenand others, 1987; Sofer,
1988; Claypool and Mancini, 1989; Sassen,1989). These strata were deposited under low-energy
conditionsin intertidal to subtidalsettingsduring a marinetransgression.

Kerogen in Smackover laminated lime mudstone probably matured to liquid hydrocarbons
beginning in the early Cretaceousand continuing into the Tertiary (Mancini and others, 1985; Nunn
and Sassen,1986). Jurassictemperature gradientswere about 33°C/km, more than twice the modern
gradient (Nunn and Sassen,1986). Hence,Jurassicstrata have probably been close to their current
temperatures(90 to 170°C)for the last 100million years(Nunn, 1984).

Smackover petroleum traps are principally salt-related structural traps. Salt movement was
initiated in basinai areasin late Smackover/Haynesvilletime and continuedinto the Tertiary in updip
areas and along the regional peripheral fault trend (Martin, 1978; Bearden and Mink, 1989).
Structural growth coincided with hydrocarbon generation and migration from Smackoversource
rocks. Emplacement of liquid hydrocarbonsin Smackover reservoirswas precisely controlled by
relative timing of hydrocarbongeneration and migration on the one hand, and tr_p formation and
subsequentstructural modification of the reservoiron the other. For example, traps a'ndsealsthat
formed early contain oils near the original compositionof Smackovercrude oil. Trapsthat formed
later generally contain light oils or condensates. However, maturation and alteration of
hydrocarbonsinthe reservoircanalsogenerate condensates.

Hydrocarbon types, in conjunctionwith basinal position and relationship to regional structural
features, can be used to delineate three Jurassichydrocarbontrends in Mississippi,Alabama, and
Florida (Mink and others, 1985). The three trends are an updip oil trend, an intermediate oii and gas
condensatetrend, and a downdip gastrend (fig. 5).

The oil trend is north of the regional peripheral fault trend. The principalpetroleum traps in this
trend includestructural (salt related and paleohighs)and combination traps. Haynesville,Smackover
and Norphlet fields producechiefly low to medium gravityoil.

The oil and gas condensate trend lies between the regional peripheral fault trend and the
Wiggins arch. The principal petroleum traps are salt-related anticlines and extensional faults and
combination traps. Most Jurassic fields in the tri-state area are located in this trend, with fields
estal_lishedin the Cotton Valley, Haynesville,Smackover,and Norphlet. Productionfrom the trend is
chiefly medium to high gravity oil, condensate,and gas.

The deep natural gas trend is found south of the Wiggins arch. The principal hydrocarbontraps
are salt anticlines. Fields in this trend produce methane gas from the Cotton Valley and Norphlet
formations.

A more detailed analysis of the relationship between trap type, basinal position, and
hydrocarbontype in the Smackoverof Alabama, Mississippi,andthe Florida panhandlewas published
by Mancini and others (1991).
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SMACKOVER RESERVOIRCHARACTERISTICS

GENERALCHARACTERISTICSOF SMACKOVER RESERVOIRS

In this section, Smackover reservoirsare describedin sufficient detail to lay the groundwork for
subsequentdiscussionsof petrophysics,petrophysicalclassification,and heterogeneity classification.
First, Smackover carbonate reservoirsare described within the framework of the major structural
features that influenced Smackoverdeposition and diagenesisin southwest Alabama: the adjacent
portions of the North American continent, the basins, the paleohighs, and the peripheral fault
system. Smackoverporesystemsarethen describedin more detail.

CARBONATE ROCK TYPES

Most Smackover reservoirsoriginated as nearshore-marine carbonate sediments with minor
admixtures of noncarbonate material. Some of these reservoirspreserveabundant evidenceof their
environment of deposition. Others have been highly altered and their origins are unclear. The first
group are convenientlyclassifiedusingthe schemeof Dunham (1962),whereasthe latter ("crystalline
dolostone" to Dunham) can be characterized in more detail following Sibley and Gregg (1987).
Smackover reservoirsare classifiedin this way becausethe Dunham classificationissimple to apply
and the categories are directly related to depositional settings. Pore systemsare examined more
directly insubsequentportionsof the report.

The most common Smackoverreservoir rocksare nonskeletal grainstone, dominated by pellets,
ooids, and oncoids,in order of decreasingabundance.Generally,either ooidsor pelletsare dominant,
though both ooid grainstone and pellet grainstone may be found in a single core (e.g., Silasfield,
Choctaw County). Oncoidsare associatedeither with ooids or with pellets. The pellets are either
small, nondescriptellipsoidsof the type commonlyascribedto small gastropods(locally abundant in
the Smackover)or polychaetes,or (lesscommonly)the large, distinctive "Favreina" pellets that are
thought to be made by callianassidshrimp. UFavreina" pellets (not technically belonging to genus
Favreina) are widespreadand locallyabundant but are muchlessimportant to reservoirdevelopment
than are the small pellets. Thisis because"Favreina" pellets (1) are lessabundant, (2) lesscommonly
form grainstone,and (3) lesscommonlyare dissolvedto form molds.Micritic ellipsoidsthat are ali the
same size and shapeare clearly pellets. Many other micritic ellipsoidsare probably pellets, but are
called peloids if their origin is in doubt (Friedman and others, 1992). Skeletal particles (the most
common are indeterminate molluskfragments, cerithid gastropods,and echinodermossicles),aswell
as intraclastsand (locally) vadosepisolites,are locally commonin the nonskeletal grainstone. High-
energy ooid grainstone is most abundant in the upper Smackoveron the crestsand flanks of
paleohighs, and in southern Choctaw County, on the proximal portion of a large Smackover
carbonate ramp. Pellet grainstone is most abundant within the basins, especially the MISB (e.g.,
Chatom field, Washington County).

Mixed-particle grainstone/packstone is another common reservoir type in the Smackover of
southwest Alabama. These lower energy strata are compositionally variable and commonly grade
upward into grainstone sensu stricto. Mixed-particle grainstone/packstoneis either dominated by
ooids or by pellets, as isthe grainstone. Skeletal material is both more abundant and more diverse
than in the nonskeletal grainstone. Fossils include mollusks, echinoderm ossicles, encrusting
foraminifers, other foraminifers, coralfragments, andspongefragments.

Microbial boundstone is another important reservoir-rocktype. There are at least three common
kinds of microbial boundstone in the Smackover of southwest Alabama. These are laminar
stromatolites, domal stromatolites, and "microstromatolites."The latter are small (commonlya few
cm or lessin the longest dimension),lensoidor domal, and are commonlyfound in groups.They are
distinct from the first two kindsof stromatolites, which are wider than cores(2 to 3 inches)and may
form bioherms up to several feet thick. Boundstone is commonly associatedwith pelletal and/or
oncoidal packstone and grainstone and with exposure surfaces.Microbial boundstone is most
abundant on the southeasternflank of the Manila embayment, where individual microbial reefs
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exceed 1 meter in thickness (e.g., Lovetts Creek, Vocation, and Little Escambia Creek fields; Kopaska-
Merkel and others, 1992).

Crystalline dolostone forms numerous reservoirs in the Smackover of Alabama, especially in
Mobile County. Permeable Smackover dolostone in southwest Alabama is commonly either planar-e
or planar-s (Sibley and Gregg, 1987). (Planar-e dolomite consists of crystals that exhibit planar
boundaries that are crystal faces, whereas crystals in planar-s dolomite exhibit planar boundaries that
are not crystal faces.) These rocks are finely crystalline, coarsely crystalline, or exhibit polymodal or
platykurtic crystal-size distributions. This has not been investigated quantitatively.

The preceding summary of Smackovei "eservoir-rock characteristics comes from new observations
supplemented by descriptions published L Mancini and Benson (1980, 1981), Benson and Mancini
(1982, 1984), and Benson (1985, 1988).

SILIClCLASTIC SMACKOVER RESERVOIRS

Quartzose sandstone, commonly dolomitic, with abundant but subordinate feldspar, forms
permeable reservoirs locally in southern Monroe County (e.g., North Wailers Creek field; Kopaska-
Merkel and others, 1992). Porosity is primarily interparticle. Evidently, the sand was shed in
abundance from emergent islands arid/or from the nearby North American landmass, overwhelming
the autochthonous carbonate sediment sources. Quartzose sandstone has also been found in the
upper Smackover of the northern Manila embayment, which contains no Smackover fields. Because
this study concerns carbonate reservoirs only, the uncommon siliciclastic reservoirs are not described
further.

SMACKOVER PORE SYSTEMS

The occurrence of reservoir-grade rocks (by convention, porosity at least 6 percent and
permeability at least 0.1 md) in the Snnackover Formation of southwest Alabama is dependent on (1)
deposition of porous and permeable sediments in a variety of settings and (2) diagenetic processes
which have preserved, enhanced, or created porosity and permeability both in originally permeable
strata and in originally impermeable strata.

lt is instructive to consider first the kinds of pores (classified using a modified form of the scheme
of Choquette and Pray, 1970) that are common in Smackover pore systems, and then to discussthe
kinds of porous and permeable pore systems that compose (with their host rocks) Smackover
reservoirs. Our modifications to the pore classification of Choquette and Pray (1970) were described
by Kopaska-Merkel (1992a).

SMACKOVER PORE TYPES

The most common kinds of pore!; in the Smackover are particle molds, secondary intraparticle
pores, intercrystalline pores, and interparticle pores. Less common, but significant, pore types are
fractures, vugs, and cement molds. The various pore types lend different petrophysical characteristics
to pore systems, and combinations of different kinds of pores in varying proportions create further
effects.

Interparticle pores are permeability enhancers because they tend to form regular networks with
abundant connections and because they are connected by large pore throats. The permeability of
primary interparticle pore systems is n_adily destroyed by the precipitation of pore-rimming marine-
phreatic cement. Fractures are even more effective permeability enhancers and have fewer
opportunities to be cemented because they form later than primary interparticle pores.

Pore systemsdominated by molds, vugs, and secondary intraparticle pores are not characterized
by high permeability values because these pores tend to be poorly connected and exhibit high aspect
(pore-throat size) ratios. The most common kinds of molds are oomolds and pelmolds. Mollusk
fragments commonly form molds. Oncoids, echinoderm ossicles, intraclasts, and "Favreina" pellets
rarely form molds. Secondary intraparticle pores are most common in ooids and in oncoids, less



19

common in small pellets. "Favreina" also form secondary intraparticle pores, but are less common
than the other particle types.

Secondary intraparticle pores resemble molds in being separated from one another by pore
systems having different characteristics (the former interparticle spaces). Secondary intraparticle
pores are small clusters of small pores, surrounded by pore systems that may be finer or coarser. By
contrast, molds are individual large pores surrounded by finer pore systems. There are three kinds of
secondary intraparticle pores (Kopaska-Merkel. 1992a). Cement-reduced molds are uncommon but
widespread in the Alabama Smackover; microvuggy and intercrystalline secondary intraparticle pores
are both abundant and widespread.

Intercrystalline pores typify pore systems whose permeability values depend on crystal size.
Intercrystalline pores are commonly well connected by short and homogeneous pore throats, and the
pores tend to be ali about the same size and shape. Where intercrystalline pores are large,
homogeneous, and well connected, permeability values may be extremely high.

Cement molds are not widespread, but locally compose up to 15 percent of pore systems (e.g., fig.
19). However, they have little effect on permeability except where the dissolved cement had occluded
primary interparticle pore throats. The most common (or at least most readily identified) kinds of
cement molds in the Smackover of Alabama are (1) dissolved meniscus or pore-lining calcium-
carbonate cement and (2) molds formed by dissolution of the cores of dolomite cement crystals. This
latter process is widespread in the Smackover of Alabama but the crystal molds are commonly filled
by late calcite cement (e.g., Appleton field).

Uncommon Smackover pore types include fenestral, fossomoldic, shelter, intershard, and stylolitic
pores. These pore types can be significant locally, especially intershard pores (see fig. 31). Intershard
pores result from partial crushing of moldic pore systems,and form highly permeable networks.

DIAGENESIS OF SMACKOVER PORE SYSTEMS

Smackover reservoirs can be differentiated on the basisof degree of preservation of depositional
fabric (or conversely, the degree of alteration of depositionai fabric by diagenesis). The most common
mode of fabric destruction in the Smackover is nonfabric-selective dolomitization. The important
kinds of Smackover reservoirs are reviewed below, beginning with those least modified by diagenesis
and proceeding to those most altered.

The least altered reservoirs are oolitic, oncoidal, and pelletal grainstone, partially or
nondolomitized, characterized by complex pore systemswith abundant interparticle pores. The other
common pore types in these reservoirs are particle moldic, secondary intraparticle, and (locally)

= cement moldic. These reservoirs have been created by partial occlusion of primary porosity, mainly by
marine-phreatic calcium-carbonate cement, followed by extensive dissolutional formation of
secondary porosity. These reservoirs exhibit high permeability values because of the abundance of
i nterparticle pores.

Slightly more altered reservoirs are as above, but lack substantial amounts of interparticle
porosity. These reservoirs are considered to be more highly altered because the interparticle pores
inherited from the precursor sediment have been largely obliterated. These reservoirs are less
permeable than those described above.

Reservoirs assigned to the next category are largely or entirely dolomitized. These strata retain
clear evidence of depositional fabric, may be characterize_ by abundant interparticle pores, and
contain relatively few intercrystalline pores. Reservoirs with abundant interparticle pores are highly
permeable; those with fewer interparticle pores are less so. The process of dolomitization itself has
little effect on the porosity and permeability of these reservoirs (Kopaska-Merkel and Mann, 1991b).

i The pore types and petrophysical characteristics differ only slightly between nondolomitized and
dolomitized moldic and secondary intraparticle reservoirs, though doiomitized examples are far more
abundant and widespread in the Alabama Smackover. An uncommon but dramatic kind of reservoir

in this category is pellet or ooid dolograinstone in which the pellets or ooids are entirely dissolved
away and the rock consistsof dolomitized interparticle cement. These reservoirs are the products of
near-total occlusion of primary porosity, followed by dolomitization and secondary porosity creation

i by dissolution of unstable particles. The relative timing of the major episodes of dolomitization and

i

|
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dissolution is variable, but dolomitization commonly precedes or is penecontemporaneous with
dissolution. These pore systems can exhibit porosity values greater than 40 percent, but permeability
values are low. If a pure moldic reservoir is partially crushed, microfractures create intershard porosity
and enhance permeability.

More highly altered reservoirs are dolostone, which retains evidence of depositional fabric but
contains progressively greater proportions of intercrystalline and unspecified outsize pores and
progressively lesser proportions of other pore types. These, and even more highly altered reservoirs
described below, are products of nonmimetic dolomitization, which probably took place after
mineralogical stabilization and therefore also after secondary porosity formation by dissolution.
Permeability values are variable.

Even more highly altered reservoirs retain vestiges of depositional fabric, but an unequivocal
assignment using the classification of Dunham (1962) cannot be made. These include completely or
largely dolomitized oolitic and pelletal rocks that contain recognizable particles but have been
partially converted to homogeneous crystalline dolostone. The pore systems of these rocks are
dominated by intercrystalline pores but contain substantial proportions of molds, vugs, and
unspecified outsize pores. With greater degree of alteration, the molds and vugs vanish, and the
outsize pores are progressively less identifiable as to origin. These reservoirs are characterized by
highly variable permeability values, depending primarily on dolomite crystal size and shape, which
control the sizes of intercrystalline pore throats.

Another rock type assigned to this alteration category is microbial doloboundstone. These rocks
are locally abundant in the lower part of the Smackover and are dominated by intercrystalline and
vuggy pores. Shelter porosity may be common, and fracture porosity is widespread. The volume of
fracture porosity is small, but fractures have a dramatic effect on permeability values. Thus, reservoirs
of this type are among the most permeable in the Smackover.

The most highly altered Smackover reservoirs are devoid of recognizable depositional fabric and
contain pore systems dominated by intercrystalline pores. These reservoirs exhibit variable permea-
bility values; highest where the rock fabric is coarse, crystal size is unimodal, and crystalsare euhedral.

Smackover pore types and pore systems have now been described in sufficient detail to move on
to the topic of reservoir-rock petrophysics. The subject of the relative abundance of pore- and pore-
system types is deferred to the section on petrophysical reservoir classification.

PETROPHYSICALCHARACTERISTICSOF SMACKOVER RESERVOIRS

CAPILLARY-PRESSURE CHARACTERISTICS

Capillary-pressure data were collected on 274 samples taken from 20 cores from 15 Smackover
fields (Kopaska-Merkel, 1992a, table 3). Lithologically similar samples yield similar capillary-pressure
(CP) curves. Because capillary pressure curve shape is a direct function of the pore-throat size distri-
bution (Kopaska-Merkel, 1991), similarity of CP curves indicates similarity of pore-throat sizes. For
example, many samples from moldic reservoirs that retain substantial amounts of primary inter-
particle porosity tend to exhibit leptokurtic unimodal throat-size distributions. This means that nearly
ali pores are accessed through large throats of a very restricted size range. These pore throats appear
to result from a combination of (1) incomplete cement coatings on the particles (now molds), (2) open
primary pores that originally formed a highly permeable network, and (3) interconnection of neigh-
boring particle molds resulting from partial crushing of the rigid cement framework. The effect is to
render the small throats between dolomite crystals irrelevant; fluid flow is controlled by the much
larger throats between interparticle pores and perhaps by microfractures of about the same width.

Reservoir rocks can be classified on the basis of capillary pressure curve shape, using a descriptive
approach applied by Amthor and others (1988) to the Lower Paleozoic Hunton group of the
Anadarko basin and to the Ordovician Ellenburger Formation of west Texas. This same approach was
used to develop a petrofacies classification of the Hunton Group (Kopaska-Merkel and Friedman,
1989) and one of Mesozoic and Cenozoic strata of the Indian Ocean (Kopaska-Merkel, 1992b).
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CP-CURVECLASSIFICATION

In this section, Smackover reservoir rocks are classified based upon CP-curve shape. CP curves are
classified separately to draw attention to the wealth of petrophysical information that CP-curve
shape summarizes, including pore-throat size distribution and estimates of recovery efficiency and
permeability. New samples for which CP curves have been generated (and this is possible with
cuttings if core is not available; Kopaska-Merkel, 1988) can be confidently classified. Class
membership is readily determinable from standard CP graphs but carries with it information about
petrophysical parameters such as porosity, permeability, and pore-throat size distribution. In a
subsequent section, an integrated petrophysical classification of Smackover reservoirs that includes
CP-curve shape aswell as petrophysical and petrographic parameters is presented.

Smackover CP curves are classified into 8 groups; 5 correspond to reservoir rocks, 1 to borderline
reservoir rocks (porosity and permeability values near or below the cutoffs of 6 percent and 0.1 rod,
respectively), and 2 to nonreservoir rocks (table 2).

Table 2.--Classification of capillary-pressurecurvesby shape

Throat-sizedistribution Medianthroatsize Recoveryefficiency Porosity Permeability(decimal
Class (16th/84thpercentile) (pm) (decimalfraction) fraction) (md)

1 Leptokurtic(3.15) Verylarge(2.70+1.67) Low(0.02+_0.03) 0.20+_0.06 36.13+_83.43

2 Mesokurtic(6.13) Large(1.85+1.52) Low(0.02+-0.02) 0.20+0.08 2.24_+3.12

3 Leptokurtic(3.01) Large(2.32+-1.48) High(0.21+-0.14) 0.16+-0.03 15.38+-14.47

4 Mesokurtic(5.69) Large(1.56+_0.89) Intermediate(0.13-t"0.05) 0.13+-0.03 8.38+-14.29

5 Platykurticorpolymodal(34.26) Intermediate(1.11+-1.14) Intermediate(0.13+_0.11) 0.10+_0.08 2.77+_4.29

6 Mesokurtic(6.00) Small(0.22+_0.10) High(0.31+_0.06) 0.07+_0.02 0.08+_0.20

7 Leptokurtic(4.68) Verysmall(0.04+0.03) High(0.31+-0.09) 0.02+-0.02 0

8 Mesokurtic(5.61) Verysmall(0.08+_0.10) Intermediate(0.14+_0.06) 0.04+_0.03 0.06+_0.24

CP-curve class 1 includes samples with leptokurtic (most samples clustered near the mean) pore-
throat size distributions that exhibit little or no extrusion of mercury during pressure reduction.
Essentially ali of the porosity in each of these samples is accessed through throats of a single narrow
size range. Samples assigned to this class tend to have large median pore throats and high porosity
values; most are ooid dolograinstone or pellet dolograinstone with abundant moldic porosity and
many contain substantial amounts of interparticle porosity (fig. 6).

Samples assigned to CP curve class 2 differ from those of class 1 in exhibiting mesokurtic pore-
throat size distributions with minor fine tails. Most of the porosity in each of these samples is accessed
through throats of a single narrow size range. However, smaller throats are involved in the filling and
drainage of roughly 10 to 20 percent of the pore system in these samples. The smaller throats may
form a discrete group or may encompass a broad range of sizes(fig. 7). Samples assigned to this class
have large pore throats, and porosity values are high. Most samples assigned to this classare pelletal
and oolitic dolograinstone, similar to those assigned to class 1; most exhibit either pure moldic pore
systems or contain substantial amounts of interparticle porosity. A few contain nearly pure
intercrystalline pore systems.

CP-curve class3 includes samples that have leptokurtic pore-throat size distributions. If a fine tail
is present, the volume of pore space associated with each incrementally smaller throat size decreases
smoothly, and collectively these smaller throats commonly account for 10 percent or less of the pore
system. Most significantly for classification, samples assigned to class 3 commonly exhibit a substantial
amount of mercury extrusion during pressure reduction; as much as 60 percent in rare cases (fig. 8).
Porosity values are measurably lower than for classes 1 and 2. Whereas the first two CP-curve shape
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Figure 6.--CP-curveclass1. Examplefrom Permit No. 1878, North Choctaw Ridgefield, Choctaw County, 11,789
feet. The combination of rapid intrusion (leptokurtic pore-throat sizedistribution), large pore throats, and
negligible extrusioncharacterize thisclass.In this and other CPcurves,pore-throat radiusiscalculatedfrom
capillarypressureasexplained by Kopaska-Merkel(1991) and depth iscoredepth.

classesare dominated by oolitic and pelletal dolograinstone, samples assigned to this classare more
diverse. They include a wide variety of dolograinstone, partially dolomitized grainstone, packstone,
and wackestone, crystalline dolostone, and other rock types.

CP-curve class 4 includes samples that have mesokurtic pore-throat size distributions. Many of
these samples exhibit a prominent tail of small throats that accounts for as much as 30 percent of the
pore volume. Many samples, rather than exhibiting a discrete fine tail, exhibit a smooth reduction in
volume of pores accessed through smaller and smaller throats over the entire range of pore-throat
sizes. Samples assigned to this classextrude up to 25 percent or more of their mercury during pressure
reduction (fig. 9). Median throat sizes and porosity values are lower than in classes 1, 2, and 3.
Samples assigned to class4, like those of class3, are petrographically diverse. Diverse dolograinstone,
partially dolomitized grainstone and packstone, and crystalline dolostone are the most common rock
types assigned to class 4. These samples differ from those assigned to class 3 primarily in having a
broader range of pore-throat sizes through which substantial volumes of porosity are accessed. The
diversity of rock types suggests that there are at least several proximate causes of this broadened
pore-throat size range. Many of these samples are dominated by intercrystalline pores, and exhibit
platykurtic dolomite-crystal size distributions. Other samples assigned to this class typically contain
mixed pore systems in which secondary intraparticle pores and intercrystalline pores are abundant,
which probably explains the mesokurtic pore-throat size distributions in these samples.

Samples assigned to CP-curve class 5 exhibit platykurtic or polymodal pore-throat size
distributions. CP curves assigned to this class are variable. These samples also have variable porosity
values, recovery efficiency values, and median throat sizes. On average, however, porosity values and
median throat sizes are smaller than for classes1 through 4; recovery efficiencies range up to about
40 percent (fig. 10). Samples assigned to class 5 are petrographically diverse; this class specifically
differs from classes 1 through 4 in including abundant dolomitized boundstone, in addition to
dolograinstone, dolopackstone, and other rock types.
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Figure7.--CP-curveclass2. (A) Examplefrom PermitNo.4577,Huxfordfield, EscambiaCounty,14,552.1feet.
Smallerporethroatsencompassa discretesizegroup.(B)ExamplefromPermitNo.2205,Silasfield,Choctaw
County,13,613feet. Smallerpore throatssmoothlydecreasein abundancewith decreasingsize.The
combinationof a leptokurticto mesokurticpore-throatsizedistributionwith a finetail,largeporethroats,
andnegligibleextrusionof mercury,characterizethisclass.Seecaptionto figure6for generalcomments.
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Figure8.--CP-curveclass3. Examplefrom Permit No. 1878,NorthChoctawRidgefield, ChoctawCounty,
11,837.6feet. Thecombinationof a leptokurticpore-throatsizedistribution,largepore throats,and
substantialmercuryextrusioncharacterizethisclass.Seecaptionto figure6forgeneralcomments.
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Figure9.--CP-curveclass4. Examplefrom PermitNo.2327,WomackHillfield,ClarkeCounty,11,436.1feet.The
combinationof a mesokurticpore-throatsizedistribution,medium-sizethroats,andsignificantextrusion
of mercurycharacterizethisclass.Seecaptionto figure6 forgeneralcomments.
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Figure10.--CP-curveclass5. (A) Platykurticexamplefrom PermitNo. 6247,Appletonfield, EscambiaCounty,
12,978.8feet. (B) Polymodalexamplefrom PermitNo. 2205, Silasfield, ChoctawCounty,13,601.4feet.
Platykurticandgrosslypolymodalcurvesare diagnosticfor thisclass.Seecaptionto figure 6 for general
comments.
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CP-curve class6 includes samples that are marginal reservoir rocks; porosity values are lessthan 10
percent and the mean porosity value is about 6 percent. These samples have mesokurtic throat-size
distributions but lack large throats (MTS does not exceed 0.5 pm). Recovery efficiency ranges
between about 30 and 40 percent (fig. 11). These samples include microcrystalline carbonate (e.g.,
lime mudstone and peloid wackestone), of which some are doiomitized, and crystalline dolostone.
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Figure li.--CP-curve class6. Example from Permit No. 1654, Little EscambiaCreek field, EscambiaCounty,
15,288.5 feet. The combination of small throats, significantmercury extrusion,and a distinctfine tail in the
pore-throat sizedistribution characterize thisclass.Seecaptionto figure 6 for generalcomments.

CP-curve classes7 and 8 include nonreservoir rocks (see table 2).

The CP-curve classification presented here differs from, but is consistent with the design of, those
previously devised by Amthor and others (1988), Kopaska-Merkel and Friedman (1989), and Kopaska-
Merkel (1992b). The categories used in this report are compared to those used by Kopaska-Merkel
and Friedman (1989) in table 3. In essence, two of Kopaska-Merkel and Friedman's categories are
subdivided, and samples like those assigned to their category V (which were nonreservoir rocks) have
not been observed.

TYPICAL AND ATYPICAL RESERVOIRS

Smackover reservoir rocks can be divided into six groups based on CP-curve shape. However, by
looking at CP data another way, one can show that most Smackover reservoir rocks form a group
characterized by well-defined trends. Using this approach, the differences between CP-curve shape
classes are ignored and overall similarities are considered. This exercise is instructive, because it
permits generalizations to be made about petrographic characteristics of the entire "trend." If
porosity is compared to MTS (fig. 12), a general trend characterizes most Smackover reservoirs. The
greater the porosity, the larger the MTS. For unimodal distributions of roughly similar shape (and
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Table :].--Comparison of capillary-pressure
curveclassificationof this paper with that
of Kopaska-Merkel and Friedman, 1989

,.

Thispaper Kopaska-Merkeland Friedman
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Figure 12.--Porosityvs.medianthroat size for ali Smackoverdata. Trend fitted by eye.

most Smackover reservoir rocks exhibit CP curves that are of roughly similar shape) median throat size
isa fairly unbiased comparative measure of throat size.

Although most Smackover reservoir rocks fit the trend just described, in which MTS and porosity
are proportional to one another and positively correlated, there are some exceptions. A group of 15
outliers have unusually low values of MTS (fig. 12). These samples exhibit porosity values of 18
percent or more but MTS values are no greater than 1 micrometer. Eleven of these samples come
from reservoirs characterized by nearly pure moldic porosity (with or without interparticle porosity)
in which the particle molds are poorly conn_cted. These samples are assigned to CP-curve classes 1
and 2. By contrast with these "perfect" molaic reservoirs, moldic reservoirs that have experienced
partial crushing of the rock framework and development of microfractures, which are common in the
Smackover of Alabama, fit the general trend illustrated by figure 12 (see fig. 31). The occurrence of
noncrushed moldic pore systems within a reservoir interval creates heterogeneity by the development
of relatively impermeable high-porosity zones. These zones are commonly no greater than a few
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centimeters thick, and their lateral extents _re probably several meters or less.The effect of this
phenomenon on reservoirperformance i5probablyslight, assuggestedbytwo facts.First,megascopic
heterogeneity values for mold-dominated reservoirs are low (see section entitled "Megascopic
reservoirheterogeneity"). Second,advanced-recoveryprojects in mold-dominated reservoirs(e.g.,
StaveCreek field) tend to be highly successful,indicating that reservoirsare not significantly more
heterogeneousthan modeled. Th=.other four sampleswith unexpectedlysmall median throats are
assignedto CP-curveclass5. Thesefour samplesresembleone another petrographically;they are ali
ooid dolograinstone or pellet ooid dolograinstone. However, the four CP curves are dissimilar,
ranging from gradational to bimodal with a coarsetail to bimodal with a fine tail. lt is not clearwhat
factors, if any,tie thesefour samplesto oneanother or to the other 11 outlier5.

POROSITY AND PERMEABILITY DATA

PREDICTING POROSITY

Regionally one can constructa map of average porosityvalues(one suchis presented asfigure
37). On a field scale, porosity i5 best predicted (from core and log data) using a geostatistical
technique that preserves as much as possible the variance structure of the data. Hierarchical
conditional simulationwasappliedto porositydata in Chunchulafield (Universityof Alabama, 1991).

PREDICTINGPERMEABILITY

Petrophysical data (porosity, permeability, and capillary-pressureanalyses)have been analyzed
statisticallyand comparedto other kindsof data (e.g., petrographic) in order to predict permeability.
The first step was to look for regularities in the petrophysicaldata. On a regional scale,Smackover
reservoircharacteristicsare remarkably consistent.When a singlereservoir i5studied (e.g., Silasfield
in ChoctawCounty; Kopaska-Merkeland others, 1992) atypicalsamplesare readily distinguished(fig.
13). This graph shows that rock units that were identified as significantly different by visual core
description exhibit distinct petrophysical characteristics.This confirms that flow units can be
identified byvisualcore description.Asit i5necessaryto model the 3D distributionof flow unitsusing
readily acquired data, the congruence between lithofacies identified in core and petrophysical
characteristicsisencouraging. Becauselithofacie5dominated by moldic poresare strongly controlled
by depositional fabric, a detailed facies-analyticapproach using coresand logs might help refine
engineering modelsof flow-unit distribution by constrainingthe shapes,sizes,and relative positions
of reservoir bodies with moldic pore systems.Such an approach is unlikely to be successfulin
reservoirs with intercrystalline pore systems because they commonly bear an indeterminable
relationshipto depositional fabric.

3 ....... . ., . .

2.5 • II

.i
--- 2 °O °

_ • •1.5 • •
k- •

j 1 •o•
0 2 4 6 8 10 12 14 16 18

HydruulicRadius(squzJ'erootof k/phi)

Figure 13.--Medianthroat sizevs.hydraulicradius,Silasfield.Thesampleindicatedbythearrowdiffers
petrographicallyfromtheothersamplesandi5assignedto adifferentlithofacie5.
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Three possible methods of predicting permeability p_esent themselves. The first is based on the
relationship between microporosity, as measured from capillary-pressure data and as estimated by
calibration of well logs, and permeability. The ultimate goal is to predict permeability values from
well logs or from limited amounts of other kinds of data. The second way to predict permeability is by
measuring MTS, which is derived from capillary-pressure analysis. The third method of permeability
prediction is to predict permeability from porosity.

INFLUENCE OF MICROPOROSITY

Small amounts of microporosity can dramatically depress permeability in Smackover reservoir
rocks (fig. 14). lt appears that small (centimeter-scale?) areas of small pores and small pore throats act
as permeability baffles. Thus, by understanding the distribution of microporosity one might be able
to predict permeability variation.
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Figure 14.--Exampleof inverse relationship between permeability and microporosity,Chunchula field. Porosity
values are doubled so that the two curvescan be plotted on a common scale. Shadedareas indicate
crossoverof curves.

At least in some cores, the proportion of "microporosity" (defined as pores intruded at pressures
greater than 1,000 psia) is roughly inversely proportional to permeability (see fig. 14). However, in
other cores, this is not true, and there is no overall relationship for ali samples between these two
variables. Evidently, some kinds of microporosity influence permeability and others do not. Sw values
can be measured and related to pore-throat size distributions to study the pore-throat size that
would separate "true" rnicropores, those that will not contain movable hydrocarbons from those
slightly larger pores that are small, but that may contain movable hydrocarbons. These problems have
not yet been evaluated for the Alabama Smackover.

PREDICTION FROM MEDIAN THROAT SIZE

One approach to predicting porosity arid permeability, stochastic modeling, has been applied to
Chunchula field, Mobile County (University of Alabama, 1991). Another approach is to predict
permeability deterministically, using geological or engineering data. Of ali of the variables
investigated, only MTS is strongly correlated with permeability (fig. 15). MTS is derived from capillary-
pressure analysis. This method requires expensive and time-consuming studies of rock samples,
commonly from cores. However, whereas permeability can only be measured in samples cut from
cores, MTS can be calculated from capillary-pressure analysis of cuttings (Purcell, 1949; Kopaska-
Merkel, 1988). Therefore, permeability can be estimated from noncored intervals using this method.
As explained in the methods section, this approach does not work if the pore throats are too large.

.... Illl'' I ....



Figure15.--Medianthroatsizevs.naturallogof permeability,alidata.

If a reservoirsimulation is planned in a field for which only some wells have been cored, MTS
values from capillary-pressureanalysis of cuttings can be used to derive permeability values for
noncoredwells. This increasesthe size and accuracyof the dataset for geostatisticalmodelsthat will
provide the grid-block numbersfor the simulation. E_.rmeabilityalso can be estimated in noncored
wells if permeability can be calibrated to well logs.Even if well logs are successfullycalibrated to
permeability, the MTS method providesan independent estimate; the two estimatescan be usedto
checkeachother.

Permeability also can be calculated from capillary-pressuredata in other ways (e.g., Jennings,
1987; Ma andothers, 1991) but theseare not appropriatefor a regional studylike thisone.

PREDICTIONFROMPOROSITY

The prediction of permeability from porosity is a w_ll-known technique that begins with the
relationshipbetween coreporosityand core permeability, which isthen generalized bycalibration of
well logs so that permeability can be predicted from log porositythroughout the reservoir.This is
normally followed bysomekind of geostatisticalanalysissothat interwell permeability valuescan be
predicted. This technique has been most successfulin sandstonereservoirs(Weber and van Geuns,
1990, reviewed some approaches and problems of permeability estimation), but has also been
successfullyapplied to carbonate reservoirs(e.g., Luciaand Fogg, 1990, and referencestherein). Lucia
(1983) suggestedthat porosityand permeability are strongly correlated in carbonatesdominated by
intercrystalline or interparticle porosity,providedthat crystalsizeand particle sizeare usedto divide
the reservoir into what Lucia(1983) calledparticle-sizegroups.Thesegroupshave different porosity-
permeability relationshipsexpressedas power-law equations.Lucia (!983) stated that what he called
"vuggy porosity" in carbonate reservoirs(which included moldic pores and probably some partial
molds) did not yield simple, widely applicable equations relating porosity to permeability. Lucia's
"particle-size" control on the slope of the porosity-rermeability relationship (Lucia, 1983) cannot be
tested usingdata from the Alabama Smackover,b ;cause only a few reservoirsmeet the requisite
conditionsand theseali havedolomite crystalsof ahtjut the samesize.

Smackover fields dominated by intercrystalli,_e porosity do not follow a single porosity-
permeability trend, nordo they ali exhibit strongcorrelationbetween porosityand permeability (fig.
16; Kopaska-Merkeland others, 1992). Also,somebut not ali Smackoverfieldscontaining substantial
amountsof moldic and secondaryintraparticle porosityexhibit strong correlation between porosity
and permeability (fig. 16; Kopaska-Merkel and others, 1992). lt would not be possibleto predict
permeability with acceptableaccuracybyusingin onefield a porosity-permuabilityequation derived
from one or more other fields, at least for the Smackoverof Alabama. However, moldic reservoirs
exhibit the lowest r2 values for the relationship between porosity and permeability, and
intercrystalline reservoirsexhibit the highestvalues,which is consiste,_t:with the relationshipsfound
by Lucia(198]) and Luciaand Fogg(1990). Further,as r2 values increasefrom moldic to intermediate
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Figure 16.--r2values for porosity and permeability, Smackover coresand reservoir lithofacies by pore facies.
Vertical bars indicate mean values and -t- one standard deviation. Horizontal bars indicate range of r2
values.Data for 27fields including45 lithofacies.

to intercrystalline reservoirs, the standard deviations of r2 values decrease, which also supports Lucia's
(1983) contention that intercrystalline reservoirs are characterized by more direct relationships
between porosity and permeability. This trend is fully consistent with the trends in microscopic
heterogeneity described in a later section of this report. In conclusion, permeability will likely be
predictable with greater accuracy and precision in intercrystalline than in moldic reservoirs, but the
particular relationship should be determined from data from the field in question, and even some
nearly pure moldic reservoirs exhibit sufficiently robust porosity-permeability trends for the approach
to be successful.

The same trends in r2 values and in standard deviation of r2 values that are seen with whole-core

data are observable using data for individual lithofacies (fig. 16). However, r2 values are lower, and
standard deviation of r2 values are higher for individual lithofacies than for whole cores, at least in
the Smackover of Alabama. This is not necessarily true of siliciclastic reservoirs (see discussion by
Weber and van Geuns, 1990). This is because a single lithofacies tends to exhibit reduced variation in

porosity and in permeability. Any trend is lessapparent because the "noise" of permeability variation
that is not related to porosity is evidently of comparable magnitude within lithofacies and within
cores, even where lithofacies exhibit distinct differences in range and central tendency of porosity
and permeability. Also, part of the porosity-permeability trend seen _n whole-core data is between
lithofacies variation, a result of lumping of low-porosity low-permeability lithofacies with high-

porosity high-permeability lithofacies.
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PETROPHYSICALRESERVOIRCLASSIFICATION

STATEMENT OF PURPOSE

Smackover reservoir rocks are classified petrophysically in order to identify groups of reservoirs
that are expected to respond similarly to attempts to produce reservoir fluids. In doing so, attention
must be directed to pore systems, the networks of holes in the rock. In other words, it is much more
useful to look at what is not there than at what is there. The shapes, sizes, distribution, surface
textures, and connectivity of pores (as well as temperature, pressure, and fluid characteristics) control
fluid behavior in reservoirs.

The pore systems of reservoir rocks are the end products of a long and complicated series of
processes beginning with sediment deposition and continuing through burial diagenesis (fig. 17).
Pore-system geometry and topology exert greater control on the hydrocarbon-production potential
of reservoir rocks (especially permeability and nonwetting-fluid trapping) than any features of the
rock matrix.

CLASSIFICATIONOF PORES

DOMINANT PORETYPES IN THE SMACKOVER OF SOUTHWEST ALABAMA

The three most common kinds of pores in the Smackover in Alabama are (1) moldic plus
secondary intraparticle pores, (2) interparticle pores, and (3) intercrystalline pores (Kopaska-Merkel,
1990). Together, these three pore types account for more than 95 percent of total porosity in the thin
sections studied (Kopaska-Merkel and Mann, 1991a; Kopaska-Merkel, 1992a, table 6). Pore types and
their relative proportions in reservoir rocks were determined by point counting petrographic thin
sections.

The lumping of ali particle molds together in one group, regardless of the nature of the particles
from which the molds were derived, honors petrophysical similarities and differences among
reservoir-rock samples. Samples from different reservoirs that have similar pore types have similar
fluid-flow characteristics. Least-squares regression lines of porosity on natural log of permeability
from two cores from different fields, both characterized by moldic pore systems, are nearly identical
in slope and intercept (fig. 18A and B). By contrast, sets of samples characterized by different pore
types exhibit differing slopes and/or intercepts on porosity-permeability plots (fig. 18C). The
similarities between figures 18A and 18B are ali the more remarkable because the core in B is
dominated by pellet dolograinstone and the core in A contains abundant ooids. Ooids differ
mineralogically from pellets (aragonite vs. calcite in the Smackover of Alabama) and are substantially
larger (ooid diameters are 600 to >1,000 mm; 5 to 10 times pellet diameters). Thus, both
susceptibility to dissolution and initial permeability values are dramatically different for ooid
grainstone and pellet grainstone. Reservoir rocks that are generally classified in different "trends"
because they differ in depositional fabric and original mineralogy (e.g., aragonitic ooids vs. calcitic
pellets) and come from different paleogeographic settings (e.g., Chatom and Gin Creek fields,
Washington and Choctaw Counties, respectively; Mancini and Benson, 1980) may nevertheless exhibit
pore systems that are lumped together. This is justified because the petrophysical similarity between
samples that is congruent with the pore-type classification is more significant to fluid-flow
characteristics than are depositional differences.

Just as particle type may not strongly influence reservoir characteristics, the process of
dolomitization per se does not necessarily cause a change in pore types. Dolostone and limestone
both exhibit moldic pore systems. More importantly, petrophysical characteristics such as
permeability and porosity also may be conserved through dolomitization. An oomoldic
dolograinstone is petrophysically very similar to an oomoldic lime grainstone, though dolograinstone
is commonly slightly more permeable. See, for example, Kopaska-Merkel and others (1992) and
compare Chappell Hill field lithofacies 1 and 2 and Bucatunna Creek field lithofacies 1, 2, and 3.
Naturally, doiomitization of an impermeable lime mudstone has more potential for permeability
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Figure 17.--Flowchart of important diagenetic processesthat affected Smackoverpore systems
after sedimentdeposition.
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Figure 18.--Porosity vs. natural log of permeability, bivariate plots with least-squares regression lines and
equations. Plots are based on commercial porosity and permeability data collected at 1-foot intervals. (A)

Permit No. 3312, Gin Creek field, Choctaw County; (B) Permit No. 7044, Chatom field, Washington County.
The regression lines are virtually coincident. (C) Permit No. 3535, Lovetts Creek field, Monroe County. The
intercrystalline-dominated pore system in this core isvery different from the moldic pore systems of the first
two cores. The slope and intercept of the regression line for this data set are quite different from those in A
and B.



35

enhancement (e.g., Bliefnick and Mariotti, 1988, their figures 23 and 24). The inclusion of secondary
intraparticle pores with moldic pores requires some explanation. Secondary intraparticle pores in the
Smackover consist mainly of three kinds: (1) small rugs that lie entirely within partially dissolved
particles (fig. 19) or partial molds that conform to the internal fabrics of original particles (fig. 20); (2)
polygonal pores between dolomite crystals within particles that were partially replaced by planar-e
unimodal dolomite (Sibley and Gregg, 1987) before dissolution of remnant calcium carbonate (fig.
21); and (3) reduced molds that have been nearly occluded by late cementation (these are uncommon
in the Alabama Smackover). Secondary intraparticle pores are classified with molds because, like
molds, they do not form a continuous network. Secondary intraparticle pores, like molds, are found
within former particles and are separated from one another by whatever occupies the spaces
between the former particles. In the Smackover, this intervening material is commonly marine-
phreatic calcium-carbonate cement (fig. 22), microspar (fig. 23), dolomite, or anhydrite cement.

Figure 19.--Secondary intraparticle pores (upper arrow) that are small rugs lying entirely within partially
dissolved particles. This view also includes meniscus cement moldic porosity (1), pore rimming cement moldic
porosity (lower arrow), and interparticle porosity (2). Thin-section photomicrograph, Permit No. 1878, North
Choctaw Ridge field, Choctaw County, 11°755.5feet.

By contrast with secondary intraparticle pores and molds, interparticle pores are large and form
well-connected networks. Because interparticle pores, where they occur, tend to be found with
moldic and/or secondary intraparticle pores, they add a high-permeability pore-system element to
the essentially low-permeability moldic or secondary intraparticle pore system (fig. 24). Thus, even the
addition of 5 to 10 percent interparticle pores can dramatically increase the permeability of a moldic
(or secondary intraparticle) pore system. However, the situation just described only obtains if the
primary interparticle pores have not been significantly affected by the formation of pore-rimming
cement. In tropical shallow-marine settings, high-permeability carbonate sands tend to be quickly
cemented by marine-phreatic cements (e.g., Friedman and others, 1992). These cements typically
consist of blades or fibers of aragonite or of high-magnesian calcite that radiate outward from and
completely coat ali exposed particle surfaces (e.g., Longman, 1980). A relatively modest amount of
pore-rimming marine-phreatic cement will block pore throats quite effectively (fig. 22). If, however,
marine sediments come under the influence of meteoric waters before cementation in the marine
environment, then meteoric-phreatic cement may form, and it is far less effective at blocking pore



Figure 20.--Secondary intraparticle pores that are partial molds conforming to the internal fabric of the original
particle. Note ooid on left side of photomicrograph in which certain concentric laminae have been
selectively dissolved. Also note partially collapsed fabric in center of photomicrograph. Black areas are pores.
Thin-section photomicrograph, Permit No. 2753, Bucatunna Creek field, Choctaw County, 12,272 feet.

0 400_m

Figure 21.--Secondary intraparticle pores that are polygonal intercrystalline pores between dolomite crystals
(e.g., within ooid in center of photomicrograph). The ooid was partially replaced by planar-e dolomite
before dissolution of remnant calcium carbonate caused collapse of the dolomite crystals into the bottom of

the mold and formation of a geopetal fabric. Dark areas are pores. Thin-section photomicrograph of ooid
dolograinstone, Permit No. 1878, North Choctaw Ridge field, Choctaw County, 11,782.9 feet.
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Figure 22.--Marine-phreatic pore-rimming cement blocking primary interparticle pore throats and separating
ooids with secondary intraparticle porosity. Dark areas ate pores; white blotch in center is incompletely
stained epoxy in large interparticle pore. Thin-section photomicrograph, Permit No. 2753, Bucatunna Creek
field, Choctaw County, 12,261feet.

Figure 23.--Microspar between particle molds in pellet grainstone. This is an inverted fabric, in which former
particles have become secondary porosity and former primary interparticle pores now are filled with calcium
carbonate. Thin-section photomicrograph, Permit No. 3312, Gin Creek field, Choctaw County, 13,462.1 feet.
Dark areas are porosity, mostly pelmoldic.



Figure 24. Well connected interparticle porosity (1) associated with moldic (2) and secondary intraparticle
(arrow) porosity in pellet ooid grainstone. Interparticle pores add a high permeability element to a
fundamentally low permeability secondary pore system. Thin-section photomicrograph, Permit No. 2753,
Bucatunna Creek field, Choctaw County, 12,272 feet. Dark areas are pores; white blotch on right is
incompletely stained epoxy in pore.

throats (Longman, 1980; Halley and Harris, 1979, their fig. 7). (One reason for this is that the low
concentration of calcium and bicarbonate in meteoric water does not permit rapid precipitation of
calcium carbonate.) Well-preserved interparticle porosity that has not been severely affected by early
cementation is restricted to regions close to sources of meteoric water: the updip areas and the tops
of some paleohighs (Moss, 1987; Kopaska-Merkel, 1992a).

Intercrystalline pores, though commonly smaller than interparticle pores, also form well-
connected networks. In the ideal case, dolomite crystals are ali about the same size and shape and
therefore the pores among them are as well (fig. 25). In reality, there are commonly patches of
coarser or finer dolomite crystals, crystals of different modal sizes may be commingled, or the crystals
may vary continuously in size and/or shape.

TERNARYPOREPLOTS

Ternary diagrams whose apices are pore types (ternary pore plots; Kopaska-Merkel and Mann,
1990, 1991a, b) are constructed such that the three apices together account for most of the pores
observed in a carbonate rock unit. This approach simplifies the interpretation of pore systems by
focusing on only three major components and by displaying these data on a simple graphic plot that
makes trends and clustering of samples obvious. Ternary pore plots provide information on the
shapes and origins of pore-system elements.

For this study the three apices of ternary pore plot_ were chosen as follows: (1) moldic plus
secondary intraparticle, (2) interparticle, and (3) intercrystalline. Most Smackover reservoir rocks fall
close to either the moldic apex or the intercrystalline apex of ternary pore plots, with most of the
remaining pore systems falling between these two extremes (fig. 26). The spectrum of Smackover
pore systems is not a continuum, but represents partial mixing of two distinct end members. This
suggests that Smackover pore systems can be usefully classified according to their positions in moldic-
intercrystalline porosity space. Smackover reservoir rocks are classified into moldic and intercrystalline
pore facies based on associations of pore types that are genetically related and petrophysicatly
similar.
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Figure 25.--Example of intercrystalline pore facies. Planar-e dolostone. Dark areas are pores. Permit No. 6846,
Hatter's Pond field, Mobile Coun'ty, 18,152.9feet.

Moldic

Explanation

_ no data

,_ 1-2 points

_3-4 points

A7-8 points

A morethan8points

Interparticle IntercrystalIine

Figure 26.--Ternary pore plot that illustrates preponderance of end-member samples.
No cells contain 5or 6 data points.
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POREFACIES

Two distinct but partially intergrading pore facies are recognized in the Smackover of
southwestern Alabama: the moldic pore facies and the intercrystalline pore facies (fig. 27; Kopaska-
Merkel and Mann, 1991b). These pore facies are defined on the basis of the relative proportions of
particle molds (assumed to include secondary intraparticle pores unless stated otherwise) and
intercrystalline pores, which together account for greater than 85 percent of the total porosity in the
Smackover of southwest Alabama (Kopaska-Merkel and Mann, 1991b). An arbitrary percentage of 60
percent of the dominant pore type has been selected as the boundary for pore facies. Most samples
studied plot close to either the moldic or the intercrystalline apex of a ternary pore plot (fig. 26). Thus,
the two pore facies are not end-members on a continuum, but are distinct entities. Pore systems that
are intermediate in pore-type composition, and hence cannot be assigned to either pore facies, are
discussed in a later section.

MOLDIC PORE FACIES

The rnoldic pore facies is volumetrically dominated by particle molds (fig. 28) and plots near the
particle-moldic apex on a ternary pore plot (fig. 29). This pore facies characterizes particle-supported
carbonate rocks that have been partially to wholly cemented in the shallow marine phreatic
diagenetic environment (summarized by Longrnan, 1980) and whose particles have undergone partial
to complete dissolution. Peloidal and oolitic grainstone are the most common particle-supported
rocks in the Srnackover. Most reservoirs assigned to the moldic pore facies have been partially to
entirely fabric-selectively (mimetically) dolomitized. Dolomitization of calcium-carbonate cement
before dissolution of unstable particles was common in the moldic pore facies. (Particle molds in the
moldic pore facies do not contain centripetal dolomite cement fabrics, but do commonly contain
geopetal dolomite silt or porous frameworks of dolomite crystals that do not exhibit cement-like
fabrics; see fig. 21.) However, dolomitization per se had little effect on pore-system characteristics.
This decoupling of fabric-selective dolomitization from pore-system modification is typical of the
moldic pore facies.

Petrophysically the moldic pore facies is characterized by large pores, determined by former
particle sizes (fig. 28), and relatively high pore/throat size (aspect) ratios. Pore size and shape are
determined by the former particle boundaries; pores are commonly spherical to elliptical and several
hundred micrometers acrossbecause the most common particles were peloids and ooids. Throat size
and shape, by contrast, are determined by the characteristics of the rock framework. Chief among
these factors is dolomite crystal size. Relatively large pores commonly translate into relatively large
pore volumes for reservoirs dominated by moldic porosity. However, high aspect ratios, and the
decoupling of porosity and throat size, mean that permeability values increase only slightly with
increasing porosity values. This is illustrated by a porosity-permeability plot in which the slope of the
least-squares regression line is low (fig. 30). Pore-throat shapes are variable, but sheetlike throats are
most common.

Samples of reservoir strata assigned to the moldic pore facies tend to yield CP curves of classes1
and 3. These CP-curve classes are characterized by leptokurtic throat-size distributions, by very large
median throats, and by variable recovery efficiencies. Particle-moldic pore systems, consisting of
delicate cement frameworks, are highly susceptible to collapse (possibly under the influence of
tectonic stresses)and concomitant formation of collapsed-moldic fabrics (figs. 20 and 31). In extreme
cases, cement-shard diagenetic grainstone may form, in which the rock consists primarily of
fragments, or shards, of cement. Such rocks may be exceedingly permeable, because the intershard
porosity can develop highly interconnected pore systems, which characteristically have large pore
throats.

INTERCRYSTALLINEPOREFACIES

The intercrystalline pore facies is volumetrically dominated by intercrystalline pores (fig. 25), plots
near the intercrystalline apex of a ternary pore plot (fig. 32), and characterizes strata that have been
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Figure 27.--Map of southwest Alabama showing the distribution of the moldic and intercrystalline pore facies, as

well as regions characterized either by mixed pore systems, or by the co-occurrence of the two pore facies.

The areas of no data contain few Smackover penetrations. Wells 1S71 (Uriah field, Monroe County) and
7589 (North Wailers Creek field, Monroe County) contain quartzose sandstone reservoirs. (Modified from

Kopaska-Merkel and Mann, 1991 b.)
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Figure 28+ Example of pore system dominated by moldicandinterparticlepores. Thssrock consists primarily of
dolomitized pore-rimming cement that forms a "dolomite-sponge" fabric. Partially dolomitized ooids and
peloids now consist of porous dolomite crystal frameworks enclosing secondary-intraparticle pores. Small
interparticle pores were entirely filled with cement, whereas large interparticle pores were only rimmed
with cement, and considerable interparticle porosity remains (e.g., letter "i" on figure). Dark areas are
pores. Thin-section photomicrograph of peloid ooid dolograinstone from lithofacies 1 in Permit No. 1878,
North Choctaw Ridge field, Choctaw County, 11,766feet.

Moldic

Interparticle Intercrystalline

Figure 29. -Ternary pore plot of example of moldic pore facies. Permit No. 2205, Silasfield, Choctaw County. One
sample from the baseof the permeable interval is dominated by intercrystalline pores (see also fig. 13).
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Figure 30.--Moldic pore facies, plot of porosity vs. natural log of permeability. Slope of regression line is lessthan
for the intercrystalline pore facies. Permit No. 2426, Chappell Hill field, Choctaw County.

Figure 31.--Collapsed moldic fabric (center of photomicrograph) in ooid dolograinstone. Ooids, some with
secondary intraparticle porosity, are separated by pore-rimming cement and relict interparticle porosity,
most clearly seen on lower part of photomicrograph. Dark areas are pores. Thin-section photomicrograph,
Permit No. 3312, Gin Creek field, Choctaw County, 13,454.5 feet.

pervasively nonfabric-selectively dolomitized. Primary rock fabric has less influence on the
distribution of intercrystallineporositythan on other kinds of pores. (Subtle variation in dolomite-
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crystalsize iscommonlyobservedand may result from effectsof primaryrockfabric.) Dolomite in the
intercrystallinepore facies is predominantly planar-e or planar-s,sopores are commonly polygonal
and pore throatssheetlike.

Moldic

Interparticle Intercrystalline

Figure32.--Ternaryporeplotof exampleof IntercrystallinePoreFacies.PermitNo.6846,
Hatter'sPondfield,MobileCounty.

Pore volume in the intercrystalline pore facies is typically less.*ban in the moldic pore facies.
However the asp._ctratio is alsosmaller,a,_da certain porosityvalue qnthe intercrystallinepore facies
typically correspondsto a higher permeability than in the moldic pore facies. (Wardlaw and Cassan
[1979] showed that a large aspect ratio strongly and adverselyaffects flow of nonwetting fluids.)
Although the range of porosity and mean porosityof the intercrystallinepore facies is lessthan that
of the moldic pore facies, the mean maximum permeability and maximum permeability range is
higher in the intercrystalline pore facies (fig. 33). The slopesof least-squaresregressionlines of
porosityon natural logof permeability are high (fig. 34) for the intercrystallinepore facies.

Samplesfrom reservoirsassignedto the intercrystallinepore faciestypicallyyield CPcurvesin class
4, which is characterized by mesokurtic throat-size distributions, large median throats, and
intermediate recovery efficiencies. The differences between the two facies are much greater if
sampleswith significantinterp_rticle porosityare excludedfrom the moldic pore facies(fig. 33). (This

i point isdiscussedfurther in the sectionon heterogeneitywithin the moldicporefacies.)
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Figure 33.--Summary of some statistical parameters for Moldic and Intercrystalline pore facies mixed or
intermediate samples,and for samplesof the Moldic PoreFacieswithout interparticle pores.Horizontal bars
are means,wide vertical bars are one standard deviation, and narrow vertical bars are ranges. Further
discussionintext.
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Figure 34.--Intercrystallinepore facies,plot of porosityvs.natural log of permeability.Slopeof regressionline is
higher than for the moldicpore facies.PermitNo. 4727, BigEscambiaCreekfield, EscambiaCounty, lithofacies1.

DISCUSSIONOFPOREFACIES

COMPARISONOFPORE-FACIESCHARACTERISTICS

The two pore facies exhibit substantially different petrophysical characteristics (fig. 33). The mean
slope of regression lines of porosity on natural log of permeability for the intercrystalline pore facies
is 0.47, with a range of 0.19 to 0.90 (fig. 34). The mean slope for the moldic pore facies is 0.22 with a
range of 0.18 to 0.27 (fig. 30). The higher slopes for the intercrystalline pore facies mean that in this
pore facies permeability values may be more readily predicted from porosity data. Also, as mentioned
in a previous section of this report, correlation coefficients for porosity vs. permeability are
substantially higher in the intercrystalline pore facies, which contributes to improved accuracy and
precision of prediction of permeability from porosity in the intercrystalline pore facies. Porosity values
are commonly higher in the moldic pore facies, which has a range of mean porosity of 10.2 to 28.0
percent compared to 9.6 to 20.5 percent for the intercrystalline pore facies. Greater hydrocarbon
volumes can be stored in reservoirs dominated by the moldic pore facies, but connectivity is better in
the intercrystalline pore facies. The mean maximum permeability for the intercrystalline pore facies is
130 md; the corresponding value is 91 md for the moldic pore facies. High-permeability fluid conduits
are more common in the intercrystalline pore facies than in the moldic pore facies.

In addition to the differences just mentioned, the moidic and intercrystalline pore facies exhibit
distinctly different CP curves. Moldic pore facies CP curves (classes 1 and 3) are characterized by
leptokurtic throat-size distributions, very large median throats, and variable recovery efficiencies,
whereas intercrystalline pore facies curves (class 4) commonly exhibit mesokurtic throat-size
distributions, large median throats, and intermediate recovery efficiencies. Thus, the most obvious
difference is in the kurtosis of the throat-size distribution, but porosity values differ asweil.

This analysis is supported by data reported by Melas and Friedman (1992) from Jay-Little Escambia
Creek (LEC) field, Escambia County, Florida. (Jay-LEe is a single reservoir, but Melas and Friedman
studied only the Florida portion, which is named Jay field.) Most of the Smackover reservoir in Jay-LEC
field is dominated by intercrystalline pores and probably would be assigned to the intercrystalline
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pore facies. Moldic pores are common in a restricted interval in at least one well (Melas and Friedman,
1992). Capillary-pressure curves of class 4 appear to characterize the volumetrically dominant
intercrystalline portion of the Jay-LEC field reservoir (e.g., Melas and Friedman, 1992, fig. 12). A CP
curve of class2, which is similar to class4, was also observed by Melas and Friedman (1992, fig. 16, B).
The minor moldic reservoir facies in Jay-LEC field is characterized by CP curves of class 3 (Melas and
Friedman, 1992, fig. 17B). The relationship between CP-curve shape and pore facies in Jay-LEC field
appears to be completely consistent with that observed for Smackover reservoirs in Alabama.

The pore facies also differ in the relationship between thermal maturity (Ro) and porosity.
Porosity and Roshow a significant inverse correlation in the moldic pore facies:

10th percentile_ = -14.013(Ro) + 14.785 (r2 = 0.437).

By contrast, the relationship between porosity and Ro in the intercrystalline pore facies is
essentially nonexistent:

10th percentile _ =2.382(Ro) + 0.475 (r2 = 0.045).

The different relationships between Ro and porosity in the two pore facies are a function of the
different diagenetic pathways that created the two kinds of reservoirs. Evidently, the nonmimetic
dolomitization process that created intercrystalline reservoirs in the Alabama Smackover was not
controlled by burial depth. This is not to say that dolomitization occurred syndepositionally at the
surface. Rather, a single burial-dolomitization event seems to have affected most of the Smackover
reservoirs in the southern part of the study area. The relatively slight differences in depth (or in
thermal maturity) among these reservoirs had no effect on the extent of nonmimetic dolomitization.

A practical consequence of these relationships is that porosity values could be crudely predicted
from Rovalues in the moldic pore facies, but not in the intercrystalline pore facies.

Moldic and secondary intraparticle pores differ fundamentally from intercrystalline pores. This
difference has a major effect on fluid-flow properties of pore systems dominated by one or the other
of these two kinds of pores. Moldic (and secondary intraparticle) pore systems are heterogeneous on
a microscopic scale because they consist of large pores (or clusters of relatively large pores) that are
connected to one another by distinctly different (commonly finer) pore systems. The large pores are
the particle molds, and the fine pores are found in the material that has filled the original
interparticle primary porosity. In the Smackover, this material is commonly either dolomitized
carbonate cement (by far the most common), dolomitized lime mud, or calcium carbbnate cement
(fig. 23). Note that pore sizes, but not necessarily pore-throat sizes, are inherently heterogeneous in
the moldic pore facies. By contrast, intercrystalline pore systems are essentially homogeneous,
because they are developed in rock fabrics that tend to consist of unimodal leptokurtic distributions
of dolomite crystals that are ali about the same shape (fig. 25). Moldic pore systems have a significant
potential for trapping hydrocarbons within the large molds, because the high aspect ratio
(pore/throat size ratio) at the interface between the molds and the surrounding much smaller
intercrystalline pores puts stress on the continuous nonwetting phase (oil, in water-wet reservoirs)
(Yu and Wardlaw, 1986a). This facilitates rupture of the continuous nonwetting phase, and isolated
oil globules left behind in particle molds are permanently trapped. By contrast, in intercrystalline
pore systems, aspect ratios are relatively low and uniform, and the potential for trapping is thereby
diminished. However, under conditions of intermediate wettability, which may be fairly common in
carbonate oil reservoirs, snap-off of nonwetting phase in high-aspect-ratio pore systems is inhibited
(Morrow, 1990). This may be one of the reasons that Smackover advanced-recovery projects in moldic
reservoirs commonly produce more oil than was expected (Hall, 1992).

The range of slopes of regression lines of porosity on natural log of permeability for the
intercrystalline pore facies is much greater than for the moldic pore facies. The relationship between
permeability and porosity is less variable in the moldic pore facies because fewer processes (i.e.,
cementation and dissolution) operate to produce the moldic pore facies, whereas a third process,
nonfabric-selective dolomitization, is also important in the evolution of Interparticle Pore Facies.
Dolomitization, as mentioned earlier, has had little effect on pore-system characteristics of the moldic
pore facies. Furthermore, depositional lithofacies may be less variable in the moldic pore facies. The
moldic pore facies is dominated by oolitic and peloidal grainstone, so the aspect ratio in this pore
facies is relatively invariant. In the intercrystalline pore facies, however, ali primary rock fabrics from
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mud-supported to particle-supported may be nonfabric-selectively dolomitized, producing a wide
range in dolomite-crystal size. Crystal-size variation produces wide variation in pore sizes and
probably in aspect ratios in the Interparticle Pore Facies. Nevertheless, porous and permeable strata
assigned to the intercrystalline pore facies tend to be former grainstones and packstones (e.g.,
Bliefnick and Mariotti, 1988; Kopaska-Merkel and others, 1992, pages 280-290) rather than mud-
supported rocks.

HETEROGENEITY WITHIN THE MOLDIC PORE FACIES

Ali high-permeability examples of the moldic pore facies contain substantial amounts of
interparticle porosity. Interparticle pores are remnants of the primary rock-pore system that is
commonly destroyed by marine-phreatic rim cementation in the Smackover of Alabama. As rim
cement increases in thickness pore throats are closed off and permeability is rapidly reduced.
However, if rnarine-phreatic cementation is prevented, or is interrupted at an early stage, commonly
by exposure of the rocksto meteoric water, the coating of rim cement is thin and permeability values
remain high. The results of the preservation of primary interparticle pore throats are dramatically
shown in figure 33. The entire moldic pore facies has a mean porosity of approximately 18 percent.
Excluding samples containing significant interparticle porosity, the mean porosity is only about 16
percent. However, mean maximum permeability is reduced by a factor of 3 and maximum
permeability is reduced by a factor of 4 if samples having significant interparticle porosity are
excluded. Clearly, high permeability values in the moldic pore facies are a function of the
preservation of interparticle porosity. Most samples containing significant interparticle porosity are
found near the Smackover subcrop or on paleohighs where meteoric water was available to shut off
marine cementation. The part of the moldic pore facies lacking interparticle porosity is characterized
by permeability values substantially lessthan those of the intercrystalline pore facies (fig. 33).

INTERMEDIATE PORESYSTEMS

The two pore facies commonly intergrade to form mixtures, in which no pore type composes
more than 60 percent of the total porosity. These mixtures are of two kinds. One kind of intermediate
pore system consists of thin (millimeter to meter) layers characterized by either moldic or
intercrystalline pores, intercalated with layers dominated by the other major pore type. These
"intermediate" pore systems are heterogeneous on a macroscopic scale (levels 3 or 4; fig. 35 in this
report), but on a microscopic scale they can be assigned to one pore facies or the other. The second
kind of intermediate pore system is macroscopically homogeneous, but is heterogeneous at level 5,
consisting of intimately commingled rnoldic, secondary intraparticle, and intercrystalline pores. These
rocks are referred to as having mixed pore systems. For mapping purposes in the Smackover in
southwest Alabama the two kinds of intermediate pore systems can be lumped together in an
informal "intermediate pore facies," though to some extent this must obscure petrophysical
differences between the two kinds of intermediate pore systems. In strata having mixed pore systems,
"isolated" particle molds are commonly connected by networks of intercrystalline pores which
control fluid-flow over macroscopic distances. Intermediate pore systems must experience a similar
effect on a larger spatial scale.

Intermediate pore systems petrophysically resemble the intercrystalline pore facies in many ways.
The slopes of regression lines of porosity on natural log of permeability for intermediate pore systems
are similar to those for the intercrystalline pore facies (fig. 33). Maximum permeability values for
intermediate pore systems are depressed, perhaps because the co-occurrence of pores and throats of
varying sizes and shapes interferes with efficient drainage of fluids. Mean porosity values are lower in
intermediate pore systemsfor reasons yet unknown.

CP curves derived from samples exhibiting intermediate pore systems span a range of shapes that
encompass those of both moldic and intercrystalline pore facies (classes 3 and 4 are both common).
Whereas in many respects intermediate pore systemsresemble the pore systems of reservoirs assigned
to the intercrystalline pore facies, in CP-curve shape they resemble both end-members. In addition,
representatives of CP-curve class 5 are fairly common in samples with intermediate pore systems.
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These curvesare platykurtic or polymodal, with intermediate throat sizesand recoveryefficiencies.
Thesecurvesevidently resultfrom mixturesat core-plugscalesof two or more kindsof poresystem.

Intermediate poresystemsexhibit an Ro-c_relationship like that of moldicporesystems:

10th percentilec_=-8.111 (Ro)+ 13.324 (rZ =0.548)

GEOGRAPHIC DISTRIBUTION OF PORE FACIES

Becausepore types are determined by original depositional patterns (modified by diagenesis),
rocks classified by dominant pore types are spatially segregated; this was demonstrated for the
Smackoverof Alabama by Benson(1985) and isconfirmed byour work reported here and in Kopaska-
Merkel and Mann (1991b). The spatialsegregation of pore types permitsmapping of pore facies.The
moldic pore facies dominates to the northwest (Choctaw, western Clarke, and Washington Counties)
and the intercrystalline pore facies to the south and east (Mobile, Monroe, Baldwin, Escambia, and
Conecuh Counties) (fig. 27). Pore-facies distributions overlap in some areas (e.g., western Monroe
County) and multiple pore facies Occur in many Smackover fields (table 4). Areascharacterized by the
co-occurrence of the two pore facies are assigned to the informal "intermediate pore facies." Also
assigned to this informal "pore facies" are reservoir rocks characterized by mixed pore systems.

The distribution of pore facies in the Smackover of southwest Alabama is congruent with
variation in petrophysical parameters (e.g., average porosity, maximum permeability, pore-throat
size distribution [CP-curve shape]) as is implied by the petrophysical differences between the pore
facies. Pore-facies distribution is also congruent with variation in heterogeneity values (discussed in a
following section) and with the distribution of large-scale paleogeographic features (seefig. 2).

RESERVOIRHETEROGENEITY

The ultimate volume of hydrocarbons recovered from a reservoir is strongly affected by the 3D
shape (at ali scaleslarger than the sizeof a small pore throat, about 0.01 pm) of the hydrocarbon-
bearing pore system in that reservoir. Spatial variability within the pore system (reservoir
heterogeneity) can have a significant effect on the ultimate volume of hydrocarbonsrecovered.
Reservoirsthat have little internal variability mayproduce up to 80 percent of the original oil in piace
(OOIP); more heterogeneous reservoirstend to produce less(Geological Surveyof Alabama, 1990).
During primary recovery,extremely heterogeneousreservoirsmay produce as little as 10 percent of
the OOIP.

Geologic heterogeneity that controls the distribution and migration of oil within a reservoir is
created by the same processesthat molded the reservoir itself. Reservoir heterogeneity may be
depositional, diagenetic, or structural and may occur on a variety of scalesranging from that of
individual pores to fieldwide. Five levels of heterogeneity are based on the areal extent of units
consideredto be internally homogeneous (fig. 35) (Moore and Kugler, 1990, fig. 2, p. 3). At the
largestscale, level 1, a reservoir is surrounded by nonreservoirrock. Featuresthat affect fluid flow
over distancesgreater than the average well spacingwithin a single reservoirare the homogeneous
units of level 2 heterogeneity. Level 3 heterogeneity consistsof differences between features that
have areal extents less than the average well spacing in the region under consideration but
considerablygreater than the diameter of a well bore. Level 4 heterogeneity is concerned with
featuresat the scaleof a well boreor core.Level5 heterogeneity occursat scalesof hundredsof pores
and pore throats down to that of a singlepore. When quantifying reservoirheterogeneity, one must
account for heterogeneity at both large and small scales, because the two are not necessarily
covariant.

Becausepore-systemtopology, the proximate control of reservoirheterogeneity, isa product of
the depositional, diagenetic, and structural history of a given reservoir, reservoirs with similar
historiesmay have similaramountsand kindsof heterogeneity. Classificationof reservoirsinto trends
on the basisof similarities in depositional, diagenetic, and structural historiesmay be useful in
predicting reservoirheterogeneity.
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Table 4.--Estimated percentagesof pore types and pore facies,Smackoverfields insouthwestAlabama

Field Percent Percent Percent Percent Porefacies
moldic 1 interparticle intercrystalline other

Appleton .... 37 0 46 17 intermediate

*Barnett 41 0 56 3 intercrystalline

Barrytown 47 0 25 28 intermediate

Big Escambia Creek 30 0 52 18 intermediate

Blacksher 56 8 29 7 intermediate

Bucatunna Creek 88 10 0 2 moldic

Burnt Corn Creek 0 0 55 45 intermediate

Chappell Hill 2 60 8 25 7 moldic

Chatom 58 0 42 0 intermediate

Choctaw Ridge 97 3 0 0 moldic

Chunchula 3 1 0 99 0 intercrystalline

Crosbys Creek 93 7 0 0 moldic

East Barnett 16 0 83 1 intercrystalline
Gin Creek 90 10 0 0 moldic

Hatter's Pond2 33 0 62 5 intercrystalline

Healing Springsz 42 0 42 16 intermediate

Huxford 61 7 20 12 moldic

*Little Escambia Creek 84 1 14 1 intermediate

Little Rive r 31 1 60 8 inte rcrysta I line

Lovetts Creek 52 1 36 11 intermediate

Movico 35 0 65 0 intercrystalline

North Choctaw Ridge 42 7 37 14 intermediate

North Wailers Creek 4 0 33 67 0 intercrystal!ir, e

Perdido 28 0 69 3 intercrystallil_,
Silass 86 8 5 1 moldic

Sizemore Creek 78 0 0 21 moldic

Stave Creek 47 34 18 1 moldic 6

Sugar Ridge 76 3 21 0 moldic

Toxey 84 1 7 8 moldic

Turnerville 54 0 46 0 intermediate

Uriah4 63 7 29 1 moldic

Vocation 69 4 25 2 moldic

West 8arrytown 31 2 54 13 intermediate

West Bend 86 6 8 0 moldic

*Womack Hill 27 2 41 0 intermediate

Zion Chapel 67 10 21 2 moldic

*Note: 60 percent cutoffs were used to define pore facies for ali but three fields. Except where noted, the estimated
percentages are derived from core description. Barnett field appeared to be characterized by an intermediate pore system
based on core examination, but thin sections revealed that most pores are intercrystalline. The core described from Little
Escambia Creek field was dominated by molds, but published descriptions of this field indicate that the pore system is more
typically intermediate. The core described from Womack Hill field was short and dominated by intercrystalline pores, but

examination of numerous thin sections from this and other cores in the field suggests that the reservoir isintermediate.

1Including secondary intraparticle porosity.
ZPercentages are rough estimates.

3From core of Permit No. 2218 only (the actual percentage of moldic pores is at least 10).
4Carbonate rock only.
SFrom thin-section examination.

61nterparticle porosity is counted with moldic porosity in this case.
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Figure 35. Levels of heterogeneity (Moore and Kugler, 1990, fig. 2, p. 3).
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Reservoirs formed in different geologic settings exhibit different rock fabrics, and therefore,
different hydrocarbon-recovery factors. Carbonate rock units tend to be less efficient hydrocarbon
producers than siliciclastic rock units. This is because carbonate reservoirs tend to be more complex.
Among carbonate reservoirs, the products of some depositional and diagenetic settings are more
homogeneous (and produce a higher percentage of their contained hydrocarbons) than others. In
other words, carbonate rock bodies differ systematically in the presence, abundance, and distribution
of features that affect fluid flow. Finley and others (1988) ranked carbonate reservoirs formed in
depositional settings ranging from supratidal flats to deep ocean basins on a scale of reservoir
complexity from 1 to 10. Twelve categories were defined primarily on the basis of depositional
setting. Diagenesis was considered as a factor affecting heterogeneity in three categories. The
classification was based upon interpretations of rock characteristics. Smackover reservoirs in
southwest Alabama can be assigned to at least four categories: evaporitic flats, dolomitized restricted
platforms, open shelves, and oolitic bars and barriers.

One of the attractions of a depositional-setting based reservoir heterogeneity classification is the
common perception that environment of deposition is easier to predict than what might be termed
"diagenetic facies." In a general sense this is true, but strata deposited under similar conditions can
and do develop extremely different pore systems. This is one of the limitations of a reservoir
heterogeneity classification based on depositional setting. Reservoir heterogeneity is more accurately
described by a classification based directly on the physical characteristics of the reservoir. This is the
approach taken in the pore-facies classification presented in an earlier section of this report.

The classification of Finley and others (1988) consists of a fixed number o4 discrete categories.
These categories were chosen by examination of a training set, a set of reservoirs that were deposited
in a variety of depositional settings. The categories of which the classification is composed were
named on the basis of what was found in the training set (450 oil reservoirs from Texas). When such a
classification is applied to a new data set it may need to be modified to accommodate characteristics
of the new data that were not found in the training set.

The classification of Finley and others (1988) was subsequently modified, and data from New
Mexico and Oklahoma were added to the training set (ICF, 1989; DOE, 1990). The classification was
further modified for the TORIS database by the Reservoir Classification Task Force (1990; fig. 36).
Smackover reservoirs in Alabama fall into the restricted shelf category in the revised classification
(they were assigned to four different categories in the original classification of Finley and others,
1988). This twice-revised classification is currently undergoing review by the DOE and by others, and
additional revisions may be made (DOE, 1990). The instability of the classification, in which a given
reservoir may change its pigeonhole each time the classification is revised, provides opportunities for
error. Further, whenever a revision is implemented, terminology in the existing literature becomes
obsolete.

The pore-facies classification described in this report was developed, like that of Finley and others
(1988), using a training zet. Both classifications consist of a fixed number of discrete categories.
However, the pore-facies classification is based upon well-defined published criteria (pore types;
Kopaska-Merkel and Mann, 1991b). Although the pore-facies classification would be of limited value
in classifying reservoirs that are not dominated by moldic and/or intercrystalline pores, suchreservoirs
are uncommon, and the pore-facies classification may be generally applicable.

In this section, two semi-independent vertical heterogeneity parameters are defined, megascopic
heterogeneity and microscopic heterogeneity, and are used to describe the distribution of vertical
reservoir heterogeneity in Smackover hydrocarbon fields in southwest Alabama. The distribution of
the Dykstra-Parsons coefficient, which is a measure of microscopic heterogeneity, is also described,
and the results are compared to those of the other two measures. Ali three heterogeneity measures
measure different aspects of reservoir heterogeneity (see figs. 38, 39, and 42); hence, ali three may be
of value in evaluating reservoir heterogeneity. These heterogeneity estimates, in combination with
the pore-facies classification, provide simple estimates of the kinds and amounts of heterogeneity in
Smackover reservoirs. Because ali three components of heterogeneity (pH, MH, and DP coefficient)
are distributed nonrandomly, the heterogeneity characteristics of a potential Smackover reservoir can
be predicted in advance of the drill. A measure of lateral heterogeneity isalso defined and related to
variation in vertical heterogeneity, hydrocarbon type, and well spacing. These heterogeneity
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I. Depositional Systems
Lacustrine
Peritidal

Supratidal
Intertidal
Subtiaal

Shallow Shelf
Open Shelf
Restricted Shelf

Shelf Margin
Rimmed Shelf
Ramp

Reefs
Pinnacle Reefs
Bioherms
Atolls

Slope/Basin
Debris Fans
Turbidite Fans
Mounds

Basin
Drowned Shelf
Deep Basin

II. Diagenetic Overprint
Compaction/Cementation
Grain Enhancement
Dolomitization
Dolomitization (Evaporite)
Massive Dissolution
Silicification

i11.Structural Compartmentalization
Natural Fracture Porosity
Unstructured
Faulted (normal, reverse, or strike-slip)
Fault/Fold (normal, reverse, or strike-slip)
Folded

Figure36.--Classificationof carbonatereservoirheterogeneityusedin TORISdatabase.

measures may be applicable to Smackover reservoirs outside Alabama, and to other carbonate
reservoirsasweil.

Once the heterogeneity characteristicsof a reservoirhave been estimated, more detailed studies
are required to identify the specificfeatures that causeheterogeneity andto map their distribution in
three dimensions.Thiswas the subjectof a studyof Chunchulafield (Universityof Alabama, 1991). In
that study, poor reservoir performance under gas injection was attributed to the existence of
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uncontacted reservoir compartments. When heterogeneity is mapped in detail, it becomes possible to
locate uncontacted reservoir, to target infill wells, to better identify the limits of the reservoir and
locate step-out wells, and to define flow paths that will benefit enhanced- or improved-recovery
programs. A better understanding of the factors controlling the distribution and movement of
hydrocarbons in Smackover reservoirs will also help in identifying the most profitable development
strategies.

VERTICAL RESERVOIRHETEROGENEITY

INTRODUCTION AND DISCUSSION OF PARAMETERS

Vertical heterogeneity in a carbonate reservoir is determined by the number and distribution of
features occurring on a wide variety of scales. A ranking scheme for reservoir heterogeneity should
ideally consider ali possible features. From a practical standpoint, the scheme should use data that are
readily available. Toward this end, the ranking scheme proposed here relies heavily on data
obtainable from porosity logs and core analysis. Because permeability distribution is critical to
reservoir performance, permeability data are used to estimate reservoir heterogeneity. If porosity
logs have been calibrated to permeability using core data, then porosity logs as well as core data can
be used to estimate heterogeneity. Another method is to estimate permeability from MTS us=r,,gCP
analyses of cuttings.

Because the distribution of reservoir heterogeneity is nonrandom, heterogeneity values in
regions for which permeability data are not available can be predicted from reservoir-heterogeneity
maps using geostatistics. (An example of this approach was described by the University of Alabama,
1991.)

For the purpose of this study, reservoir rocks were defined to include ali strata having porosity
values ---6 percent and F3rmeability values >--0.1 md. Six parameters that appear to have the greatest
influence on reservoir heterogeneity were measured or calculated for ali fields for which the
necessary data were available. (Additional parameters were also calculated but yielded no additional
information.) These six parameters are:

1. Average Number of Reservoir Intervals (by weil)
2. Average Number of High-Permeability Reservoir Intervals (by weil)
3. Standard Deviation of Number of Reservoir Intervals (by weil)
4. Standard Deviation of Porosity
5. Mean Permeability
6. Standard Deviation of the Natural Log of Permeability
The first three parameters were used to calculate megascopic reservoir heterogeneity (MH); the

last three were used for microscopic reservoir heterogeneity (pH). Ali six parameters could be
calculated for 31 fields; parameters 4 through 6 could be calculated for an additional 22 fields,
making a total of 53 fields for which pH could be calculated (table 5). (Fewer fields provided MH
values because at least two wells are needed to calculate parameter 3.) Microscopic and megascopic
reservoir heterogeneity are separated because, as will be seen below, their spatial distributions are
almost diametrically opposed. If the two scales of heterogeneity were measured by a single equation,
then their opposite distributions would be obscured.

Before the results of the heterogeneity calculations are described, the reasons for choosing the
parameters used in the equations are given, beginning with MH.

The equation for megascopic reservoir heterogeneity (MH) employs the first three parameters
listed above:

[(# of reservoir intervals)+ (# of high-K reservoir intervals)+ (o of # of reservoir intervals)].

Many other parameters could be employed to calculate MH, such as average reservoir-interval
thickness, average thickness of high-permeability reservoir intervals, standard deviation of the
number of high-permeability reservoir intervals, standard deviation of reservoir-interval thickness, or
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Table 5.--Parameters used to calculate reservoir heterogeneity and three reservoir-heterogeneity factors
.....

Field mean phi sdphi mean In k sdIn k IJH MH #res, int. #high
stdev# DP

res. res. coeff.
...... ,, , ,

Appleton ..... 10.6 3.1 1.25 1.39 1.37 0,96

Barlow Bend 12.6 5.6 0 2.99 2.30 0.95

Barnett 9.7 2.5 0.22 2.16 1.36 8.34 3.67 2.33 2.34 0.88

Barrytown 18.9 4.2 2.02 0.97 1.51 3.25 1,5 0.75 1 0.63

BigEscambia 14.1 4.5 0.64 2.03 1.60 10.1 4.7 2.63 2.71 0,92
Creek

Blacksher 11.6 4.27 1.19 2.41 1.96 13.5 5,29 3.71 4.46 0.95

BrokenLeg 11,7 3.2 1.5 2.12 1.83 0.94
Creek

Bucatunna 18 5.6 0.46 1.2 1.22 6.62 1,5 3 2.12 0.76
Creek

ChappellHill 16.2 4.9 1.29 1.65 1.66 4.91 2.67 1.67 0.58

Chatom 20.7 6.24 1.62 0.54 1.83 9.54 4,5 3,75 1.29 0.93

ChoctawRidge 19.4 5 3.06 1.62 2.25 3.16 1.4 0.8 0.96 0.80

Chunchula 12.9 3.6 0.44 1.69 1.29 5.66 2.75 1.64 1.27 0.87

ColdCreek 9.9 3.7 0.01 1.85 1.24 9.6S 4 3 2.65 0.86

Copeland 15.6 5.8 0.69 1.6 1.51 0.82

CrosbysCreek 21.4 9.2 -0.52 133 1.26 S.73 2 2 1.73 0.79

FannyChurch 12.7 3.7 O.18 1.96 1.35 10.2 4.88 1.53 3.82 0.85

Hatter's Pond 13.4 4 0.99 1.75 1.54 7.17 2.68 2.32 2.17 0.90

Huxford 9.8 2.5 2.04 2.36 2.07 10.5 4,75 2.75 2.99 0.91

Little Escambia 12.7 3.9 0.07 1.95 1.32 9.54 4 1.8 3.74 0.90
Creek

Little Mill Creek 24.1 5.8 4.6 2.41 3.22 1 0 0.92

Little River 11.8 4.3 1.68 2.61 2.2;l 0.96

Lovett$ Creek 9.5 2.4 0.81 1.66 1.30 12 4.4 3.6 3.97 0.91

Melvin 20.3 3,4 3.32 1.47 2.13 0.83

Mill Creek 20.6 5.8 2.82 2.15 2.S0 2.11 1 0.4 0.71 0.89

Mineola 14.6 3.4 3.01 1.52 2.05

Movico 17.2 4.8 2.81 1.46 2.07 2.21 1.5 0 0.91 .

North Choctaw 20.3 5.6 2.68 1.43 2.08 3.89 1.89 1.22 0.78 0.95
Ridge

North Wailers 12.9 2.8 2.12 1.62 1.75 0.954
Creek

Northwest 9.2 2.0 0.S5 1.77 1.24

Range

PaceCreek 17.3 7.18 2.56 2.66 2.78

Palmers 16.3 5.3 2.29 2.20 2.31 0.955
Crossroads

Perdido 10 1.6 0.2 1.34 0.87 3.91 1.33 2 0.58 0.84

PussCuss 21.3 7,4 1.79 1.49 1.96 0.78

RedCreek 19.6 7.8 1.28 1.95 2.05 1 1 0.93

RobinsonCreek 10.4 4.3 0.3 2.01 1.46

Southeast 22.4 6.7 0.76 1.66 1.64 6.5 3 3.5 0 0.87
Chatom

.. ,, ,,
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Table 5.--Parametersusedto calculatereservoirheterogeneity andthree reservoir-heterogeneityfactors--
Continued

Illl,li l:

Field meanphi sdphi meanInk sdInk pH MH #res.int. #highk stdev# DPres. res. coeff.

Silas 15.9 6.7 0.44 1.99 1.70 7.8 3 1.33 3.46 0.87

SizemoreCreek 13.5 4.4 0.19 2.2 1.53 0.87

StaveCreek 15.9 4.4 2.1 1.94 2.04 6.98 2.33 2.33 2.31 0.92

SugarRidge 19.5 7.1 2.22 1.69 2.18 6.13 3 1.5 1.63 0.96

Southwest 17 6.1 2.05 2.5 2.44 0.74
Barn/town

TurkeyCreek 20.6 4.4 3.85 1.12 2.21 0.69

Uriah 10.8 2.9 2.83 2.09 2.23 0.78

Vocation 12.4 3.9 2.52 2.11 2.22 9.61 3.92 3.08 2.61 0.97

Wallace 9.5 2.51 -0.3 1.71 0.96

WailersCreek 12.7 3.8 1.16 1.98 1.69 4.49 1.67 1.67 1.15 0.92

WestAppleton 13.3 4.6 3.02 1.86 2.32

WestBarrytown 18.9 3.6 2.72 1.32 1.87 5.39 2.25 1.25 1.89 0.74
WestBend 14.8 3.7 1.32 1.94 1.72 5.96 2.25 2 1.71 0.95
WildForkCreek 11.2 2.5 0.9 1.25 1.13 0.77

Wimberly 19.8 6.6 2.11 1.59 2.05 4.53 2.33 0.67 1.53 0.80
WomackHill 18.5 4.4 2.28 1.48 1.87 6.14 2.58 1.79 1.77 0.96

ZionChapel 19.5 7.4 1.98 1.64 2.10 4.53 2.33 0.67 1.53 0.82

numbers or thicknesses of very high permeability reservoir intervals (e.g., greater than 10 md
permeability, greater than 100 md permeability, etc.). None of these parameters were used to
calculate MH for two reasons. First, ali the parameters listed, aswell as innumerable others like them,
are closely correlated with parameters 1, 2, and 3. Thus, adding them to the equation for MH would
scarcely reduce the unexplained variance in MH. The effort of collecting the additional data would
yield little return. Second, the three parameters chosen were those for which the largest number of
fields possessed the requisite data for the calculation of MH. Addition or substitution of any of the
alternative parameters listed above would have greatly reduced the number of fields for which MH
could be calculated.

The equation for microscopic reservoir heterogeneity employs the last three of the six parameters
listed above:

(pH) = {[(0.25o_) + (mean of natural log of K) + (1.50 of natural log of K)]/3}.

As with MH, other parameters could have been used, such as maximum porosity, maximum
permeability, and mean porosity. However, in the calculation of pH it is important to include only
appropriate parameters. For example, mean porosity has been used by others to calculate reservoir
heterogeneity. But mean porosity is not directly related to the ability of the formation to produce
hydrocarbons efficiently, lt is not how much of a rock is empty space that determines how easy it isto
remove the contained fluids, but rather how variable and how coarse the pore system is. Some of the
most variable pore systems on a microscopic level (level 5) are moldic pore systems, because of their
inherent bimodality and high aspect ratios (discussed in previous sections). Moldic reservoirs are also
the most porous (fig. 37). However, some relatively low-porosity pore systems are also quite variable,
because of high-amplitude variations in both porosity and permeability. Yet another problem with
using mean porosity is that, despite the differences between high-porosity pore systems and highly
variable pore systems, mean porosity is strongly correlated with standard deviation of porosity (r2 =
0.64). Therefore, only one of these two parameters should be used to avoid unintentional weighting
of the result, lt is more appropriate to use the standard deviation of porosity, which is directly related
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Figure 37.--Map of average porosity of Smackover fields, southwest Alabama. Average porosity values are
highest in southern Choctaw County and substantially lower to the south and east on the north flank of the
Wiggins arch and the Conecuh ridge complex, and in the Conecuh embayment. The distribution of average
porosity values closely parallels the distribution of reservoir types in the Smackover (compare fig. 27, which
shows the distribution of pore facies in Smackover reservoirs). Moldic reservoirs, which are less severely
altered than intercrystalline reservoirs, are, on the average, more porous. Diagenetic control of porosity

development is suggested by the lack of correspondence of variation in average porosity values to paleo-

geography, structural boundaries, or to depositional setting. Porosity in percent; contour interval=5
percent. Dots are Smackover fields (see fig. 35). Data taken from Bolin and others, 1989.



58

to variation in pore-systemcharacteristics.Maximum porosityand maximum permeability are highly
unstable measurements,becausethey are strongly affected by single outlying data points; for this
reason,thesetwo parameterswere rejected.

pH is not, strictly speaking, a measure of vertical heterogeneity, becausedata from ali wells
within a field are lumped together to generate thisparameter. However, becausewells are thousands
of feet apart whereas samplesfrom a single core are 1 foot apart, pH is more stronglyaffected by
vertical heterogeneity than by lateral heterogeneity, pH is primarily a measure of one aspect of
vertical heterogeneity.

Another kind of parameter might be used to estimate microscopicheterogeneity. This classof
parametersincludesmedian pore-throat size and other measuresof pore-throat sizedistribution that
are derived from capillary-pressuremeasurements.However, these data are expensiveto co!tect -=hd
are generally available only from a few wells. For this reason, they are not used to estimate
heterogeneity. If large amounts of capillary-pressuredata are available, then some measuresof the
dispersionof pore-throat sizescould be useful in estimating microscopicheterogeneity, for they are
directly related to the efficiencyof productionof nonwetting fluids.

MEGASCOPIC RESERVOIR HETEROGENEITY

The numbers of reservoir intervals, numbers of high-permeability reservoir intervals, and the
standarddeviation of the numbersof reservoirintervalsmeasurelarge-scale(levels3 and 4; see fig.
35) heterogeneity defined by depositional,diagenetic, and structuralsetting.Thesethree parameters
are summed in the calculation of megascc_picreservoir heterogeneity (MH): [(# of reservoir
intervals)+ (# of high-Kreservoirintervals)+ (o of # of reservoir intervals)].

Reservoirsbelongingto the moldic pore faciestend to be vertically homogeneousat large scales
(low valuesof MH), whereasreservoirsassignedto the intercrystallinepore faciesare characterizedby
relatively high valuesof MH. Intercrystallinereservoirsmay be heterogeneousat large scalesbecause
the processof nonfabric-selectivedolomitization was patchy on a vertical scaleof metersto tens of
meters. This processwas also patchy horizontally as indicated by lateral variation in petrographic
parameterswithin Chunchulafield, Mobile County (Universityof Alabama, 1991). Bycontrast,moldic
reservoirs are relatively homogeneous vertically at meter to decameter scales, indicating that
sedimentary features such as dunes, bars, beach foreshores, spits,and channels (at least some of
which have been recognized in coresof moldic reservoirs;Kopaska-Merkeland others, 1992) may
have exerted relatively little influence on reservoirheterogeneity. Hence, carbonate depositional
microfaciespatternsmay be crudepredictorsof reservoirdistribution.

Thedistribution of MH valuesisshownbyfigure 38. MH valuesare high on the north flank of the
Wigginsarch,on the Conecuhridge complexand in the Conecuhembayment. MH valuesare low near
the Choctaw ridge complex. The Conecuh ridge complex is characterized by high values of both
microscopicand megascopic heterogeneity; it is the only major structural featl,re in southwest
Alabama for which this istrue. The boundariesof regionsof low or highMH valuesdo not correspond
to the boundariesof major structuralfeatures.

A low-relief paleogeographichigh, a salt-coredanticline that extendssouthwardfrom the vicinity
of Silasfield in southernChoctaw Countyto Chatomfield in west-centralWashingtonCounty (seefig.
1), is characterized by relatively high values of MH. This anticline did not exist during most of
Smackovertime, for it is superimposedon a thick westward-thickeningwedge of Smackoverstrata
(seefig. 3), which do not thin on the crestof the salt-coredanticline. However, the anticline'screst is
marked bythe development o_uppermostSmackoversabkhason local highs.Typically, 10feet or less
of sabkha depositsare overlain by 20 to 40 feet of peritidal carbonates, including reservoir rock,
which in turn are overlain by basalBucknersalterndeposits.Theserelationshipsindicatethat the salt-
coredanticline began to form, in latestSmackovertime (Mann and Kopaska-Merkel,1992). Diagenesis
seemsto have strongly affected MH, as indicated by the geographic correspondencebetween pore
faciesand MH values(seefig. 27).



S9

-o ......... - .... * .... * .......... ---*s;'-r-*-- ............. ,.................. --- - _ -* ......................................... ,.....................i ..............illlil;
• .... : ; :
, ., : '.
, ,f

.,: , , .
i' "' : ""; "" "'"':-,. _ • , .., :

:.................. *,*, : "-., ., .,, , ,............. . ._.'o ',

i CHOCTAW "....':' ....:"" "" "
o o

,":" _'" ' ...... , "' .......... ",--P";" ........ _ _ "'":"

OFSMACKOVERORMATION "

I-,,
• °'

', • ..... .,
2.! ",o • • ........ ,.,".........

i "".... MONROE
..m

!...i CLARKE .......-:
:"" ; ' ,

o.O-" o

5 "".-, : ':' : :
' •.... : :".',':i: ,' " ', :

...,_ i:.. ' %, .... • ................ _ ...... , :
I

CONECUH ::'•, . .:._:_:;::_1'._._::.'._.. •,

........... _'*'" _._.::%.

)
.,, .... t i

I • ii:.:. '"':

2.5 ....;i

i -t

• :, 5
"', " 2.8

•"" "', 0 10 20 MILES
MOBILE ",.:':,,BALDWIN "",

: • " ;

: : ".. 0 10 20 KILOMETERS

:-" ': ";
,i %

•:,,, EXPLANATION
t ". o

' : ' .' • SMACKOVER FIELD OR WILDCAT, : ., ,

: t ': " % 1§_ CONTOUR OF MEGASCOPIC HETEROGENEITY
' i ' "%

t "; ... .,.-" @"""",,,.., : "',: : ; HIGH MEGASCOPIC HETEROGENEITY
{.:-,. ',

% o°.," _
'"...... VERYH_HMSa_,C_,_ HETERC_ENSrrY

..::--"-'"':2".. ":" ......, ,Oo.Ol. ,."
,o,,,. %..,.-" ,..o.,,.o,'°'"
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MICROSCOPIC RESERVOIRHETEROGENEITY

Microscopic reservoir heterogeneity (pH) is based upon the standard deviation of porosity, the
mean of natural log of permeability, and the standard deviation of natural log of permeability:
{[(0.25oc_)+(mean of natural log of K)+(1.5o of natural log of K)]/3}. These parameters ali measure
variation in pore system characteristics at small scales (level 5 heterogeneity; see fig. 35). In the
equation for pH, the standard deviation of porosity is multiplied by 0.25. This fractional weighting is
performed because (1) porosity values cover a wider range than do values of the natural log of
permeability (table 5), and (2) porosity variation is less critical to reservoir heterogeneity (has a lesser
effect on producibility of hydrocarbons) than the permeability value. Hydrocarbon production
efficiency is more sensitive to variation in permeability than to variation in porosity. Similarly, the
standard deviation of natural log of permeability is multiplied by 1.5, which increases its contribution
to pH. This is because changes in the amount of variation in permeability have a greater effect on
hydrocarbon production, through mechanisms such as bypassing of oil in regions of lower
permeability, than does a simple shift in permeability distribution. The particular weights chosen are,
of necessity, somewhat arbitrary.

The distribution of pH values in the Smackover of southwest Alabama is shown by figure 39. In
the following paragraphs, the pattern of H variation is discussedin more detail.

pH values are high in moldic reservoirs and low in intercrystalline reservoirs. This may result from
the fundamentally heterogeneous nature of moldic pore systems(in which large pores are juxtaposed
with small throats) compared to intercrystalline pore systems. However, the definition of pH contains
no reference to pore type. pH is simply a function of porosity and permeability variation. Perusal of
figures 37, 40, and 41 reveals that high values of porosity and permeability, but not of the standard
deviation of permeability, are responsible for the high values of pH in the northwestern part of the
study area.

Movico and Hatter's Pond fields (Baldwin and Mobile Counties, and Mobile County, respectively;
see fig. 1) have substantially higher values of IJH than do nearby fields. Movico reservoir differs from
its neighbors in other ways asweil: MH (fig. 39), thickness of the Smackover (fig. 3), average porosity
(fig. 37), mean K (fig. 40), and o of K (fig. 41). Both Movico and Hatter's Pond fields differ from their
neighbors in their values of the Dykstra-Parsons coefficient (fig. 42) and of the standard deviation of
porosity (fig. 43). These two fields are structurally different from their neighbors (their traps are
genetically related to the Mobile graben). They are also the most easterly of the fields on the north
flank of the Wiggins arch, which may be significant if regional paleogeography had a noticeable
effect on pore-system development. Whatever the cause(s), fields associated with the southern part
of the Mobile graben, especially Movico field, exhibit dramatically different reservoir characteristics
from nearby fields on the north-facing distally-steepened ramp that forms the north flank of the
Wiggins arch. Specifically, the ramp fields are less porous and less permeable, but also less
heterogeneous (microscopically), than the Mobile graben fields.

Smackover reservoirs in southern Choctaw County display regional patterns of pH that seem to be
controlled by paleogeographic setting. Two north-south regions of high and low pH cut across the
peripheral fault trend (fig. 39), but are subparallel to the buried Choctaw ridge complex immediately
to the north (Wilson and others, 1980). The region characterized by higher values of pH overlies a
basement ridge, and the region characterized by lower values of pH overlies a trough on the
basement surface (fig. 39; Wilson and others, 1980).

pH, like MH, exhibits high values on the crest of the early formed salt-cored anticline in western
Washington County. This is because the reservoirs there are moldic (and are microscopically
heterogeneous) and the early salt movement and sabkha formation in the upper Smackover helped
create compartmentalized reservoirs.

Uriah and Palmers Crossroads fields are neighbors characterized by high values of pH. Another
field in this area, North Wailers Creek field, has a moderately high value of pH. The reservoir at Uriah
field consistsof intercalated sandstone and dolostone, that at Palmers Crossroadsfield contains both
carbonate and siliciclastic components (based on interpretation of geophysical logs), and that at
North Wailers Creek field is dolomitic sandstone. A nearby field, Barnett, contains intercalated
dolomitic sandstone and dolostone, but the reservoir consists entirely of dolostone, lt seems that a
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deviation. Natural log permeability (in rod); contour interval=0.S). Data taken from commercial
permeability analysesof core plugs.
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Figure 42.--Map of Dykstra-Parsonscoefficient for Smackoverfields, southwest Alabama. The DP coefficient
appearsto be stronglyaffected by paleotopographic patterns; note especiallythe high valuesconcentrated
along the Conecuh ridge and the southwesterly trends in southern Choctaw County, which parallel
underlying basement topography. Variation in the DP coefficient does not correspond to pore-facies
patterns. Dimensionless; contour interval=0.05. The DP coefficient, is calculated from commercial
permeabilityanalysesof core plugs.
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Figure43.--Mapof standarddeviationof porosityof 5mackoverfields,southwestAlabama.Standarddeviation
of porosityisstronglyaffectedbypaleotopography,but generallydecreasesfromnorthwestto southeast.
Thisis similarto the pattern exhibitedby averageporosity.Porosityin percent;contourinterval=1.0.
Standarddeviationof porosityiscalculatedfromcommercialporosityanalysesof coreplugs.
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local source of quartzose sand in this area created several heterogeneous reservoirs consisting of
mixed siliciclastic and carbonate strata. The updip parts of the Manila embayment contain substantial
admixtures of quartzose sand. Where sand and carbonate are commingled, pH values are likely to be
high. If there are areas within the updip part of the Manila embayment where quartzose sandstone
dominates the reservoir, then pH values may be low in these areas.

Various petrographic parameters show different relationships to paleotopography, present
structure, and to each other. For example, average porosity (fig. 37) and standard deviation of
porosity (fig. 43) display similar patterns that are unlike those of the other parameters. Local variation
in porosity values (fig. 43) shows strong control by paleotopography whereas average porosity (fig.
37) does not. The distribution of maximum permeability (fig. 44) is also sensitive to paleotopographic
control. Inspection of the maps presented in this section shows that each aspect of the pore system
has responded to the various controlling factors in subtly different ways. Thus, heterogeneity
measures that encompass multiple parameters may better represent overall heterogeneity than any
one of the individual parameters.

RELATIONSHIP BETWEEN MH AND pH

The pattern of variation ,n pH is roughly opposite to that of MH. PH values generally decrease
from northwest to southeast. The Conecuh ridge complex is roughly the southeastern limit of high
values of pH. This inverse relationship between MH and PH is not surprising if one recalls that moldic
reservoirs are inherently heterogeneous on a microscopic scale, but are characterized by relatively
few and homogeneous flow units. By contrast, intercrystalline reservoirs are inherently homogeneous
microscopically, but are relatively heterogeneous megascopically (Kopaska-Merkel and Mann,
1991b). This relationship between pH and MH has implications for reservoir development. One should
not expect to find reservoirs that are homogeneous at ali scales in the Smackover of southwest
Alabama. Instead, the reservoir modeler should expect to face significant variation in reservoir
heterogeneity on at least two scales, but the magnitude of the problem at one scale may be inversely
proportional to that at the other scale. Because the most common advanced-recovery methods that
are used in the Alabama Smackover are waterflooding and various types of gas injection (Masingill,
1990), MH may be more important in the short term than pH. This is because injection-type advanced-
recovery processes are adversely affected by large-scale permeability heterogeneity (e.g., Major and
Holtz, 1990; Thomas and Bibby, 1991).

The congruency of the patterns of variation of pH and MH with pore-system characteristics
(controlled by depositional patterns and modulated by dissolution and dolomitization) and with
regional structural and paleogeographic trends suggests that reservoir heterogeneity characteristics
are controlled by structural and paleogeographic setting and by diagenesis. However, because
contours of pH and MH are approximately normal to structure contours but subparallel to Smackover
thickness contours, it appears that depositional setting (or paleogeography) exerted more stringent
control on reservoir heterogeneity than did structural evolution. The detailed patterns of pH
variation in southern Choctaw County suggest control by NE-SW trending paleotopography, whereas
the pattern of MH variation in the same area suggest control by the E-W trending peripheral fault
trend. The Mobile graben appears unrelated to pH variation, probably because its major growth
occurred after Smackover deposition.

DYKSTRA-PARSONSCOEFFICIENT

The Dykstra-Parsons coefficient, like pH, is not, strictly speaking, a measure of vertical
heterogeneity, for it is commonly applied to an entire field. The DP coefficient measures overall
heterogeneity, both vertical and lateral together. However, because wells are far apart and
permeability samples within a core are spaced 1 foot apart, the DP coefficient, like pH, is primarily a
measure of vertical heterogeneity. The DP coefficient was devised to evaluate the probability of
success of waterflooding (Dykstra and Parsons, 1950). The DP coefficient is [(log mean K)-(Iog K @ -1
o)]/Iog mean K. (Other formulations yield essentially the same result.) Thus, if there is no variation of
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pores but containing 10 percent or more interparticle porosity.Bycontrast, the high-permeability reservoirs
found overlying the western part of the Conecuhridge complex are highly altered planar-e and planar-s
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permeability, the standard deviation of K is zero, and the DP coefficient isalsozero. The maximum
value of the DP coefficient, 1.0, correspondsto the condition of maximum heterogeneity (Craig,
1971). The DP coefficient is a measure of microscopicheterogeneity, as is pH, but the two have
contrastingdistributions(fig. 42). The DP coefficient is partially correlated with IJH(r2=0.428). The
distribution of DP coefficient valuesis also dramatically different from the distribution of o natural
log of K values (fig. 41), though the former is essentiallya normalized version of the latter. The
distribution of the DPcoefficient, unlike thoseof MH and pH, bears no obviousrelationshipto pore-
facies distribution. Also, the pattern of DP coefficient variation is more complex. Hence, it is more
difficult to predictthe DP coefficientvalue in advanceof the drill, lt is recommended,therefore, that
pH, rather than the DP coefficient, be used to represent microscopicheterogeneity if only one
microheterogeneityparameter isto be used.

LATERALRESERVOIRHETEROGENEITY

Accurate evaluation of lateral heterogeneity is difficult. Data for a singlefield typicallyconsistof
a small number of wells distributed over an area of several square miles. For Smackoverfields in
Alabama, typical well spacing is 160 acres.By contrast, many reservoirheterogeneity studieshave
dealt with fields characterized by spacingsof 40 acres, 20 acres, or even less(e.g., Honarpour and
others, 1991). Virtually no data are available for well separation distancesof lessthan about 1,500
feet. Spatial correlationover distanceson the order of 2,000 to 10,000 isamenable to studyfor most
fields.

Becauseof the samplingconstraintsoutlined above, there have been few publishedattempts at
defining lateral heterogeneity. One simple technique involves calculation of reservoir continuity
between well pairs (George and Stiles, 1978). The technique involvesdetermination of reservoir
continuity (in percent) between each possiblepair of wells within a field area. Thesedata are then
plotted againstthe distancebetween the wellsin eachpair. Wells closetogether areexpectedto have
a high continuity indexand the index isexpectedto decreaseas the distancebetween wells increases.
The rate of thisdecrease isa measureof reservoircontinuity which is, in turn, a measureof lateral
heterogeneity.

Though the technique is simple, it has important limitations. Accurate correlation of specific
reservoirzonesisessential.In fields with few or widely spacedwells, this can be a problem. Also,the
positionof the wells relative to one another within the field is important. Significantdifferencesare
expected in the continuity between wells oriented parallel to depositional strikeand thoseoriented
perpendicular to strike. Correlation indices are strongly influenced by the shape of the reservoir;
irregularly shaped reservoirshave different continuity-distancerelationshipsin different directions.
Finally, this method ishighly inaccurateif lateral continuity ishigh (Fogg and Lucia,1990), but this is
probably not the casein mostAlabamaSmackoverfields.

The continuity-index technique was applied to nine Smackover fields in Alabama (Geological
Surveyof Alabama, 1990).The continuity indexwas plotted againstthe distancebetween wells for ali
well pairswithin eachfield. Thesecrossplots(included in GeologicalSurveyof Alabama, 1990) appear
to show a decreasein continuity index with increasingdistance.SomeSmackoverreservoirsexhibit a
pronounced preferred orientation of continuity index, whereas others do not (Geological Surveyof
Alabama, 1990). Different reservoir intervalswithin a singlefield tend to havesimilar continuity vs.
distancerelationshipsbut the relationshipsvarysubstantiallyfrom field to field.

The technique described above, although it is one of the few geologically based techniques
available, isineffective in evaluating the lateral continuity of reservoirsin the SmackoverFormation
of southwest Alabama. The small number of wells and the large distancesbetween wells in most
fields make the reliability of correlations of reservoir intervals between wells questionable and
prevent the evaluation of correlationsover short distances(generally lessthan 1,500 feet). For most
fields continuity-distanceplots show a high degree of scatter, and estimates of the correlation
distance are problematic at best. Also, reservoirshape strongly affects continuity data. For these
reasons,the lateral continuity ranking provided by the technique is a poor estimate of reservoir
continuity (GeologicalSurveyof Alabama, 1990).
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Even if the technique were more accurate, it only measures 3D continuity of the reservoir, lt
cannot account for internal barriers to lateral fluid flow. A reservoir may have excellent overall lateral
continuity but contain numerous barriers to lateral fluid flow and thus be laterally heterogeneous.
Conversely, another reservoir may have less lateral continuity but lack internal barriers to fluid flow;
thus, lateral heterogeneity values are low.

A cruder method of assessing lateral reservoir heterogeneity was also attempted. This is necessary
where data are insufficient for more sophisticated techniques such as conditional simulation (e.g.,
Lucia and Fogg, 1990; University of Alabama, 1991). The method involves comparing porosity-
permeability plots for single wells to similar plots from multiple wells from the same field. Thus, this is
a way to measure microscopic lateral heterogeneity. If lateral heterogeneity is significant then r2 will
be lower for the multi-well plots. This is because when wells with different porosity-permeability
characteristics are lumped together, variance increases and r2 decreases.

The method was applied as follows. Only wells with at least 30 non-zero permeability analyses
were counted, and only fields with at least four wells satisfying the first criterion were included.
These restrictions were necessary because small data setswould severely bias results. Short cores have
a high probability of yielding biased samples from vertically heterogeneous reservoirs, and if too few
cores are included in the multi-well calculations, then even if lateral heterogeneity is significant, it
cannot be detected. Twelve fields met these criteria (table 6).

Table 6.--Lateral heterogeneity in 12 Smackoverfields

Normalized
Field lateral H Acreage Spacing Fluidtype

heterogeneity _

BigEscambiaCreek 0.1 1.6 15858 640 gas-condensate
Chunchula 0.1 1.29 22113 640 gas-condensate
Hatter'sPond 0.1 1.54 6418 640 gas.condensate

Chatom 0.5 1.83 2080 640 gas-condensate
WomackHill 0.6 1.87 1719 100 oil

Barnett 0.8 i.36 1237 160 oil

Blacksher 1 1.96 1123 160 oil

FannyChurch 1.3 1.35 653 160 oil
Vocation 1.3 2.22 775 160 oil

NorthChoctawRidge 1.4 2.08 779 80 oil

SugarRidge 4.3 2.18 249 140 oil
LovettsCreek 4.9 1.3 202 160 oil

, ,,

Only the larger Smackover fields met the necessary criteria, but these are the very fields for which
lateral heterogeneity (LH) is of interest, because EOR projects are not economically feasible for small
fields. Table 6 includes ali parameters studied that exhibit any relationship to LH. LH = [((average r2
for single wells in field - fieldwide r2) + 1)/field acreage] * 1,000. LH is normalized by division by the
field area (in acres); the result is multiplied by 1,000 simply for convenience. LH is a rank parameter;
the numbers have only qualitative significance. LH is most strongly related to pH: the average value
of pH for the six fields with the highest values of LH is 1.85, vs. 1.58 for the six fields with the lowest
values of LH. LH is also correlated with both hydrocarbon type (oil vs. gas-condensate) and (inversely)
with spacing. Spacing and hydrocarbon type are obviously related to one another; with the exception
of Movico Field, which is a special case, only gas-condensate fields are drilled on 640-acre spacing
versus 80 to 160 acres for most oil fields. Therefore the relationship between LH and spacing is

probably a function of that between LH and hydrocarbon type. There is no evidence that LH is related
to pore facies. The important results of this analysis are three.

First, LH and PH are positively correlated, which means that, at least for the Smackover in
Alabama, vertical and lateral microscopic heterogeneity are correlated with one another. Vertical
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heterogeneity is easier to estimate and therefore lateral heterogeneity can be predicted from it on a
regional scale. Second, large gas-condensate fields are less laterally heterogeneous whereas
(relatively) large oil fields are more laterally heterogeneous. This suggests that for the oil fields,
bypassing of mobile oil is a real possibility. Third, LH, a new, simple measure of microscopic lateral
heterogeneity, may be a valuable tool for characterization of reservoir heterogeneity where more
sophisticated methods cannot be applied because of insufficient data. LH can be used as a modifying
factor for economic analyses of EORfeasibility.

Lateral heterogeneity may be better assessed by direct measurement of well to well fluid flow
(e.g., tracer studies or pulse testing). Unfortunately, these kinds of data are generally not available
for the Smackover in southwest Alabama. One approach that is applicable to the Smackover of
southwest Alabama is the calculation of drainage areas for individual wells based on pressure and/or
production data. This technique was used to define lateral heterogeneity in Chunchula field, Mobile
County (University of Alabama, 1991). Lateral heterogeneity can also be investigated using
conditional simulation, but for this technique the dearth of data for short distances is a severe
problem. Using these techniques, the University of Alabama (1991) concluded that Chunchula field is
laterally heterogeneous.

PREDICTIONOF RESERVOIRHETEROGENEITY

lt is desirable to estimate reservoir heterogeneity early in the field-development process. The goal
is to use the estimate of the amount and kind of heterogeneity in preparing the field-development
plan from as early a stage as possible. Ideally, then, the heterogeneity characteristics of the reservoir
would be known with some accuracy in advance of the drill. One would also like to be able to refine
this estimate substantially after drilling only one or a few wells.

Using the heterogeneity parameters presented here the nature and degree of heterogeneity can
be predicted by reference to the reservoir-heterogeneity maps (figs. 38, 39, and 42) or to the pore-
facies map (fig. 27) (which may contain information where the heterogeneity maps contain none).
Alternatively, the pore facies in the target area may be calculated and the heterogeneity values
predicted from the known relationships between pore facies and heterogeneity. The mean values of
pH and MH for the moldic pore facies are 1.96 and 5.48, whereas the same values for the
intercrystalline pore facies are 1.62 and 8.26 (table 7). Values of pH and MH for intermediate pore
systems are nearly identical to those for the intercrystalline pore facies. If a well is drilled and no core
is cut, then the pore-system characteristics can be determined from cuttings (including capillary-
pressure data; Kopaska-Merkel, 1988). In this way, pore facies can be used to predict heterogeneity
where no measurement of permeability is possible and hence MH and pH cannot be calculated.

Table 7.--Heterogeneity characteristicsof Smackoverpore facies
..

I_H MH

Pore facies Si'andard Standard
Range Mean deviation N Range Mean deviation N

, .......

Moldic 1,22-3.22 1.96 0,42 24 2.11-9.54 5.48 1.63 17

Intermediate 0.87-2.30 1.65 0.45 15 2.21.13.46 8,39 3,89 9

Intercrystalline 1,24-2,22 1.62 0,42 6 5.66-10.49 8.26 1,93 5
..............

HETEROGENEITYAND PRIMARY RECOVERY

Ali four heterogeneity measures are essentially uncorrelated with primary recovery factor (PRF)
(fig. 45). Possible reasons for this are discussed in a later section of this report. The only parameter
measured that shows a significant relationship to PRF is MTS (fig. 46). If the indicated positive
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relationshipbetween MTS and PP_can be relied upon (bearing in mine;the small sample size) then
the implicationsare profound. No other petrophysicalparameter, even with many more samples
(e.g., permeability) showsa significant relationship to PRF(fig. 45). lt appears that the single most
important factor controlling PRFisthe size distribution of pore throats through which the oil must
flow. PRFpredictioncan best be made from capillary-pressuredata. However, becausethis inference
is supported by scanty data, skepticism is required. Further research, specifically collection of
additional CPdata, isplanned.The resultswill show whether the relationshipbetween MTSand PRFis
robust.

ENHANCED-OR IMPROVED-RECOVERYPROJECTS"
IN THESMACKOVEROFALABAMA

In the remainder of this report the effectivenessof enhanced-and improved-recoveryoperations
iP Smackoverreservoirsof Alabama is evaluated. Eleven Smackoverfields in Alabama have been
unitized through 1990 (table 8); nine of these have undergone o: are undergoing some kind of
enhanced- or improved-recoveryproject. (See Hall, 1992, for a descriptionof unitization procedures
in Alabama.) Enhanced- or improved-recoverytechniquesthat have been used in Alabama include
infill drilling and strategic well placement (improved-recovery methods) and waterflood and gas
injection (enhanced-or improved-recoverymethods)•The general characteristicsof these fields were
describedby Kopaska-Merkel and others (1992) and by Hall (1992). The resultsof the unitization
projectsare describedand evaluated in this report. Projected and actual incremental hydrocarbon
recoveriesare comparedfor mature enhanced-and improved-recoveryprojects.The goals are (1) to
determine which methodshave been moste,_fectiveat increasingSmackoverhydrocarbon recovery,
(2) to identify possiblecandidates for enhanced or improved recovery among Alabama Smackover
fields, and (3) to make general recommendations regarding potential future enhanced- and
improved-r,.=coveryprojects in the Smackover of Alabama. These resultsmay also be relevant to
enhanced or improved recovery,from other carbonatereservoirs.
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Table 8.--Characteris.ics of unitized Smackover fields in Alabama

Date of Productionprior Productionafter Total Production

Type Effective FluidsInjected Injection to Unitization UnitizationField Unitization Date (BBLS) (BBLS) (BBLS)

Appleton Fieldwide 5/1/88 None NA 937,425 994,987 1,93'2,412

Chatom Fieldwide 5/1/76 Residuegas 8/76 2,217,288 12,149,473 14,366,761

Choctaw Ridge Partial 5/1/74 None NA 1,952,598 1,670,011 3,622,609

Chunchula Fieldwide 2/1/81 Residuegas 4/82 10,751,233 36,839,254 47,590,487
and Nz 7/84

FannyChurch Partial 1/1/85 N2 12/85 2,308,798 1,982,333 4,291,131

Hatter's Pond Fieldwide 5/1/85 Residuegas 7/85 21,292,820 20,387,249 41,680,069
Little Escambia Fieldwide 3/1/74 Water 3/74 3,967,377 26,232,835 30,200,212
Creek Water and CH4 1/81

Water and Nz 12/81
Silas Fieldwide 9/1/76 None NA 12,875 1,736,800 1,749,675

Stave Creek Fieldwide 3/15/85 None NA 1,278,927 1,669,365 2,948,292

Turkey Creek Partial 1/1/75 None NA 858,062 1,902,811 2,760,873

Womack Hill Partial 1/1/75 Water 7/75 2,536,279 13,2.16,488. 15,752,767

OVERVIEW OF SMACKOVER PRODUCTION

Smackover fields in southwest Alabama have produced nearly 260 million barrels of oil and

condensate since the discovery in 1967 of oil in the Smackover of Alabama (table 9). Cumulative

production from the Smackover is 54 percent of total oil and condensate produced in Alabama.
Mobile County accounts for over 35 percent of ali liquid hydrocarbons produced from the Smackover

(table 9; fig. 47) and has produced more liquid hydrocarbons per pool than any other county in the

Smackover trend (figs. 48 and 49). Mobile County averages more than 13 million barrels of liquid

hydrocarbons per pool (fig. 49). The largest Smackover discoveries in Alabama were made during the

early 1970's: Hatter's Pond, Womack Hill, Big Escambia Creek, Chatom, Chunchula, and Jay-LEC fields.

Ali these major fields are still producing and ali but Big Escambia Creek field are undergoing some

type of enhanced or improved recovery. Of the 260 million barrels of oil and condensate produced
from the Smackover in Alabama, 167 million barrels (64 percent) have been produced from the 11

unitized Smackover fields; 119 million barrels were produced after unitization (fig. 50). For a review

of the history of hydrocarbon play development in the Smackover of Alabama, see Hall (1992).

Table 9.--Geographic distribution of Smackover production and pools ranked by cumulative

.... production per pool
Cumulative Numberof CumulativeProductionper

County Production(BBLS) pools1 pool (BBLS/pool)

Mobile I' 92,864,648 7 ' 13,266,378

Clarke 22,272,323 6 3,712,054

Escambia 79,877,828 22 3,630,810

Washington 17,002,404 6 2,833,734
Choctaw 41,095,122 22 1,867,960

Baldwin 1,977,280 4 494,320

Monroe 3,783,764 9 420,418

•C°.ec h................................... ...................4.................................1.8.3.,.9.l?........
TOTAL 259,609,046 AVERAGE: 3,508,230

_Poolscrossingcountyboundariesare assignedto both counties

" ' _11
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Figure 47.--Pie diagram indicating cumulativeSmackover production for each county in southwest Alabama's
Smackover trend. (Values in parentheses indicate cumulative liquid production (in barrels) through
December 31, 1990.)

FLUID COMPOSITION

Determination of reservoir-fluid chemical and physical properties is important in evaluating

enhanced- or improved-recovery candidates and techniques to be used. Some enhanced-recovery
techniques are more applicable to heavy oils whereas others are effective with lighter hydrocarbons
(van Poollen and Associates, Inc., 1980) like those commonly found in the Smackover of Alabama.
Characteristics of the reservoir fluid also affect the amount of oil that can be p:oduced by both

primary and secondary recovery (National Petroleum Council, 1976). Smackover fields undergoing
enhanced or improved recovery include both light-oil and gas-condensate reservoirs.

The Jurassicof the eastern Gulf Coast region has been divided into three producing trends based

on type of hydrocarbon produced (fig. 5) (Mink and others, 1985; Mancini and others, 1986). The oil
trend lies updip from the regional peripheral fault system in Alabam,_; produced hydrocarbons are
predominantly oil. The oil and gas-condensate trend lies between the oil and deep natural gas
trends; fields within this trend produce oil, gas-condensate, and gas. Downdip of the Wiggins arch is
the deep natural gas trend which extends into the offshore areas of the Gulf of Mexico (Mink and
others, 1985; Mancini and others, 1986). No Smackover fields have been established within the deep
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Figure48.--Pie diagram indicatingdistribution of SmackoverreservoirsinsouthwestAlabama. (Valuesin
parenthesesindicatethe number of poolswithin eachcounty asof December31, 1990.)

natural gas trend in Alabama; production is confined to the Cotton Valley Group and Norphlet
Formation.

Hydrocarbon liquids produced from the Smackover Formation of southwest Alabama range from
18° gravity oil to 64° gravity condensate (table 10). Wellstreams from Jurassicfields commonly contain
nonhydrocarbon gases (e.g., hydrogen sulfide, nitrogen, and carbon dioxide). In some fields, these
components are volumetrically important (table 10). In Big Escambia Creek field, more than 53 mole
percent of the wellstream isnonhydrocarbon components.

WELLSPACING

In Smackover reservoirs of southwest Alabama, competitive unit sizesrange from 40 to 640 acres.

Unit shape varies from square to elongate rectangular; some units have been configured to take into
consideration the overall development scheme of the reservoir.

Choctaw and Clarke counties exhibit the widest variability in unit spacing of Smackover oil
reservoirs (40 to 160 acres). Unit configuration ranges from square to elongate rectangular to
variously polygonal. Oil was discovered early in the Smackover in Choctaw and Clarke Counties, and
most fields were established prior to 1980, before statewide consistency in spacing requirements was

implemented (table 11).
The largest units for a Smackover oil reservoir are in Movico field, which contains irregular 640-

acre units. Movico field is located in the Mobile River Delta of Mobile and Baldwin Counties in an

ecologically sensitive area. The large size of these development units was the result of environmental
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Figure 49.--Averagecumulative Smackoverproduction per poolfor countiesinsouthwestAlabama.

concerns over the fate of wetland habitat and the apparent ability of the discovery well to
adequately drain the unit.

The most common spacing of Smackover oil pools in Alabama is 160 acres, the maximum allowed
by Alabama's spacing statute (table 11). Nearly 70 percent of Smackover oil reservoirs in Alabama are
developed on 160-acre spacing and the majority of these units are square. Only three oil fields
established since 1980, South Womack Hill, West Okatuppa Creek, and Movico, have been spaced on
units other than 160 acres. Alabama's regulatory authority, the State Oil and Gas Board of Alabama,
prefers that these 160-acre units be governmental quarter sections unless special permission is
obtained from the Board (Rogers and Mancini, 1991). This policy was adopted to reduce the risk of
island acreage within developing fields. Island acreage is land between producing units that is both
undrained and too small to be developed as units within the field. The 160-acre limit for oil units
results from the widely held belief that most Smackover oil wells in Alabama can effectively drain 160
acres. The poor correlation between spacing and primary recovery factor (Kopaska-Merkel, 1992a) is
consistent with this hypothesis.

Spacing regulations provide for an offset, or minimum, distance a well can be located from the
closest development-unit boundary. In 160-acre units the offset distance is commonly 660 feet. These
offset distances were established in order to reduce drainage of hydrocarbons from outside the
production units, to provide some assurance of efficient recovery of hydrocarbons in the field, and to
prevent drilling of unnecessary wells. Wells may be located closer to the boundary in special instances
where reducing the offset distance is required to prevent waste while protecting the rights of the
mineral owners.

Most Smackover gas-condensate reservoirs in Alabama have been competitively spac_d on 640
acres. This is due to the more effective drainage of gas-condensate reservoirs as opposed to oil
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Figure 50.--Pre-unitization versus post-unitization production for unitized Smackover fields in southwest
Alabama. (Jay-LECfield, contain production information from both Alabama and Florida portions of the
fields.)Vertical scaleislogarithmic.

reservoirs. Major gas-condensate fields in Alabama such as Big Escambia Creek, Hatter's Pond,
Chunchula, and Chatom fields are ali spaced on 640 acres. Sizemore Creek and Little Rock fields are
spaced on 320-acre units because the reservoirs in these fields are smaller than 640 acres. Souwilpa
Creek field was originally defined as an oil field, but was later redesignated a gas-condensate
reservoir and the existing 160 units were retained.
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Table lO.--Variation in wellstreams of Smackover fields in southwest Alabama

Total Non-
Field HydrocarbonType APIgravity HzS(Mole CO2(Mole N2(Mole HC's(Mole

(degrees) percent) percent) percent) percent)

Appleton oil 52 1.75 1.38 5.7 8.83

Barlow Bend oil 35 nii1 0.19 7.74 7.93

Barnett oil 49 NA 1.85 8.86 10.71

Barrytown oil 45 0.45 0.92 9.74 11.11

BigEscambiaCreek condensate 46 25.69 24.88 2.54 53.11

Blacksher oil 43 0.77 0.35 3.71 4.83

BrokenLegCreek oil 41 nii1 0.71 4.27 4.98

BucatunnaCreek oil 37 0.84 0.81 5.74 7.39

BurntCornCreek oil 49 3.45 0.39 3.51 7.35

ChappellHill oil 38 0.52 1.02 5.05 6.59

Chatom condensate 55 16.7 2.92 1.3 20.92

ChoctawRidge oil 41 2.1 0.63 8.85 11.58
i

Chunchula oil/condensate 60 0.01 2.26 5.67 7.94

ColdCreek oil 59 0 1.56 4.16 5.72

Copeland condensate 41 22.94 5.52 0.02 28.48

CrosbysCreek condensate NA 16.4 1.7 1.62 19.72

EastBarnett oil 45 NA 0.92 8.9 9.82

EastHuxford oil 39.5 0 0.57 2.54 3.11

FannyChurch oil 51 4.7 1.53 0.87 7.1

GinCreek oil 48 17.43 5.47 1.76 24.66

Gulf Crest oil 55.3 NA 1.05 NA 1.05

HanberryChurch oil 46 2.1 4.06 10.91 17.07

Hatter'sPond condensate 61 0.62 4.97 6.28 11.87

HealingSprings condensate 54 37.55 4.11 0.84 42.5

Huxford oil 51 0.07 3.31 11.78 15.16

LittleEscambiaCreek oil 51 8.78 2.24 1.28 12.3

Little Mill Creek oil 40 * 0.37 9.64 10.01

Little River oil 40 * 0.46 3.22 3.68

Little Rock condensate 54 15.91 2 NA 17.91

LovettsCreek oil 32 * 0.3 10.37 10.67

Melvin oil 18 NA NA NA NA

Mill Creek oil 42 1.6 0.38 0.8 2.78

Mineola oil 39.3 0 0.46 5.82 6.28

Movico oil 44 0 0.99 5.7 6.69

North ChoctawRidge oil 39 2.1 0.68 5.39 8.17

North SmithsChurch oil 44.7 * 1.06 6.3 7.36

North WailersCreeP, oil 36.9 nii1 0 3.73 3.73

Northeast Barnett oil 45.2 NA NA NA NA

NA = Not available.
• = Lessthan 0.001.

1Asreported by operator.
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Table 10.--Variation inwellstreamsof Smackoverfields insouthwestAlabama--Continued
.

Total Non-
APi gravity H2S(Mole CO 2(Mole N2 (Mole

Field Hydrocarbon Type (degrees) percent) percent) percent) HC's (Molepercent)
,, .

Northwest Range oil NA NA NA NA NA

Pace Creek oil 38 0 0.52 23.69 24.21

Palmers Crossroads oil 39,2 NA NA NA NA

Perdido oil 60 nii 1 1.04 7.87 8.91

Puss CussCreek oil 42 19.65 2.38 1.05 23.08

Red Creek condensate 48 37,39 9.94 0.54 47.87

Robinson Creek oil 52.4 0 0.85 5.31 6.16

South Burnt Corn Creek oil 49 0.68 3.29 5.68 9.65

South Cold Creek oil 44 NA 2.26 1.89 4.15

South Wild Fork Creek condensate 45.8 3.75 1.36 2.3 7.41

South Womack Hill oil 39.2 NA NA NA NA

Silas oil 42 11,78 1.88 0.72 14.38

Sizemore Creek condensate NA 6.07 30.37 3,27 39.71

Smiths Church condensate 57.6 8.83 16.5 0.5 25.83

South Vocation oil 57 NA NA NA NA

Southeast Chatorn condensate 63.7 17.29 6.26 2.04 25.59

Souwilpa Creek condensate 49 25.16 4.33 0.91 30.4

Stave Creek oil 41 * 2,42 28.81 31.23

Sugar Ridge oil 38 1.98 1.14 5.23 8.35

Southwest Barn/town oil 45.1 NA NA NA NA

Toxey oil 20 NA NA NA NA

Turkey Creek oil 43 * 0.24 29.73 29.97

Turnerville oil 55 NA 1.76 2.91 4.67

Uriah oil 39 0 0.6 1.31 1.91

Vocation oil 54 0 0.63 7.11 7.74

Wa Ilace oil 44 nii 1 1.04 3.61 4.65

Wailers Creek oil 37 0 NA NA 0

West Appleton oil 46.4 0.69 1.63 3.59 5.91

West Barrytown oil 46 NA NA NA NA

West Bend oil 42 * 0.64 10.12 10.76

West Okatuppa Creek oil 26 0 0.05 0.45 0.5

Wild Fork Creek oil 43.1 6.36 4.8 8.63 19.79

Wimberly oil 37 0.01 0.08 4.12 4.21

Womack Hill oil 37 nii 1 NA NA 0

Zion Chapel oil 42 22.87 1.68 3.45 28,,,

NA= Not available

• = Less than 0.001

IAs reported by operator.
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Table 11.--Spacingrequirements of Smackoverfields in southwestAlabama
..........

Date field Required Distance Distance between

spacing Unit shape from unit wells (in ft)
Field Type reservoir established (acres) lines (in ft)

Appleton oil 6/26/85 1'60 ' contigu_ sacreage 660 1,320 "

Barlow Bend oil 9/12/86 160 governmental 1/4 660 1,320

Barnett oil 6/20/75 160 contiguous acreage 660 1,320

Barrytown oil 4/19/72 120-160 contiguous acreage 500 1,000

Big Escambia Creek condensate 2/23/72 640 contiguous acreage 1,320 no requirement

Blacksher oil 5/1/81 160 governmental 1/4 660 1,320

Broken Leg Creek oil 12/16/88 160 contiguous acreage 660 no requirement

Bucatunna Creek oil 7/7/78 80 contiguous acreage 330 660

Burnt Corn Creek oil 3/7/86 160 contiguous acreage 660 1,320

Chappell Hill oil 5/2/78 120 contiguous acreage 330 660

Chatom condensate 11/20/70 640 governmental section 1,320 no requirement

Choctaw Ridge oil 10/20/67 80 two contiguous 40's 510 1,020

Chunchula oil/condensate 11/26/74 640 contiguous acreage 1,320 no requirement

Cold Creek oil 3/7/80 160 governmental 1/4 660 no requirement

Copeland condensate 7/17/75 640 contiguous acreage 1,320 no requirement

Crosbys Creek condensate 1/29/88 640 governmental section 1,320 no requirement

East Barnett oil 6/24/88 160 contiguous acreage 660 no requirement

East Huxford oil 2/16/90 160 governmental 1/4 660 no requirement

Fanny Church oil 9/28/73 160 governmental 1/4 660 no requirement

Gin Creek oil 3/25/86 160 governmental 1/4 660 1,320

Gulf Crest oil 3/11/88 160 contiguous acreage 660 no requirement

Hanberry Church oil 9/11/87 160 governmental 1/4 660 1,320

Hatter's Pond condensate 12/16/75 640 governmental or 1,320 no requirement
contiguous

Healing Springs condensate 11 /1/84 640 governmental 1,320 2,640

Huxford oil 2/23/84 160 contiguous acreage 660 1,320

Little Escambia Creek oil 9/25/70 160 governmental 1/4 660 no requirement

Little Mill Creek oil 9/29/78 160 contiguous acreag_ 500 1,000

Little River oil 11/25/81 160 governmental 1/4 660 1,320

Little Rock condensate 5/23/86 320 governmental 1/2 660 no requirement
section

Lovetts Creek oil 5/14/82 160 governmental 1/4 660 1,320

Melvin oil 6/28/77 80-120 contiguous acreage 330 1,000

Mill Creek oil 10/30/75 120 rectangular 500 1,000

Mineola oil 11 /1/90 160 governmental 1/4 660 no requirement

Movico oil 10/26/82 640 contiguous acreage 1,320 2,640

North Barnett oil 5/30/91 160 contiguous acreage 500 1,000

North Choctaw Ridge oil 4/19/72 80 contiguous 1/4 1/4's 500 1,000

North Choctaw Ridge oil 1/26/73 120 contiguous acreage 500 1,000
(revised)

North Choctaw Ridge oil 9/14/73 120.160 contiguous acreage 500 1,000
(revised)

IChanged from oil to gas pool
2120 acres with 30 percent tolerance
]Unit no longer than 3 times its width
4Field discovered earlier. Field rules established by Board Motion
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Table 11 ,--Spacing requirements of Smackover fields in southwest Alabama--Continued

Date field Required Distance Distance between

spacing Unit shape from unit wells (in ft)
Field Type reservoir established (acres) lines (in ft)

North Smiths Church 'oil 3/2/90 160 contiguous acreage 660 no requirement

North Wailers Creek oil 7/27/90 160 governmental 1/4 660 no requirement

Northeast Barnett oil 3/2/90 160 contiguous acreage 660 1,320

Northwest Range oil 12/14/90 160 contiguous acreage 660 no requirement

Pace Creek oil 2/28/87 160 governmental 1/4 660 1,320

Palmers Crossroads oil 11/14/88 160 governmental 1/4 660 no requirement

Perdido oil 8/30/84 160 contiguous acreage 660 1,320

PussCussCreek oil 8/3/79 160 contiguous acreage 660 1,500

Red Creek condensate 6/28/84 640 contiguous acreage 1,320 no requirement

Robinson Creek oil 10117190 160 governmental 1/4 660 no requirement

Silas oil 12/17/75 160 contiguous 80's 600 1,500

Sizemore Creek condensate 7/21/86 320 contiguous acreage 660 no requirement

Smiths Church condensate 8/5/88 640 governmental section 1,320 no requirement

South Burnt Corn oil 12/18/87 160 governmental 1/4 660 1,320
Creek

South Cold Creek oil 3/7/80 160 governmental 1/4 660 no requirement

South Vocation oil 6/27/86 160 governmental 1/4 660 no requirement

South Wild Fork Creek condensate 1/20/89 640 governmental 1/4 1,320 no requirement

South Womack Hill oil 11/1/85 40 contiguous acreage 330 no requirement

Southeast Chatom condensate 6/24/88 640 contiguous acreage 1,320 no requirement

Southwest Barrytown oil 5/23/86 160 governmental 1/4 660 1,320

Souwilpa Creek 1 oil 813179 160 two 80 acre tracts 600 1,500

Souwilpa Creek condensate 12/21/79 160 governmental 1/4 600 1,500
(revised)

Stave Creek oil 1112179 120 z contiguous acreage 500 1,500

Sugar Ridge oil 1/15/74 120-1603 rectangular 500 1,500

Toxey oil 1/19/68 40 governmental 1/4 1/4 150of 660
center

Turkey Creek oil 12119169 160 four 40's 510 1,020

Turnerville oil 3/7/86 160 governmental 1/4 660 1,320

Uriah oil 1129171 160 governmental 1/4 or 660 1,320
contiguous

Vocation oil 11/ 17/72 160 contiguous acreage 660 1,320

Wallace oil 12/18/87 temp. 160 four contiguous 40's 660 1,320

Wailers Creek oil 10110/85 160 contiguous acreage 660 1,320

West Appleton oil 2/16/90 160 governmental 1/4 660 1,320

West Barry(own oil 9/22/764 130 contiguous acreage 330 1,200

West Bend oil 12/21/79 160 contiguous acreage 660 1,500

West Okatuppa Creek oil 12/16/88 80 two 40 acre tracts 330 no requirement

Wild Fork Creek oil 4/15/88 160 contiguous acreage 660 no requirement

Wimberly oil 12/16/76 55.135 contiguous acreage 330 1,320

Womack Hill oil 4/30/71 80-120 contiguous acreage 510 1,020

Zion Chapel oil 3/4/77 160 two 80 acre tracts 660 1,500
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ENHANCED- OR IMPROVED-RECOVERYTECHNIQUES

Eleven fields (or portions thereof) have been unitized for the purpose of increasing the ultimate
recovery of hydrocarbons (table 8). Six of these fields were unitized for the purpose of introducing
external energy sources, which involves the injection of gas or water. The other five fields were
unitized without any specific timetable for fluid injection but instead for the purpose of
strategic/infill drilling or regulation of production rates. Two Smackover fields in Alabama, Silas and
Choctaw Ridge fields, were unitized without plans for enhanced or improved recovery, but for the
purpose of regulating production rates and reducing operating costs. (See Hall, 1992, for further
discussion.) Strategic well placement involves the drilling of additional well(s) at specific locations to
increase hydrocarbon recovery.

In some instances, wells are strategically located to encount_i hydrocarbons updip of existing
wells. In other instances, wells may be located in areas where porosity or permeability values are
lower than in the surrounding areas, inhibiting effective recovery of hydrocarbons. Recovery from
such areas will be most cost effective with smaller well spacing. Three Smackover fields in Alabama
have be_n unitized to allow drilling of additional well(s) at strategic locations (table 8). In each case,
this was the only enhanced- or improved-recovery mechanism employed. Additional wells drilled in
these fields were located so that hydrocarbons could be efficiently recovered. Waterflooding is an
enhanced-recovery technique that involves the injection of water into a reservoir to force crude oil
toward producing wells (Schumacker, 1978). This technique provides for increased sweeping of
hydrocarbons and increases recovery. Womack Hill and Jay-LEG fields are undergoing enhanced-
recovery projects in which waterflooding is an integral part. Injection of gas is the most common
enhanced-recovery method used in Smackover reservoirs of southwest Alabama. Gas injection is
being used in five fields in Alabama (table 8), two oil fields and three gas-condensate fields. Gases
injected include residual methane and nitrogen. Multiple enhanced- or improved-recovery
techniques are being implemented in Jay-LEe fields (which compose a single pool), tnfill drilling,
waterflood, and gas injection have ali been implemented successfully.

UNITIZED FIELDCHARACTERIZATIONS AND
ENHANCED- OR IMPROVED-RECOVERY PROJECTS

Eleven Smackover fields have been unitized in southwest Alabama through 1990 (fig. 11, table 8).
In this section, these fields are described and the enhanced- and improved-recovery projects
evaluated. More detailed field descriptions were presented by Hall (1992) and additional data were
provided by Kopaska-Merkel and others (1992). The fields are grouped by pore facies (Kopaska-
Merkel and Mann, 1991b) because pore-system characteristics have profound effects on fluid flow
properties of hydrocarbon reservoirs (e.g., Wardlaw and Taylor 1976; Wardlaw and McKellar, 1981)
and strongly influence hydrocarbon production potential of reservoirs (Kopaska-Merkel and Mann,
1991b). In the Smackover of Alabama, reservoirs with different pore systems have been developed
using different enhanced- and improved-recovery techniques (table 12). The relationship between
pore facies and secondary hydrocarbon recovery is discussed further in a later section.

FIELDS IN THE MOLDIC PORE FACIES

Four unitized fields in Alabama are assigned to the moldic pore facies of Kopaska-Merkel and
Mann (1991b) (table I2). They are oil fields that have combination drives and proven productive areas
of lessthan 1,000 ac,;eseach and cumulative production per field lessthan 4 million barrels of oil.

CHOCTAW RIDGE FIELD

Choctaw Ridge field was discovered in 1967 by Pruet and Hughes Company with the drilling of
the Trice No. 1 well (Permit No. 1413) in Choctaw County, Alabama. The discovery well was perforated
in the Smackover Formation from 11,940 to 11,952 feet and 11,963 to 11,964 feet. The trap is
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Table 12.--Distribution of unitized fields relative to pore facies

Cumulative
Porefacies Field EORmethod production(BBLS)

Moldic ChoctawRidge none '3,622,609
Silas none 1,749,675
StaveCreek strategicwell 2,948,292

...............................Turkey.C.r.ee.k.................st_t.e._!_.w.e.l!.............._:T_q,sZ_......
TOTAL 11,081,449

... ..... ,,.,.o. ..... ....,,,,i ....... ..,.. ................ i,. ...................... . .... r .........................

Intercrystalline Chunchula gasinjection 47,590,487
..............................Ha_eCs"_o.d.................g_s).iect_o?..............4_:q_q,o_9.....

TOTAL 89,270,555
........ .,,.,. ........ , ..... i.,. ................... , ..... i, ............................ i,*,. .... • ........... * .....

Intermediate Appleton strategicwell 1,932,412
Chatom gasinjection 14,366,761
FannyChurch gasinjection 14,291,131
Jay-LEE infilldrilling 2399,324,471

waterflood

gasinjection
.............................. Wornack.H!!I.................... water!pod ............ .3..is.:7.s.z,@.6.7".....

TOTAL 435,667,642

t.ProductionfromSteelypodonly
ZlncludesAlabamaandFloridaportionsof field
3ProductionfromWomackHillfieldunitonly

structural; the field is located on a faulted salt-cored anticline with over 150 feet of structural closure
(fig. 51). The most porous portion of the reservoir is in the uppermost Smackover. Porosity ranges
from 7.5 to 31.1 percent and averages 19.39 percent with a standard deviation of 4.95 percent.
Permeability for the Smackover reservoir ranges from 1.9 to 1,410 md with a geometric mean of 21.44
md (Kopaska-Merkel and others, 1992). The Smackover reservoir consists of oolitic and pelletal
dolomitic grainstone and dolograinstone that was deposited on a high-energy subtidal shoal. Moldic
pores predominate (61 percent of the pores identified). Secondary intraparticle pores (36 percent)
and interparticle pores (3 percent) account for the rest of the reservoir (Kopaska-Merkel and others,
1992). A total of 7 wells were completed as producers in the field, 6 of which were still producing at
the time of unitization. Prior to unitization in 1974, 1.9 million barrels of oil and 1.2 billion cubic feet

of gas had been produced. Cumulative production from the field is 3.6 million barrels of oil and 1.85
billion cubic feet of gas.

SILASFIELD

Silas field was discovered in Choctaw County, Alabama, with the drilling of the Chesnut Unit 4-1S
No. 1 well (Permit No. 2084) in 1975. The well was completed in the Smackover Formation in the
interval from 13,564 to 13,578 feet. Silas field is located on a faulted salt-cored anticline (fig. 52).
Average pay thickness is 16 feet. Field limits encompass 1,280 acres (Kopaska-Merkel and others,
1992). The main porous and permeable reservoir interval is located in the upper Smackover. Porosity
ranges from 4.9 to 29.80 percent with an average of 15.08 percent and a standard deviation of 6.95
percent. Permeability ranges from 0.0S to 216 md with a geometric mean of 1.17 md (Kopaska-
Merkel and others, 1992). The reservoir is dominated by peloidal ooid dolograinstone interpreted to
have been deposited in a beach-barrier complex. Moldic and secondary intraparticle pores dominate.
Six wells are located within the field limits; two are productive. Total reservoir volume of Silas field is
approximately 5,335 acre feet (Pruet and Hughes Co., Exhibit 8, Docket No. 8-13-763, State Oil and
Gas Board of Alabama). The field is interpreted to produce by a combination drive consisting of
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Figure 52.--Structure contour map on top of Smackover Formation in Silas field, Alabama (modified from Pruet
and Hughes Company, Exhibit 3, Docket No. 8-13-763, State Oil and Gas Board of Alabama; from Kopaska-
Merkel and others, 1992)).
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solution,gasexpansion and water influx. The original bottomhole pressureof the field was 6,429 psia
and hassince dropped to 3,448 psia (Kopaska-Merkel and others, 1992). Cumulative production from
the field is1.7 million barrelsof oil and 1.8billion cubic feet of gas.

STAVE CREEK FIELD

StaveCreek field was discoveredin 1979 with the drilling of the McCorquodale 25-1 No. 1 weil.
The Smackoverwas perforated between 12,454 and 12,473 feet. The StaveCreekstructure proved to
be difficult to predict and of 12 wellsdrilled in the field, 8 were dry holes. Thefield limits encompass
1,400 acres of which 193 are interpreted to be productive (l(opaska-Merkel and others, 1992). The
StaveCreekstructure isa salt-coredanticline (fig. 53) ; relief of the structure isgreater than 350 feet.
Average pay thickness in the field is 65 feet, and an oil-water contact isat a subseadepth of 12,400
feet. The initial reservoir pressure was 6,046 psia and the drive mechanism is interpreted to be
primarily water with a solution-gas component (Kopaska-Merkel and others, 1992). The Buckner
Anhydrite sealsthe Smackoverreservoir,which isextremely porousat the top of the interval. Porosity
in the Smackover ranges from 4.9 to 26.7 percent and averages 15.3 percent with a standard
deviation of 4.8 percent. Permeability rangesfrom 0.02 to 733 md with a geometric mean of 5.67 md
(Kopaska-Merkel and others, 1992). The reservoirin the McCorquodale25-1 well in StaveCreekfield
is an ooid dolograinstone, which is believed to have been deposited in a high-energy shoal
environment. Interparticle, secondary intraparticle, and moldic pores are the most common pore
types and account for 34, 26, and 21 percent, respectively,of the pores identified. Three wells had
been completed as producersprior to the unitization hearingswhich were held in February1985.

The operator proposed that drilling a well on the crest of the structure would allow for the
recoveryof oil located abovethe highestperforations inthe field (Pruet Oil Co., Exhibit 2, Docket No.
1-23-8528, State Oil and GasBoardof Alabama). Total reserveswithin the field were calculatedto be
over 6 million barrels of oil, of which approximately 3 million barrels were interpreted to be
recoverable. The operator concluded that there were approximately 26 crestal acres of Smackover
reservoir not drained by existing wells. This area was interpreted to contain 371,900 stock-tank
barrelsof oil, of which over 188,000barrelscould be recovered.Includingthis "attic oil," there would
be 1.9 million barrelsof remaining recoverableoil (Pruet Oil Co., Exhibits5 & A-10, Docket No. 1-23-
8528, State Oil and GasBoardof Alabama). The field was unitized in 1985 with an effective date of
March 15. The StaveCreek Field Unit No. 1 (Permit No. 4681) was drilled into the apex of the Stave
Creek reservoir and tested at a rate of 535 barrels of oil per day on a 14/64-inch choke in October
1985.Thiswell hascumulativelyproducedapproximately760,000 barrelsof oil, which is26 percent of
the field's total productionandapproximately45 percent of the field's productionsince unitization.

Prior to unitization, StaveCreekfield had produced 1,278,927 barrelsof oil and 336,790 MCFof
gas (Masingill, 1990). Since unitization, Stave Creek field has produced 1,669,365 barrels of oil
through December 1990. Cumulative production for the field through December 1990 is 2,948,292
barrels. Oil and gasproduction in the field are decreasingwhile water production is on the increase
(fig. 54).

TURKEY CREEK FIELD

Turkey Creek field, Choctaw and Clarke Counties, Alabama, was discoveredby ChesleyPruet in
1969 with the drilling of the Alco Land andTimber Company,Inc.-Power Unit 28-5 No. 1 well (Permit
No. 1509). The discoverywell was perforated in the SmackoverFormationfrom 12,378 to 12,930 feet.
The field is located on a salt-coredanticline that iscut bya down-to-the-north normal fault with over
100 feet of displacement at the Smackoverhorizon (fig. 55). The trap isa combination trap. Average
net paythickness is 18 feet. Thefield limits encompass1,920acres,of which 995 are interpreted to be
oil productive (Kopaska-Merkel and others, 1992). Porosity values are highest in the upper
Smackover, and range from 12.4 to 33.7 percent with an average of 20.6 percent and a standard
deviation of 4.4 percent. Permeabilityrangesfrom 1.4 to 385 md with a geometric mean of 47.02 md
(Kopaska-Merkel and others, 1992). The 'field was initially characterized by low gas/oil ratiosand low
pressures.Between the years of 1969 and 1975, the water level in the field rose 11 feet from its
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Figure 53.--Structure contour map on top of SmackoverFormation in StaveCreekfield, Alabama (modified from
Pruet Oil Company, Exhibit 2, Docket No. 1-23-8528, State Oil and GasBoard of Alabama; from Kopaska-
Merkel and others, 1992).

oriiginal subsea depth of 12,378 to a subsea depth of 12,367 feet (Pruet and Hughes Co., Exhibit 3,
Docket No. 10-22-747, State Oil and Gas Board of Alabama). The drive mechanism is believed to be
solution-gas expansion and water influx (Kopaska-Merkel and others, 1992).

Turkey Creek field was unitized in 1975. At the time of unitization, the field contained three
producing wells, which had cumulatively produced over 858,062 barrels of oil and 42,903 MCF of gas
(Masingill, 1990). Original oil-in-piace for Turkey Creek field is estimated to be approximately 12.2
miiilion barrels of stock-tank oil (Pruet and Hughes Co., Exhibit 4, Docket No. 10-22-747, State Oil and
Gas Board of Alabama). The field was unitized by Pruet and Hughes Company to allow the drilling of
an additional well within the field. The additional well was warranted because it was estimated that
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Figure 54.--Graphof productionhistoryof Stave Creekfield, Alabama.

there was updip of existing wells approximately 820 acre-feet of reservoir which contained an
additional 309,000 stock-tank barrels of recoverable oil (Pruet and Hughes Co., Exhibit 4, Docket No.
10-22-747, State Oil and GasBoard of Alabama). The entire unitized area encompassed 480 acres.

At the time of unitization, the operator estimated that only 6.8 percent of the original oil-in-
place had been recovered, and by unitizing the field and allowing for an additional weil, 4.2 million
barrels of oil could ultimately be recovered from the reservoir. The additional updip well being
proposed by Pruet and Hughes would contribute 309,000 stock tank barrels of this oil (Pruet and
Hughes Co., Exhibit 4, Docket No. 10-22-747, State Oil and Gas Board of Alabama). The Alco Land and
Timber Co., Inc.-Power Unit 28-3 No. 1 well (Permit No. 2030) was completed in the Smackover
Formation in 1975 and tested at a rate of 308 barrels of oil and 27 MCF of gas per day on pump. The
well has produced 608,306 barrels of oil.

Since Turkey Creek field was discovered, it has produced approximately 2.7 million barrels of oil
and 137 million cubic feet of gas through December 31, 1990. Approximately 68 percent of the oil
produced was recovered after unitization. The field is currently producing 102 barrels per day.
Production from the field in 1990 was 37,457 barrels of oil and 1,871 MCF of gas. In Turkey Creek field
oil production isdeclining while water production ison the increase (fig. 56).

FIELDSINTHE INTERCRYSTALLINEPOREFACIES

Two unitized fields in southwest Alabama are assigned to the intercrystalline pore facies (table
12). Both are gas-condensate fields, and traps are structural or combination types. Total production
from Chunchula and Hatter's Pond fields isover 89 million barrels of condensate.

CHUNCHULAFIELD

Chunchula field, in Mobile County, was discovered by Union Oil Company of California in 1974.
The discovery weil, the International Paper Company 22-13 No. 1 well (Permit No. 1886), was
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completed in the SmackoverFormationand perforated in the interval between 18,421 to 18,438 feet.
Chunchula field is a major hydrocarbon accumulation with field limits encompassingmore than
25,000 acres(Kopaska-Merkeland others, 1992). Chunchulafield hasa combination trap. The field is
located on a broad salt-cored anticline which has minimal structural relief (fig. 57). The gas-water
contact in the field varies considerably.Average net pay thicknessis 34 feet (Kopaska-Merkel and
others, 1992). The Smackoverreservoirin Chunchulafield wasdescribedin detail by the Universityof
Alabama (1991). Porosityaverages12.9 percent and permeability averages6.2 rod. The reservoir is
dominated by intercrystalline pores, but interparticle, moldic, secondary intraparticle, and vuggy
poresare ali important. The original bottomhole pressurein Chunchulafield was 9,255 psiaand had
declinedto 4,317 psiaby December1990 (Kopaska-Merkeland others,1992).

A reservoir-fluid study of the International Paper Company 22-13 well (Permit No. 1886B)
suggestedthat the fluid in the Chunchulareservoirexistsin an undersaturatedgasphase.Additional
reservoir-fluid data presented to the State Oil and Gas Board of Alabama in 1983 indicated that
Chunchulafield hydrocarbonsexistedas both a densewet gas and a highly volatile oil. Boththe wet
gz_sphaseandthe volatile oil phasehaveessentiallythe same chemicalcompositionand differ only in
phasepresent.Very slight changesin chemicalcmnposition, pressure,or temperature will causethe
reservoirfluids to exhibit a dew point (gasphase), in someinstances,or a bubble point (oil phase)in
others.The factor controllingwhich phaseispresentappearsto be structuralposition in the reservoir
(Testimonyof R. B. Bellamy, December 21, 1983, State Oil and GasBoard of Alabama). Oil is present
around the flanks of the reservoirand gas isdominant on the crest.A transition zone with both oil
and gas liesbetween the two. Thirty-four producingunitswere establishedat the time of unitization
in 1981.

As a part of this project (Subtask4), researchersat the University of Alabama performed a
detailed geological, engineering, and statistical study of the Chunchula reservoir and of the
effectivenessof the enhanced-recoveryprogram. These data were used to develop a model of
Chunchula field, and reservoir simulations were performed using MASTER,a reservoir-simulation
program developed by the U.S. Department of Energy. For a discussionof the results of the
University'sresearchand their recommendations,pleaserefer to Universityof Alabama (1991).
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Figure 57.--Structurecontour map on top of SmackoverFormation in Chunchulafield, Alabama (modified from
Union OilCompanyof California, Exhibit5, DocketNo. 11-7-8021, State Oiland GasBoardof Alabama; from
Kopaska-Merkeland others, 1992).

HATTER'S POND FIELD

Hatter's Pond field was discovered in 1974 by Getty Oil Company with the drilling of the Peter
Klein 3-14 No. 1 well (Permit No. 1978) in Mobile County, Alabama. The well was drilled to a total

depth of 18,358 feet and completed in the Smackover through a perforated interval of 18,042 to
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18,062 feet (Masingill, 1990). The reservoir is classified as a gas-condensate reservoir. The underlying
Norphlet Formation also produces hydrocarbons (Benson and Mancini, 1982). Hatter's Pond field is
located on a faulted salt-cored anticline (fig. 5B). The structure trends northeast-southwest adjacent
to the Mobile graben and has more than 700 feet of structural relief. Salt piercement occurs on the
eastern side of the fault adjacent to the major down-to-the-east normal fault. The field limits
encompass more than 9,000 acres of which 6,418 are interpreted to be underlain by hydrocarbons.
The average net pay thickness is 59 feet (Kopaska-Merkel and others, 1992). Porosity ranges from 1.2
to 24.4 percent and averages 9.4 percent with a standard deviation of 6.0 percent. Permeability
ranges from 0.01 md to 177 md and has a geometric mean of 1.44 md (Kopaska-Merkel and others,
1992). Average porosity and permeability (for reservoir rock only) are 13.5 percent and 10.6 rod,
respectively (Murray, 1991). Reservoir rock in Hatter's Pond field is dominated by particle-supported
dolostone with intercrystalline and (less abundant) interparticle and moldic pores. The original
reservoir pressure of Hatter's Pond field was 9,150 psi. Thirteen units were developed during
competitive operations. Prior to unitization the field produced 21 million barrels of condensate and
82.7 billion cubic feet of gas (Masingill, 1990).

Hatter's Pond field was unitized with an effective date of May 1, 1985. The proposed unit, which
contained approximately 9,100 acres, consisted of ali previous production units as well as acreage
outside those units that was interpreted to be underlain by the Smackover-Norphlet gas pool. The
Hatter's Pond Unit contained 96,622.8 porosity acre-feet of productive pore volume (Getty Oil Co.,
Exhibit 16, Docket No. 4-11-841, State Oil and Gas Board of Alabama). A porosity cutoff of 6 percent
and permeability cutoff of 0.1 millidarcy were used in determining net pay which was then used to
determine pore volume (Getty Oil Co., Exhibit 2, Docket No. 4-11-841, State Oil and Gas Board of
Alabama).

Engineering studi_ oerformed by the operator indicated that the additional recoverable reserves
under primary production would be 130 billion cubic feet of full wellstream gas which would contain
6g.9 billion cubic feet of sales gas, 33.1 million barrels of condensate, and 6 million barrels of natural
gas liquids (Getty Oil Co., Exhibit 21, Docket No. 4-11-841, State Oil and Gas Board of Alabama).
However, it was projected that with gas injection, 251 billion cubic feet of full wellstream gas would
be recovered which would include 182 billion cubic feet of reservoir gas, 46.5 million barrels of
condensate, and B.7 million barrels of natural gas liquids (Getty Oil Co., Exhibit 22, Docket No. 4-11-
841, State Oil and Gas Board of Alabama). Condensate recovery would be increased by 40 percent and
recovery of natural gas liquids would be increased by 45 percent. Therefore, the projected benefit of
initiating gas injection would be approximately 13.4 million barrels of condensate, 2.5 million barrels
of natural gas liquids, and more than g billion cubic feet of sales gas.

Since unitization in 1985, two wells have been converted from producers to injection wells. Both
wells are located at median elevation in the reservoir. Four producing wells have also been drilled
within the field. Since the fielu was unitized, 20.4 million barrels of condensate and BB.6 billion cubic
feet of gas have been produced, through December 1990. Production since the field was established
is 41.6 million barrels of condensate (fig. 59) and 171.3 billion cubic feet of gas.

FIELDS IN THE INTERMEDIATE PORE "FACIES"

Five unitized Smackover fields are located within the intermediate pore "facies" (table 12).
Hydrocarbon phases include oil and gas-condensate. Reservoirs range in size from less than 400 acres
to over 14,000 acres. Traps include structural and combination traps. Production from unitized fields
in the intermediate pore "facies" is more than 435 million barrels of oil and condensate, including the
Florida portion of Jay-LEC fields.

APPLETON FIELD

Appleton field was discovered by Texaco, Inc., in 1983, but was not formally established as a field
until 1985 (Sexton, 1987). The field is located in north-central Escambia CourJty, Alabama and
produces from the Smackover Formation at a depth of approximately 12,900 feet. The structure in
Appleton field is anticlinal with distinct structural lobes (fig. 60). Two lobes have separate water levels
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Figure 58.--Structure contour map on top of SmackoverFormation in Hatter's Pond field, Alabama (modified
from Getty Oil Company, Exhibit 11, Docket No. 4-11-841, State Oil and Gas Board of Alabama; from
Kopaska-Merkel and others, 1992).
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indicating two distinct pools within the field. Water levels within the field range from 12,685 to
12,710 feet subsea and define the two reservoirs. The Appleton anticline is a basement-cored
paleotopographic high. The Smackover reservoir in Appleton field includes a variety of particle-
supported and microbially bound lithotypes deposited in a shoal complex that developed on and
around the paleohigh. Kopaska-Merkel and Mann (1991b) placed the Smackover reservoir of
Appleton field in the intermediate pore "facies." Pore types in Appleton field include intercrystalline,
moldic, and vuggy pores. Average pay thickness in the field is 39 feet (Kopaska-Merkel and others,
1992). Porosity is present throughout the Smackover in the McMillan 2-14 No. 1 well (Permit No.
3854). The reservoir fluids in Appleton field exist as a undersaturated oil reservoir with a bubble-point
pressure of 3,416 psia. The original bottomhole pressure was 6,264 psia. The interpreted drive
mechanism for the field is a combination of solution-gas expansion and water influx. As originally
established, Appleton field contained 960 acres. Prior to unitization Appleton field contained four
producing wells and produced 937,425 barrels of oil and 1.7 billion cubic feet of gas.

Texaco, Inc., requested that the field be unitized to allow drilling of an additional well within the
field limits. Units for existing wells surrounded an advantageous location that could be drilled only if
the field was unitized. Exhibits indicated that an additional 220,000 barrels of oil and 402 million
cubic feet of gas could be recovered from the field. Original oil-in-piace in Appleton field was
estimated to be 5.3 million stock-tank barrels (Texaco, Inc., Exhibit 10-A, Docket No. 3-10-8814, State
Oil and Gas Board of Alabama).

The field was unitized in 1988 with an effective date of May 1, 1988. in March of 1989, the D.W.
McMillan Trust 2-15 No. 5 was drilled as an infill well in an attempt to improve recovery. The well was
located in the southern part of Section 2 and was expected to encounter the reservoir on the crest of
the structure. Based on exhibits presented by Texaco, the D.W. McMillan Trust 2-15 No. 5 well should
have encountered the Smackover reservoir at a subsea depth above 12,650 feet and penetrated over
60 feet of reservoir quality rock (Texaco, Inc., Exhibit 3, Docket No. 3-10-8814, State Oil and Gas Board
of Alabama). However, the well penetrated the Smackover reservoir significantly lower than had
been expected. The Smackover reservoir in the well was encountered at a subsea depth of 12,693 feet
and the well penetrated approximately 8 feet of reservoir-quality rock (Texaco, Inc., Exhibits 17 and
20, Docket No. 8-9-891, State Oil and Gas Board of Alabama). In January of 1991, the well was
sidetracked approximately 700 feet to the southwest where the well encountered permeable and
porous Smackover at a subsea depth of 12,663 feet and penetrated 35 feet of Smackover pay.

A graph of field production excluding the D.W. McMillan Trust 2-1S No. 5 well versus production
from ali wells shows production in the field as a result of the D.W. McMillan 2-15 No. 5 well (fig. 61).
The graph indicates that the D.W. McMillan Trust 2-15 No. 5 well produced at a much higher flow rate
than the average of the other wells in the field. Note that although production for both the D.W.
McMillan Trust 2-15 No. 5 well and the average of the initial field wells is in a state of decline, the
D.W. McMillan Trust 2-15 No. 5 well produces at a significantly higher rate than the average of the
other wells in the field and increases the monthly per-well production rates.

Production from Appleton field is declining (fig. 62). Prior to unitization, Appleton field had
produced approximately 937,000 barrels of oil and 1.7 billion cubic feet of gas (Masingill, 1990).
Production after unitization has accounted for 995,000 barrels of oil through December 1990.
Cumulative production for the field through December 1990 is 1.9 million barrels of oil and 3.5 billion
cubic feet of gas.

CHATOM FIELD

Chatorn field was discovered by Phillips Petroleum Company in 1970 with the drilling of the
Williams "AA" No. 1 well in Washington County. The well was perforated between 15,999 and 16,114
feet in the Smackover Formation. Chatom field is situated on a salt-cored anticline which has in excess

of 800 feet of closure (fig. 63). The trap is interpreted to be structural. The lowest known gas is
interpreted to be at a subsea depth of 16,004 feet and the highest known water is interpreted to be
at a subsea depth of 16,141 feet (Phillips Petroleum Co., Exhibit lA, Docket Nos., 5-17-881 through 5-
17-883, State Oil and Gas Board of Alabama). Porosity within the Smackover ranges from 0.13 to 37.2
percent and averages 14.7 percent with a standard deviation of 10.2 percent. Permeability ranges
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from 0.02 to 196 md with a geometric mean of 1.21 rod. The Smackoverreservoir in Chatom field
includes highly altered dolostone with abundant intercrystalline pores and pellet dolograinstone
dominated by moldic porosity.Four productive wells were drilled during competitive operationsand
cumulative production prior to unitization accounted for 2.2 million barrels of condensateand 9.7
billion cubic feet of gas(Masingill, 1990).

The oldest gas-injection program in Alabama is at Chatom field. Chatom field was ur.itized in
1976 with the purposeof recyclingresidue gas to increaseultimate recovery (Masingill, 1991). The
field area unitized for secondary-recoveryoperations consistedof 3,300 acres, and the original
reservoirvolume was determined to be 82,104.7 acre-feet usinga 9 percent porositycutoff (Phillips
Petroleum Co., Exhibit 5, Docket No. 4-22-762, State Oil and Gas Board of Alabama). Exhibits
presentedat the hearing indicated recyclingof residuegaswould resultin 9 million additional barrels
of condensateand 5.5 million additional barrelsof natural gasliquid. Also,with gas recycling,sulfur
recovery would be increasedfrom 196,030 long tons to 530,. _0 long tons (PhillipsPetroleum Co.,
Exhibit 6, Docket No. 4-22-762, State Oil and GasBoardof Alabama). An injection well was drilled at
the apex of the Chatom field anticline to inject gas into the Chatom reservoirand a producing well
was convertedto a gas injection weil. Injection began in 1976and over 67 billion cubic feet of gashas
been injected through 1990 (Masingill, 1991). Sincethe field was unitized, five production wells have
been drilled into the field. Producingwells were situated on the flanks of the structureto recover the
hydrocarbons.

After unitization, the yearly production rate increasedfor Chatom field (fig. 64). The field has
produced over 14 million barrelsof condensatethrough 1990.This includesapproximately 8 million
barrels of condensatethat would not have been producedby primary recovery.Chatom field is still
producing, and in 1990 produced690,000 barrelsof condensate.
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FANNY CHURCH FIELD

FannyChurchfield was discoveredin 1973 with the drilling of the JimmyL. Bush,et ux. No. 25-3
well (Permit No. 1833) by ExxonCorporation in EscambiaCounty,Alabama. The well was perforated
in the $mackoverFormation inthe interval of 15,377 to 15,457feet. FannyChurchfield is located on a
northwest-southeast trending monocline which dips gently to the southwest (fig. 65). The hydro-
carbon trap at Fanny Church field is a combination trap where both structural dip and facies
variations provide the trapping mechanism. Porous and permeable reservoir rocks in the Fanny
Churchfield are located in podsthat may be laterally extensiveandare not believedto be in pressure
communicationwith one another (ExxonCorporation, ExhibitNo. E-1,Docket No. 12-13-842,State Oil
and Gas Boardof Alabama). Porouszonesoccur throughout much of the Smackoverin FannyChurch
field. Porosityin the Smackover reservoir rangesfrom 1 to 23.2 percent with an average of 10.7
percent; the standard deviation is 4.4 percent. Permeability ranges from 0.02 to 120 rod; the
geometric mean is0.37 md (Kopaska-Merkel and others, 1992).FannyChurchfield encompasses3,960
acres.The field hasa total of sevenwells that were completed as producers,five of which were still
producing as of January 1, 1985. Prior to unitization in 1985, Fanny Church field had produced
approximately 2.3 million barrelsof oil and 3 billion cubicfeet of gas (Masingill, 1990). Geologicand
engineering data suggestthat in Fanny Churchfield there are approximatelyfour separate lensesof
reservoirquality rock. Three of these lensesare interpreted to be small, but the fourth encompasses
more than 700 acresand containsthree productive wells. This lensof productiveSmackoverreservoir
is called the Steely pod and encompassesthe Dora J. Steely 36-2 well (Permit No. 1869), the Zelma
Pugh 26-15 well (Permit No. 3307B), and the St. RegisPaperCo. 35-1 well (Permit No. 3154) (Exxon
Corp.,ExhibitG-5, Docket No. 12-13-842,State Oil and GasBoardof Alabama).

Fanny Church field was unitized in 1985. The unit operator, Exxon Corporation, intended to
institutea miscible-gasinjection program in the Steely pod usingnitrogen as injection gas, increasing
the ultimate recovery of oil in the Steely pod from 30 percent to approximately 54 percent (Exxon
Corp., Exhibit E-7, Docket No. 12-13-842, State Oil and Gas Boardof Alabama). Exxonestimatedthat
recovery from the Steely pod would only be 3.9 million stock tank barrels of oil under primary
recovery,but with miscible-gasinjection, the recoverable reserveswould be approximately 7 million
barrels of oil (an increaseof 3.1 million barrels). Implementation of gas injection would alsoextend
the life of the field 4.5 years(ExxonCorp., ExhibitsE-8 and E-11,Docket No. 12-13-842, State Oil and
GasBoardof Alabama).

Two wells were drilled after approvalof unitization. The DoraJ. Steely36-6 No. 1 well (Permit No.
4531) was dr, lied and then plugged. The A.G. Brantley et al. 36-5 No. 1 well (Permit No. 4922) was
drilled and completed as a commercial weil. The well had an initial flow rate of 672 barrelsof oil and
798 MCF of gas per day. Both wells were located in the central portion of the Steely pod in the
northwest quarter of Section36. Two wells within the Steelypod (the ZelmaPugh26-15 No. 1 andthe
Dora J. Steely 36-2) were converted to injection wells to be usedin the enhanced-recoveryproject.
Injection operations began in 1985 and a total of 9.3 billion cubic feet of gaswere injected into the
reservoirbefore these two wells were reconverted to producingwells.At the present time, no wells
within the unit are being usedfor injection.

Productionfrom the FannyChurchfield hasbeen decliningin recent years(fig. 66). Through 1990,
FannyChurch field has produced 5.69 million barrels of oil. The Steely pod hasproduced nearly 4.3
million barrelsof oil or 75 percentof the total productionfrom the field. Approximately46 percent of
this total or 1.9 million barrels have been produced since the Steely pod was unitized. Since its
establishment,the unit hasproduced 1.9million barrelsof oil and 3.5 billion cubic feet of gas through
1990.Total production from the unit area is4.29 million barrelsof oiland 6.6 billion cubic feet of gas.
In 1990,the Upper SmackoverReservoirunit producedat a rate of 521barrelsof oil per day(fig. 67).

JAY-LITTLE ESCAMBIA CREEK FIELDS

Little EscambiaCreek field was discovered in 1970 by Humble Oil and Refining Company with the
drilling of the T.R. Miller Mill Co. Unit 32-2 No. 2 (Permit No. 1562) in EscambiaCounty, Alabama. The
well was perforated in the Smackover Formation between 15,380 and 15,470 feet. Little Escambia
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Figure 66.--Graph of production historyof FannyChurchfield, Alabama.

Creek field is part of a large hydrocarbon accumulation that extends into Escambia and Santa Rosa
Counties, Florida, where it is designated Jay field (fig. 68). Jay-LEe fields encompass 14,400 productive
acres (Shirer and others, 1978). Most of the field is located in Florida. Within the Alabama portion of
the field, Little Escambia Creek field limits encompass 3,840 acres, of which 1,304 are proven to be
productive (Kopaska-Merkel and others, 1992). The Jay-LEe reservoir (which includes both Smack.vet
and Norphlet strata) is located on a large salt-cored anticline that trends northwest-southeast just
west of the southern extension of the Foshee-Pollard fault system (Ottmann and others, 1973; Sigsby,

1976). The hydrocarbon trap in Little Escambia Creek field is a combination trap. Little Escambia Creek
field is located on the north-plunging anticlinal nose of the structure. Also, a facies change to the
north provides an impermeable barrier to updip migration of hydrocarbons. Average pay thickness in
the Alabama portion of Jay-LECfields is 82 feet. Porosity in the field ranges from 2.10 to 23.8 percent
and averages 11 percent with a standard deviation of 4.3 percent. Permeability in the field ranges
from 0.02 to 91 md with a geometric mean of 0.38 md. Porous and permeable zones exhibiting a wide
variety of pore systems (moss. -f which are dominated by either intercrystalline pores, secondary
intraparticle pores, or multiple pore types) are interbedded with nonporous intervals. Hydrocarbons
in Jay-LEE fields are in an undersaturated oil phase. Original bottomhole pressure was 7,850 psia and
the bubble point of the hydrocarbons was 2,830 psia. Prior to unitization in 1974, Jay-LECfields had
approximately 85 productive wells within the field limits. Six of these wells were located in Alabama.
Cumulative production prior to unitization in the Alabama portion of the field was 3.9 million barrels
of oil and 5.4 billion cubic feet of gas (Masingill, 1990). Jay=LEEfields contain 14,415 productive acres.
Average net pay thickness of the Smackover-Norphlet oil pool was determined to be 95 feet. The
original oil-in-piace was calculated to be 728 million stock tank barrels (Langston and Shirer, 1985).
The drive mechanism for Jay-LEE fields is solution gas expansion coupled with water influx
(Applegate and Lloyd, 1985; Lloyd and others, 1986).

Enhanced- or improved-recovery operations in Jay-LEE fields involve waterflooding, gas-
injection, and infill drilling. Jay-LEC fields were unitized in 1974 for the purpose of implementing
water injection. Through 1978, injection rates averaged 200,000 barrel¢ of water per day, which
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resulted in an average of 105,000 stock-tank barrels of oil per day being produced from the Jay-LEC
unit (Shirer and others, 1978).

Jay-LEC fields in Escambia County, Alabama, and Escambia and Santa Rosa Counties, Florida,
provide an excellent example of how effective reservoir management can significantly increase
recovery. Rapid pressure decline observed in the reservoir necessitated implementation of a
waterflood project. Reservoir pressure had declined more than 1,500 psig in one year and, based on
engineering estimates, only 17 percent of the oil (120.7 million barrels) would be recovered under
primary recovery (Exxon Corp., Exhibit E-7, Docket No. 12-7-73, State Oil and Gas Board of Alabama).
A water-injection program was implemented in the field using 25 injection wells situated in a
staggered 3:1 line drive pattern (Langston and others, 1981). Waterflood operations began in 1974,
and injection volumes averaged 200,000 barrels of water per day by 1978 (Shirer and others, 1978).
By implementing a waterflood project, it was estimated that an additional 216 million barrels of oil
could be recovered from Jay-LEC fields. By 1978, recovery from the field had totaled approximately
204 million stock tank barrels of oil, which was 84 million barrels more than could have been
recovered under primary recovery alone (Shirer and others, 1978). In addition to the waterflood, infill
drilling and gas injection have been implemented in Jay-LECfields.

A gas-injection program was commenced in Jay-LEC fields in 1981. Estimations of remaining oil
after waterflood were 355 million barrels of oil and 13 percent of this oil (47 million barrels) could be
recovered by implementing the water-alternating-gas (WAG) program (Langston and Shirer, 1985).
WAG operations began in 1981 and methane gas was used initially. A total of 2 billion cubic feet of
methane gas was injected into the reservoir until a nitrogen source was developed. Water was
injected into the reservoir along with the methane and nitrogen (Langston and Shirer, 1985).

Infill drilling in Jay-LEC fields was an important part of the waterflooding project (Langston and
Shirer, 1985). Modeling studies indicated that the 160-acre spacing was inadequate to effectively
sweep low-permeability areas. A total of 37 infill wells were drilled by 1984 in lower permeability
areas of the field. Spacing in the affected area was reduced from 160 acres to 112 acres per weil. As of
1985, infill wells had produced more than 76 million barrels of oil (Langston and Shirer, 1985) which
indicates that the infill-drilling program was successful.Total production from Jay-LEC fields through
1990 is 399 million barrels of oil. An additional 93 million barrels of oil is expected to be recovered
f_om the fields (Tootle, 1991).

WOMACK HILL FIELD

Womack Hill field was discovered by Pruet and Hughes Company and Pelto Oil Company in 1970
with the drilling of the Carlisle Unit 16-4 No. 1 well (Permit No. 1573). The Carlisle Unit was completed
in the Smackover Formation and was perforated between 11,432 and 11,442 feet. Since its discovery,
Womack Hill field has produced over 25 million barrels of oil, making it the third largest oil field in
Alabama. (Citronelle field, which produces from Cretaceous strata, and Little Escambia Creek field are
larger.) Field limits encompass 3,485 acres of which 1,637 are interpreted to be productive (fig. 69)
(Kopaska-Merkel and others, 1992). Total reservoir net pore volume for Womack Hill field is
approximately 20,578 acre-feet with a productive area encompassing approximately 1,770 acres
(based on an 11 percent porosity cutoff). Original oil-in-piace in Womack Hill field was estimated to
be over 87 million barrels of stock-tank oil (Pruet and Hughes Co., Exhibit 8, Docket No. 11-26-746,
State Oil and Gas Board of Alabama). Womack Hill field is located on a faulted salt-cored anticline
which abuts the peripheral fault system that transects much of southwest Alabama. The structure is
elongate, being over 4 miles long and less than 1 mile wide (fig. 69). Structural closure on the
Womack Hill anticline is over 300 feet. The trap in Womack Hill field is interpreted to be structural but
a major permeability barrier transects the field perpendicular to the axis of the structure. This
permeability barrier is narrow, vertical, and completely separates the two parts of the field. The water
level which defines the western end of the field is 214 feet lower than the water level to the east.

Reservoir-grade porosity is present throughout much of the Smackover reservoir, which is overlain by
thick Buckner anhydrite. Porosity in the field ranges from 2.2 to over 33.9 percent and averages 17.6
percent. Standard deviation of porosity values is 5.3 percent. Permeability in the field ranges from
0.02 to over 386 md and has a geometric mean of 6.66 rod. Average .r_etpay thickness in the field is 56
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feet (Kopaska-Merkel and others, 1992). The Smackover reservoir of Womack Hill field includes
abundant moldic, secondaryintraparticle, interparticle, and intercrystallinepores.Asof March 1974,
17 wells hadbeen completed inWomack Hill field (Pruetand HughesCo., Exhibit8, Docket No. 11-26-
746, State Oil and GasBoardof Alabama). The field wasdeveloped on unitselongate perpendicular
to the axis of the anticline, and unit sizevariesbetween 80 to 120 acres.Most of these unitsare the
approximate width of 40-acre tracts.

In November of 1974, Pruet and HughesCompany petitioned the State Oil and Gas Board of
Alabama requestingthat the western portion of Womack Hill field be unitized. During development
of the field, it was determined that the Womack Hill reservoir contains an area of reduced
permeability near the eastern boundary of the 14-4 unit. Further, it was determined that the eastern
portion of the field had a strong water-drive mechanism which maintained reservoir pressure,
whereas the western end of the field was experiencing a rapid pressuredecline. Original reservoir
pressurein Womack Hill field was 5,418 psi.ByApril 1, 1974, reservoirpressurein the easternportion
of the field was determined to be approximately 5,250 psig with a recovery of 4,763 stock-tank
barrelsof oil per psi drop in reservoirpressure;pressurein the western end of the field haddeclined
to approximately 4,050 psig with an oil recovery of 1,311 stock-tank barrels per psi of reservoir
pressuredrop (Pruet and HughesCo., Exhibit 8, Docket No. 11-26-746, State Oil and Gas Board of
Alabama). In other words, recovery in the eastern portion of the field was approximately 3.5 times
better than that experiencedon the westernend.

Basedon reservoirmodeling (Pruetand HughesCo.,Exhibit8, Docket No. 11-26-746, StateOil and
Gas Board of Alabama), it was determined that primary recovery from the entire field should be
approximately 25.5 million barrels,or 29.2 percent of the oil-in-piace. The model did confirm that a
barrier to fluid flow existswithin the field. Becauseof the high recoveryof oil being observedin the
eastern end of the field it was determined that only th_ western part of the field shouldbe unitized
(Pruet and HughesCo.,Exhibit8, Docket No. 11-26-74_,,StateOil and GasBoardof Alabama).

The productive area of the western end of the f_ld contains 796 acres and 10,514 acre-feet of
reservoirpore volume. Original oil-in-piace in the westernend of the field was in excessof 46 million
stock tank barrels of oil. As of March 1974, the western end of the field had produced approximately
1.8 million barrelsof oil and ultimate primary recoverywas estimatedto be approximately 13 million
stocktank barrelsof oil with an abandonment pressureof 1,500psig(Pruetand HughesCo., Exhibit8,
Docket No. 11-26-746, StateOil andGas Boardof Alabama).

The western end of Womack Hill field was unitized in November 1974,with an effective date of
January 1, 1975. A waterflood project, including drilling of both injector and producer wells, was
proposed.Projected ultimate recoveryof oil from the western end of Womack Hill field as a resultof
the waterflood was approximately 17 million barrels of oil, a 30 percent increase over expected
primary recovery(Pruet and HughesCo., Exhibit 8, Docket No. 11-26-746, State Oil and GasBoard of
Alabama).

Once the field was unitized, four injector wells were located along the flanks of the reservoir.
Along the crest of the structure, six production wells were drilled. One of these wells (Permit No.
2737-B)was plugged andabandonedas noncommercial.

In 1990,Womack Hill field produced794,599 barrelsof oil and has produced25 million barrelsof
oil sinceits discoveryin 1970 (fig. 70). Production from the Womack Hill field unit sinceunitization
totals over 13 million barrels.Total water injected into the unit exceeds20 million barrels.In 1990, the
field unit produced 568,650 barrels of oil. The Womack Hill Field Unit 14-5 No. 2 well (Permit No.
4575-B), which was drilled on the easternend of the unit and was completed in 1985, hasproduced
nearly 780,000 barrelsof oil through 1990.

Production from the Womack Hill field unit (WHFU) under waterflood tracked predictions of
production under primary recoveryuntil 1985, when a significant increasein hydrocarbon recovery
began to be realized (fig. 71). In 1990, actual cumulative production exceeded for the first time
estimated production using enhanced or improved recovery. The behavior of the WHFU under
waterflood operations resulted from severalfactors. One of these was the drilling in 1985, 10 years
after unitization, of a strategically placed well that appearsto have drained previouslyuncontacted
attic oil (Permit No. 4575-B;Kopaska-Merkel and others, 1992).Thiswell accountsfor part, but not all,
of the dramatic increase in incremental production from the WHFU during 1985-87. Since 1987,
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Figure 70.--Graph of production historyof Womack Hill field, Alabama.

continued high production rates from the unit cannot be attributed to production from the new well
(Permit No. 4575-B) because the increased production from the WHFU during this period was much
greater than production from Permit No. 4575-B (fig. 72). At this point it is not clear what the
ultimate recovery from the WHFU will be. However, based on the generally good performance so far
of the infill wells drilled in association with unitization, the outlook is good. Similar carbonate
reservoirs in west Texas have performed well under waterflood with infill wells (Wu and others,
1989).

DISCUSSIONOFRESULTS

PORE-SYSTEMCHARACTERISTICSAND
ENHANCEDOR IMPROVEDRECOVERY

Kopaska-Merkel and Mann (1991b) recognized two pore facies in the Smackover of southwest
Alabama based on pore types and pore-throat-size distributions (fig. 27): the moldic pore facies and
the intercrystalline pore facies. Reservoirs with mixtures of pore types were also identified. The
moldic pore facies contains 26 fields; the intercrystalline pore facies contains 18; and 29 fields have a
mixture of pore types. Fifty-one percent of hydrocarbon liquids are produced from intermediate pore
systems, making this "facies" the most productive in Alabama (table 13). Major fields which produce
from the intermediate pore "facies" include Big Escambia Creek, Chatom, Little Escambia Creek,
Womack Hill, Fanny Church, and Appleton. The Florida portion of Jay-LEC fields is excluded from this
analysis, but if it was included the amount of oil produced from the intermediate pore "facies" would
be an additional 369 million barrels. Large fields completed within the moldic pore facies include
Choctaw Ridge, Stave Creek, and Turkey Creek fields. Hatter's Pond and Chunchula fields are the two
major producers of liquid hydrocarbons from the intercrystalline pore facies.

Within the moldic pore facies only strategic well placement has been implemented. The dearth of
injection operations in moldic reservoirs must be, at least in part, a function of the relatively small size
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Table 13.--Porefaciesrelative to distribution of (a) Smackoverproduction,and (b) numberand types
of fields in eachfacies

MoldicPoreFacies Intermediatepore"facies" IntercrystaiiinePoreFaciesJ ,,

(a)
Oil(bbls) 29,284,751(97%)1 79,232,016(59%)1 5,429,494(6%)1

Condensate(bbls) , 1,041,867(3%)I _ 54,942,709(41%)t , 89,686,244(94%)1......... . .... ...0o,.,,,o, .......... . .............. . ...... . .... o,o ............... ..,o .... , ...... . .........................................

Totalliquids(bbls) 30,326,618(12%)z 134,174,725(51%)_.:3 95,115,738(37%)z

(b)
Oilfields 22 21 16
Condensatefields 4 8 2
''° ......... . ........... •.................. I..,..,.. ......... ,........ °,.._ ................................... I..............................

Totalfields 26 29 18

.... ' .................... ....... .................. . ........ . ............ P .................................. i ..............................

CUMULATIVEPRODUCTION 1,166,408 4,626.715 5,284,208
PERFaELD!BBLS)
Percentageof faciest'_talproduction

2Percentageof Smackovertotalproduction
3IncludesonlyAlaba,naportionof Jay-LECfields

of moldic reservoirs in the Smackover of Alabama (table 12). However, there appears to be no
compelling reason why waterflooding could not be applied successfully to moldic reservoirs. Several
lines of evidence support this inference. First, although very strongly water wet moldic reservoirs are
vulnerable to poor oil recovery resulting from snap off (Yu and Wardlaw, 1986a, b), many (perhaps
most) carbonate oil reservoirs are of intermediate wettability, which should vastly improve recovery
compared to the water-wet case (Morrow, 1990). Second, the Womack Hill field unit, which has an
important moldic component (Kopaska-Merkel and others, 1992), has undergone waterflooding with
satisfactory results for more than 15 years. Third, 24 carbonate reservoirs in west Texas have ali
responded well to waterflooding (Wu and others, 1989). Moldic Smackover reservoirs in Alabama
may behave similarly, even though west Texas carbonate reservoirs tend to be dominated by
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interparticle and intercrystalline porosity. A final favorable indication is that moldic reservoirs in the
Smackover of Alabama have performed better than expected under unitization. This may be a result
of favorable wetting characteristics. Another possibility has to do with the birnodal pore systems in
the moldic pore facies. Moldic reservoir zones interpreted to have high water saturations may
produce water-free oil because the water is held within microporosity (e.g., the Rodessa Limestone in
Running Duke field, East Texas basin; Keith and Pittman,1983). Finally, megascopic heterogeneity
tends to be low in reservoirs completed in the moldic pore facies implying less oil will be bypassed
during production. More than 11 million barrels of oil and condensate have been produced from
unitized fields in the moldic pore facies.

Unitized fields assigned to the intercrystalline pore facies are Hatter's Pond and Chunchula fields.
Gas injection and infill drilling are the only enhanced- or improved-recovery techniques presently
employed within this facies. Total production from these two fields is nearly 90 million barrels of
condensate. Intercrystalline reservoirs tend to be relatively megascopically heterogeneous and
compartmentalization of reservoirs is likely, as has been inferred for Chunchula field by the University
of Alabama (1991). Similar reservoirs in west Texas appear to contain substantial volumes of
uncontacted mobile oil because of megascopic reservoir heterogeneity (e.g., Fogg and Lucia, 1990;
Major and others, 1990; Major and Holtz, 1990).

The intermediate pore "facies" contains the largest variation in enhanced- or improved-recovery
technique; used. Strategic well placement, infill drilling, waterflood, and gas injection are being
implemented in fields assigned to this pore facies. Strategic well placement was used in Appleton
field; waterflood operations have been implemented in Jay-LEC and Womack Hill fields; gas injection
and infill drilling have been implemented in Chatom, Fanny Church, and Jay-LEC fields. Production
from unitized fields within the intermediate pore "facies" is more than 435 million barrels of oil
(including the Florida portion of Jay-LEC).

Intercrystalline and intermediate reservoirs that have been unitized are undergoing injection
programs and have performed about as well as, or less well than, expected. The reasons for this are
not entirely clear, but these reservoirs are obviously candidates for additional reservoir
characterization, and possible tertiary oil recovery projects, because they may not be achieving their
potential. In support of this observation, Jay-LEe field is currently undergoing a successful tertiary oil-
recovery project that was implemented after detailed reservoir characterization showed that
secondary recovery from waterflood alone was not draining the reservoir efficiently. Also, well-
studied reservoirs in west Texas (i.e., the Grayburg in Dune field and the San Andres in East Pennwell
field) that have similar pore systems to intercrystalline and intermediate Smackover reservoirs in
Alabama have been shown to contain substantial amounts of unrecovered but recoverable mobile oil
under mature waterflood operations (Fogg and Lucia, 1990; Major and others, 1990).

CANDIDATES FOR ENHANCED OR IMPROVED RECOVERYIN ALABAMA

Size is an important factor in determining if a reservoir is suitable for enhanced- or improved-
recovery operations and what type of techniques should be implemented (fig. 73). In the smallest
fields, enhanced or improved recovery are not generally viable because these fields (those with less
than a million barrels of production) do not have the reserves or areal extent to justify drilling of
additional wells, and the cost of implementing an injection program would be prohibitive. Fields
which have cumulative production in excess of 1 million barrels but lessthan 5 million barrels should
be evaluated in terms of strategic well placement. Many fields in Alabama have limited areal extent,
and spacing requirements (usually one well per 160 acres for oil and 640 acres for gas) may prohibit
efficient well placement unless the fields are unitized. Even certain small fields spaced on 160-acre
units may benefit from an additional weil. Unitization would permit strategic well placement to
recover reserves that would otherwise not be produced.

Strategic well placement is most viable in small- to medium-size reservoirs where initial
development made prohibitive the drilling of additional wells without unitization. Also, reservoirs
having a drive mechanism with a water-influx component seem most likely to benefit from strategic
well placement. Potential candidates for strategic well placement include Blacksher, Barrytown, and
North Choctaw Ridge fields. Each field has reserves-in-piace similar to those fields in which strategic
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well placement hasbeen implemented. Eachfield is classifiedas oil with API gravities for Blacksher,
Barrytown, and North Choctaw Ridge being 43°, 45°, and 39°, respectively,which are comparable to
fluid characteristicsof the fields in which strategic well placement has been used. Barrytown and
North Choctaw Ridge fields have similar trap types to fields in which strategic well placement has
been used (Hall, 1992; Kopaska-Merkel, 1992a; I<opaska-Merkeland others, 1992). Barrytown and
North Choctaw Ridge fields resemble existing fields in which strategic well placement has been
employed becausethey havemoldic reservoirs(Kopaska-Merkel, 1992a; Kopaska-Merkel and others,
1992). Although Blacksherfield is in the intermediate pore facies, it hasa water-influx component to
its drive mechanismand part of the reservoir is moldic (Kopaska-Merkeq, 1992a); hence, Blacksher
field shouldalsobe consideredfor possiblestrategic well placement. If these fields contain attic oil,
then strategicallyplacedwellsshouldincreaseultimate recovery.

Movico field should be consideredas a potential candidate for strategic well placement and
possiblyfor injection. Movico field is assigned to the intercrystalline pore facies and, although
strategic well placement hasnot been used in this pore facies, structure mapsprovided by Kopaska-
Merkel and others (1992) indicate uncontacted reservoirupdip. However, Movico is interpreted as
having a solution-gas-expansiondrive mechanism(Kopaska-Merkeland others, 1992) which may not
provide for effective recoveryduring primary operations. Therefore, a program to maintain reservoir
pressureor increasesweep efficiency may be necessary.Gasinjection programs are presently being
implemented innearbyChunchulaandHatter's Pondfields inthe intercrystalline pore facies.

Injection programshave been implemented in large fields suchas Chunchula, Chatcm, Hatter's
Pond,Womack Hill and Jay-LEC.Thesefields containthe reservesnecessaryto economicallyjustify the
fiscal outlaysnecessaryto implement injection programs.Projectsthat involve injection of fluids into
a reservoir to improve recovery of hydrocarbons seem to be most applicable to fields with
considerable reservesand natural drive mechanismsthat are ineffective in moving hydrocarbonsto
the producingwells. Other largefieldsshouldalsobeevaluatedfor potential injection programs.

Big EscambiaCreekfield, in EscambiaCounty, is the largestSmackoverfield in Alabama that has
not undergonesometype of injection program, lt isdominated by intermediate pore systems,as are
Jay-LECand FannyChurchfields, which are currently undergoing injection programs. However, Jay-
LECand Fanny Church fields are oil fields whereas Big EscambiaCreek produces 46° gravity gas
condensate. Also, Big Escambia Creek's wellstream is dominated by nonhydrocarbon components
(approximately 53 mole percent). Hydrogen sulfide is the largest single component, contributing
more than 25 mole percent of the wellstream. Detailed reservoirstudiesshouldbe performed on the
Smackover reservoir of Big Escambia Creek to determine if enhanced- or improved-recovery
operationsshouldbe implemented inthe field.

North Choctaw Ridgefield is large, but it is assignedto the moldic pore facies, and no injection
programshave been implemented in this pore facies in Alabama. Also, North Choctaw Ridge'sdrive
mechanism is the result of gasexpansion. Nevertheless, the effectivenessof the drive in the field is
uncertain, so North Choctaw Ridge seemsto be a potential candidate for increased recovery by
injection operations.

Infill drilling appearsmostapplicable in larger fields that are undergoing sometype of injection
program. Infill drilling hasbeen implemented in fields undergoing waterflood and gas injection and
has improved recovery in those fields. Therefore, any field in which injection operations are
consideredshouldalsobeevaluated for infill drilling.

EXPECTED VOLUME OF LIQUID HYDROCARBONS RECOVERABLE BY ENHANCED
OR IMPROVED RECOVERY FROM SMACKOVER FIELDS IN ALABAMA

Some general conclusionscan be drawn from the resultsof existing enhanced- or improved-
recoveryprojectsin Smackoverfields in Alabama and from the preceding section.The total volume of
secondary liquid-hydrocarbon production from the nine Alabama Smackover fields currently
undergoing enhanced or improved recoverywas expectedto be 331.5 MMB (projectionsof operators
before initiating enhanced- or improved-recovery operations). If one assumesthat moldic reservoirs
currently undergoing only strategic well placement are waterflooded, with an incremental recovery
equal to the averageof 24 west Texascarbonate reservoirs(Wu and others, 1989) and that currently
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waterflooded reservoirs undergo infill drilling with results like those found by Wu and others (1989),
then the prediction increases to 446.4 MMB. Finally, if the four oil fields discussed in the previous
section undergo recommended enhanced- and improved-recovery operations with average results
(compared to Alabama Smackover enhanced- and improved-recovery projects and to the results
reported by Wu and others, 1989), then the predicted secondary liquid-hydrocarbon volume becomes
464.5 MMB. This is 133 MMB more than the original projection for the nine fields now undergoing
enhanced- or improved-recovery operations. This is a fairly conservative number, because large fields
now undergoing gas injection (Fanny Church, Chatom, and Hatter's Pond) have not been evaluated as
candidates for multiple enhanced-recovery methods. Conservatively, if tertiary recovery accounts for
5 percent of the OOIP from these fields, then the ultimate enhanced- or improved-recovery
prediction becomes at least 468 MMB, about 137 MMB more than original predictions for the nine
fields undergoing enhanced or improved recovery. Nearly ali of this comes from intermediate
reservoirs because of the large contribution of Jay-LEC fields, and moldic reservoirs account for less
than 1 percent of the total. Intercrystalline reservoirs contribute about 11 percent of the total.

SUMMARY AND CONCLUSIONS

Most Smackover reservoirs originated as nearshore-marine carbonate sediments with minor
admixtures of noncarbonate material. Some of these reservoirs preserve abundant evidence of their
environment of deposition. Others have been highly altered and their origins are unclear. The most
common Smackocer reservoir rocks a4"enonskeletal grainstone. Mixed-particle grainstone/packstone
isthe second most common reservoir l;ype in the Smackover of southwest Alabama. A third important
kind of reservoir is microbial boundstone. A fourth reservoir type is crystalline dolostone. Quartzose
sandstone, commonly dolomitic, form,s permeable reservoirs locally in southern Monroe County.

The most common kinds of pore_ in the Smackover are particle molds, secondary intraparticle
(partial moldic) pores, intercrystalline pores, and interparticle pores. Lesscommon, but significant,
pore types are fractures and vugs. The various pore types lend different petrophysical characteristics
to pore systems, and combi;,ations ot: different kinds of pores in varying proportions create further
effects. Interparticle pores are permeability enhancers because they tend to form regular networks
with abundant connections and because they are interconnected by large pore throats. Fractures are
even more effective permeability enhancers. Pore systems dominated by molds, vugs, and secondary
intraparticle pores are not characterized by high permeability values because these pores tend to be
poorly connected, and exhibit high aspect (pore-throat size) ratios. The most common kinds of molds
are oomolds and pelmolds. Secondary intraparticle pores differ from molds in being substantially
smaller. Intercrystalline pores form pore systems with variable permeability values, depending on
crystal size. Intercrystalline pores are commonly well connected by short and homogeneous pore
throats, and the pores tend to be ali about the same size and shape. Where intercrystalline pores are
large, homogeneous, and well connected, permeability values may be extremely high.

In this study, Smackover reservoir rocks are classified using capillary-pressure-curve shape. CP-
curve shape summarizes a wealth of petrophysical information about reservoir rocks, including pore-
throat size distribution and estimates of recovery efficiency and permeability. CP-curve class 1
includes samples that have extremely leptokurtic pore-throat size distributions and that exhibit little
or no extrusion of mercury during pressure reduction. Samples assigned to CP-curve class 2 differ in
exhibiting pore-throat size distributions with minor fine tails. CP-curve class 3 includes samples that
exhibit as much as 60 percent mercury extrusion during pressure reduction. CP-curve class4 includes
samples that have mesokurtic pore-throat size distributions exhibiting a prominent tail of small
throats that accounts for as much as 25 percent of the pore volume, or a smooth reduction in volume
of pores accessed through smaller and smaller throats over the entire range of pore-throat sizes.
Samples assigned to this class extrude up to more than 25 percent of their mercury during pressure
reduction. Samples assigned to CP-curve class 5 exhibit platykurtic or polymodal pore-throat size
distributions. CP curves assigned to this class are variable, as are porosity values, recovery efficiency
values, and median throat sizes. On average, however, porosity values and throat sizes are smaller
than for classes 1 through 4; recovery efficiencies range up to about 40 percent. CP-curve class 6
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includes marginal reservoir rocks; porosity values are less than 10 percent and the mean is about 6
percent. These samples have mesokurtic throat size distributions and entirely lack large throats
(median throat sizes do not exceed 0.5 pm). Recovery efficiencies range between about 30 and 40
percent. CP-curve classes7 and 8 include nonreservoir rocks and have very small throats.

Three methods of predicting permeability are discussed. The first is based on the relationship
between microporosity, as measured from capillary-pressure data and as estimated by calibration of
well logs, and permeability. The ultimate goal is to predict permeability values from well logs, or from
limited amounts of other kinds of data. The second is by measuring MTS, which is derived from
capillary-pressure analysis. Small amounts of microporosity can dramatically depress permeability in
the Smackover. lt appears that small (centimeter-scale?) areas of small pores and small pore throats
act as permeability baffles. The only petrophysical variable investigated that is strongly correlated
with permeability is MTS. MTS is derived from capillary-pressure analysis, an expensive and time-
consuming method which usually requires core samples. However, whereas permeability can only be
measured in samples cut from cores, MTS can be calculated from analysis of cuttings. Therefore,
permeability can be estimated from noncored intervals. The third method of predicting permeability
is from porosity data. The porosity-permeability relationships differ among reservoirs dominated by
different kinds of pore systems. Intercrystalline reservoirs exhibit the strongest porosity-permeability
relationships, but even for these reservoirs, equations derived from one field will not yield accurate
results when applied to another.

Pore systems in reservoir rocks of the Smackover Formation in southwest Alabama are dominated
either by moldic plus secondary intraparticle pores or by intercrystalline pores. Intermediate pore
systems are less common. Because the Smackover reservoir rocks studied fall naturally into two
distinct groups, two pore facies, which are rock units characterized by certain pore types or
combinations of pore types, and by certain consequent pore-throat size distributions are defined.
Pore facies also possesscharacteristic fluid-flow properties.

Reservoir rocks assigned to different pore facies are petrophysically, petrographically, and
geographically distinct. Those assigned to the moldic pore facies are dominated by moldic plus
secondary intraparticle pores. Some samples contain up to about 20 percent interparticle pores.
Reservoir r ,cks assigned to the intercrystalline pore facies are dominated by intercrystalline pores.
Moldic pole systems are products of primary sediment fabric, modified by (usually) fabric-selective
dolomitization and by dissolution of unstable particles either during or after dolomitization.
Intercrystalline pore systems are most strongly affected by pervasive fabric-destructive
dolomitization, although primary sediment fabric commonly has some effect on the final rock fabric.
This means that geological models of environment of deposition and of diagenetic history are more
likely to help interpretation of moldic reservoirs than of intercrystalline reservoirs. Moldic pore
systems tend to have higher mean porosity values but lower maximum permeability values than
intercrystalline pore systems. Moldic pore systems have more leptokurtic pore-throat size
distributions, but are fundamentally heterogeneous at microscopic scales because coarse and fine
pores are found together. Intercrystalline pore systems are fundamentally homogeneous at this level,
at least in the ideal case. Intercrystalline pore systems are more heterogeneous megascopically
(vertically) and therefore have more potential for bypassing of potentially productive intervals. Also,
high-permeability thief zones are more abundant in intercrystalline reservoirs. Intermediate samples
resemble petrophysically the intercrystalline pore facies and occupy intermediate regions
geographically. Because rocks of the moldic and intercrystalline pore facies are readily distinguishable
and exhibit quite different fluid-flow characteristics, the pore-facies classification proposed here may
be a useful tool in planning development of Smack_ver fields in Alabama and probably could be
applied successfullyto other porous and permeable carbonate units.

Quantitative (rank) measures of microscopic and megascopic reservoir heterogeneity are used to
describe heterogeneity in Smackover hydrocarbon fields in southwest Alabama. Microscopic reservoir
heterogeneity (pH) is {[(0.25o_)+(mean natural log of 14)+(1.5o natural log of K)]/3}. Megascopic
heterogeneity (MH) is [(# of reservoir intervals)+ (# of high-K reservoir intervals)+ (o of # of reservoir
intervals)] where reservoir rock is defined as exhibiting permeability values _ 0.1 md and high-K
reservoir rock exhibits permeability values _ 1.0 rod. Both MH and pH are determined from core data
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and are estimates of vertical heterogeneity. The Dykstra-Parsons coefficient is a measure of
microscopic heterogeneity that is partially independent of pH (r2 = 0.428).

pH and MH are distributed in opposing patterns, pH generally decreases from northwest to
southeast whereas MH values increase along the same trend, pH values are high in the moldic pore
facies and low in the intercrystalline pore facies. The congruency of patterns of variation of pH and
MH with pore-system characteristics (controlled by depositional patterns, dissolution, and
dolomitization) and regional structural and paleogeographic trends suggests that reservoir
heterogeneity characteristics are controlled by structural and paleogeographic setting, and by
diagenesis. However, because contours of pH and MH are approximately normal to structure contours
but parallel to Smackover thickness contours, it appears that depositional setting (or
paleogeography) exerted more stringent control on reservoir heterogeneity than did structural
evolution. The distribution of DP coefficient values is not related to pore-facies distribution; thus the
DP coefficient is lessuseful for regional heterogeneity studies than isMH or IJH.

Microscopic lateral heterogeneity (LH), a relative, or rank, parameter, was calculated for 12 of the
largest Smackover fields. Relatively sophisticated parameters could not be applied to the Smackover
of southwest Alabama because the data are of poor quality. Instead, LH was estimated as a function
of the difference between the residual variance about the porosity-permeability trend for single wells
and that for entire fields. If a field is perfectly laterally homogeneous, then wells will not differ with
respect to their porosity-permeability trends, and subtracting the field value from the average of
values for single wells yields an LH estimate of zero. Conversely, if a field is highly heterogeneous
laterally, then the field value will exhibit a high degree of scatter because wells with very different
porosity-permeability relationships will have been lumped together. A high value of LH results.
Analysis of the 12 fields for which sufficient data are available indicates that IJH and LH covary. Also,
gas-condensate fields are relatively laterally homogeneous, and oil fields are relatively laterally
heterogeneous.

Estimation of pH and MH regionally in the Smackover of southwest Alabama will facilitate
planning for fields that are still in the early stages of development. Prediction of reservoir
heterogeneity characteristics will facilitate advance planning of production strategies and
cost/benefit analyses for development of new fields. In addition, it will be possible to identify regions
characterized by or containing unusually heterogeneous or unusually homogeneous reservoirs
(microscopic, megascopic, or both) and to flag areas likely to present minor or severe "development
problems. These regional relationships can be used as a guide when making geologic models of
individual reservoirs. The relationship between pore facies, pH, and MH will permit prediction of 3D
continuity and porosity and permeability characteristics of reservoirs using an integrated
geological/engineering approach. For fields assigned to the moldic pore facies, a more detailed
geological analysis of the depositional environments and diagenetic history of reservoir strata can be
achieved. This may permit a more detailed assessment of the shapes and distributions of flow units
and of the distribution of permeability baffles and barriers. For intercrystalline reservoirs, a stochastic
approach to modeling reservoir porosity and permeability characteristics is preferable.

Well spacing in Alabama is variable among fields and may hinder effective hydrocarbon recovery.
Unitization has provided the mechanism for increasing the recovery of hydrocarbons from many
Smackover fields in southwest Alabama. Nine of the 11 unitized fields in the Smackover of Alabama

have undergone some type of enhanced- or improved-recovery technique. Enhanced- or improved-
recovery procedures used in the Smackover Formation of Alabama include infill drilling, strategic well
placement, water injection, residue gas injection, nitrogen injection, and combinations of two or
more of these approaches.

The pore-facies classification of Kopaska-Merkel and Mann (1991b) provide a means to classify
unitized reservoirs within Alabama based on pore types and pore-throat size distributions. Reservoirs
with intermediate pore systems are the most productive in Alabama. Twenty-nine fields 'with
intermediate pore systems account for approximately 51 percent of the hydrocarbons produced from
the Smackover Formation of Alabama. There are 24 fields in the moldic pore facies and 18 fields in the
intercrystalline pore facies and they account for 12 and 37 percent, respectively, of the hydrocarbon
liquids produced. Fields undergoing enhanced or improved recovery are found in each pore facies.
Within the moldic pore facies are Choctaw Ridge, Silas, Stave Creek, and Turkey Creek fields. Hatter's
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Pond and Chunchula fields are assigned to the intercrystalline pore facies. Appleton, Jay-LEE, Fanny
Church, Womack Hill, and Chatom fields have reservoirs with intermediate pore systems.

Strategic well placement is the only improved-recovery technique that has been implemented
within the moldic pore facies. Waterflood operations have only been implemented in reservoirs with
intermediate pore systems. A portion of Womack Hill field is successfully undergoing waterflood. Gas-
injection programs have been implemented in Chunchula and Hatter's Pond fields in the
intercrystalline pore facies; and in Fanny Churcn and Chatom fields in the intermediate pore "facies."
Additional wells have been drilled in each of the fields undergoing injection operations. These wells
have been drilled as either replacement, infill, or strategically placed wells and facilitate the recovery
of hydrocarbons in the injection programs. Jay-LEE fields provide an excellent example of how
multiple enhanced- or improved-recovery methods can significantly improve ultimate recovery of oil
from the Smackover Formation. Approximately 87 percent of the oil produced from Jay-LEG was
under enhanced or improved recovery. The implementation of waterflood, infill drilling, and gas
injection vastly improved recovery. Even if enhanced- or improved-recovery operations are not
applicable to a specific field, unitization can provide the economic stimulus for increased recovery of
hydrocarbons and equitable distribution of revenues.

Field size affects the viability of enhanced- or improved-recovery operations because of economic
factors and can be used in conjunction with reservoir characteristics and drive mechanism to evaluate
candidates for enhanced- or improved-recovery operations. Blacksher, Barrytown, Movico and North
Choctaw Ridge fields should be considered for strategic well placement. Potential candidates for
injection operations include Big Escambia Creek, Movico, and Choctaw Ridge field. Infill drilling
should be considered for Chunchula field because of the compartmentalization of the reservoir.

The combined estimates, prior to enhanced- or improved-recovery operations, for secondary
production from the nine Alabama Smackover fields currently undergoing such operations, amount
to 331.5 million barrels of hydrocarbon liquids. Revision of this estimate based on (1) results of
enhanced- or improved-recovery operations through 1990, (2) proposed tertiary recovery from some
of these nine fields using reasonable estimated of relevant parameters from this report and from the
published literature, and (3) proposed enhanced or improved recovery from potential candidates
listed above, yields a new estimate of 468 million barrels of liquid hydrocarbons expected to be
produced by enhanced- or improved-recovery methods from the Alabama Smackover. Even this
estimate may be conservative.
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GLOSSARY

ENHANCED RECOVERY-Involves injection of fluids or other techniques other than drilling of
additional wells.

IMPROVED RECOVERY-The drilling of additional wells in a field (strategic or not).
LEPTOKURTIC-Exhibiting a frequency distribution in which most values are clustered about the

mean.

MESOKURTIC-Exhibiting a frequency distribution in which values are moderately dispersed about
the mean.

PLATYKURTIC-Exhibiting a frequency distribution in which values are greatly spread out from the
mean.

PORE THROATS -The narrow openings that connect the larger openings in a pore system.
SECONDARY INTRAPARTICLE-Pertaining to pores, formed after deposition, that exist only within

sedimentary particles.
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