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EXECUTIVE SUMMARY the Evans and Hartseile cycles. These cycles
comprise southwest-dippingclinoformal sequences

Although oil production in the Black Warrior that contain shelf, deltaic, and beach-harrier
basinof Alabamais declining, additionaloil may be deposits derived from cratonic sources. The Evans
produced through improved recovery strategies, and Hartselle cycles represent the onset of load-
such as watefflooding, chemical injection, strategic related subsidenceadjacent to the Ouachitaorogen.
well placement, and infiil drilling. High-quality Deposition of clinoformal parasequencescontinued
characterizationof reservoirs in the Black Warrior after deposition of these cycles, culminating with
basin is necessaryto utilize advanced technology to formation of the prograding Bangor carbonate
recover additional oil and to avoid premature platform-ramp system. During deposition of the
abandonment of fields. This report documents Bangor, starved-basin conditions persisted in the
controls on the distributionand producibilityof oil southwesternpart of the basin and are represented
from heterogeneousCarboniferousreservoirs in the by the organic-richFloyd Shale, the major source
Black Warriorbasin of Alabama. This is the final rock in the basin. The Bangor platform-ramp
summary report ftr DOE contract number FG22- system significantly influenced localization of the
90BC14448, entitled "Characterization of most prolific oil reservoirs in the Black Warrior

• Sandstone Hemvgeneity in Carboniferous basin.
Reservoirs for Increased Recovery of Oil and Gas As Bangor deposition ended, deep-waterdeltaic
fromForeland Basins." sediment of the lower Parkwood Formation filled

The first part of the report summarizes the the starved basin. This deltaic system ultimately
structuraland delx_sitionalevolution of the Black pmgraded onto the carbonate bank, resulting in
Warrior basin and establishes the geochemical deposition of a destructive, shoal water deltaic
characteristicsof hydrocaflmnsource rocks and oil system, represented by the Carter sandstone. The
in the basin. This second part characterizes facies most productivehydrocarbonreservoirsin the basin
heterogeneity and petrologic and petrophysical are part of this shoal-water della system, which
properties of Carter and Millereila sandstone binned as the receiving basin shallowed along the
reservoirs. This is followed by a summary of oil bank margin. The lower Perkwood Formation
production in the Black Warrior basin and an recordsa reversal of the southwest paleoslope that
evaluation of seven improved-recoveryprojects in prevailed earlier in basin evolution and thus
Alabama. In the final part, controls on the pro- represents the first succession to enter the basin
ducibility of oil from sandstone reservoirsare dis- fromsources in the Ouachitaorogen.
cussed in terms of a scale-dependentheterogeneity Marine transgression occurred in middle Park-
classification, wood time, following deposition of Carter sand-

The Black Warriorbasin is a forelandbasin that stone, as Millerella limestone accumulated in a
fcmned by tectonic loading of the Alabama prom- carbonate platform-ramp system. Deposition of
ontoryduring late Paleozolc Appalachian-Ouachita Millerella sandstone marked continued destruction
orogenesis. The sedimentarysequence in the basin of the Carter delta plain. After this phase, the
records the tectonic evolution of the Alabama remaining parts of the starved basin fried with
promontory as well as major climatic changes, deltaic sediment. Subsidenceand continued filling
Hydrocaflx3nsomce and reservoirrocksin the basin of the foreland basin with deltaic sediment con-
range in age from Devonian through tinued as the upper Parkwood ,_ormationwas de-
Pennsyivanian. From Late Devonian through posited. Clinoformal Gilmer sandstone represents
Middle Mississippiantime, the Black Warriorbasin highstand progradationof deltaic sediment at the
was part of the passive margin of the Ouachita start of upper Parkwood deposition, whereas the
embayment. During this time, organic-rich aggradational Coats sandstone represents trans-
Chattanooga Shale, phosphatic and glauconitic gressive modification of the deltaic system. The
Maury Shale, siliceous micrite of the Fort Payne Pottsville Formation unconformably overlies the
Chert, and skeletal calcarenite of the Tuscumbia Parkwoodand Bangor Formations and signals the
Limestone weredeposited, onset of the Alleghanian orogeny. Pottsville

Foreland-basin developmentbegan at the startof deposition was characterizedby fluvial and deltaic
the Cbesterian epoch. As an orogenic forebulge sedimentationadjacent to the orogenic belts and by
formed, the Iowstandwedge of the Lewis cycle was mesotidal shelf and beach sedimentation seaward of
deposited. Deposition of the Lewis was followed by the fluvial-deltaicsystems.
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Vitrinite reflectance of the Mary Lee coal group southwest to thin, isolated lenses in the northeast
in the lower PousvtHe Formation reveals that recordssystematic evolution of the strandplalnand
thermal maturity in the Black Warrior basin in- exceptional preservation of the paleogeographic
creases from northwest to southeast. Vitrinite re. frameworkoft he shoal-waterdelta.
flectancevalues increase from0.62 percentnear the Carter sandstone in North Blowhorn Creek oil
top of the Pottsville Formation to 1.12 percent in unit representsa spit-typebeach system, composed
the ChattanoogaShale in a well near the mmgin of of imbricate, clinoformal sandstone lenses that
the Bangor carbonate platform. Deeper in the decrease in size and segment toward the
basin, to the southwest, vitrinite reflectance values southeasternterminusof the reservoir, In contrastto
also show an increasewith depth, from 0.74 percent the elongate geometryof the North Blowhorn Creek
in the upperPottsville Formationto 1.61 percent in spit complex, Carter sandstone in Wayside oil unit
Lewis shale. Burial history and time/temperature occursas a localized, arcuatebody that accumulated
index modeling indicate that conditions suitable for at the distal edge of the shcel-water delta system.
liquid hydrocarbon generation occurred between The lobate, coarsening upwardCartersandstone in
290 and 200 MA. Near the margin of the Bangor South BrushCreek oil unit reflects depositionat the
carbonate platform, shale beneath the Carter distal edge of a constructive, wave-dominateddelta
sandstone is within the liquid hydrocarbonwindow complex. The Carter reservoir in Blowhorn Creek
but below peak generationpotential. Deeper in the oil unit is a continuation of that in South Brush
basin, the same units are near the upper limit of Creek oil unit and was deposited at the distalmost
liquidhydrocarbongeneration, edge of the constructive, wave.dominated delta

Results of total organic carbon and Rock.Eval system. The Carterreservoirin Bluff oil field is part
pyrolysis analyses indicate that sufficientquantities of a string of beach systems that formed after
of type II kerogen occur in Chattanoogaand Floyd abandonment of the North Blowhorn Creek spit
shales for these units to serve as oil source rocks, complex and is the most heterogeneous Carter-
Because of volume considerationsand proximityto MiUereUa oil field in the basin, containing several
the most productiveCarterand Millerella sandstone uncontacted orpoorly contactedoil compartments.
reservoirs,the Floyd Shale is considered to be the MUlerella sandstone bodies were deposited
primarysource for oil in the basin. APl gravity of during the latest stage of delta deslzuction as car-
oil in Carter sandstone increases systematically bonatedeposition was reestablished. The Millerella
from northeast to southwest from 22' to 44', reservoir in Blowhorn Creek oil unit differs from
parallelingan increase in depth of burial. Chemical the other beach systems and represents part of a
analyses of oil show that most contain a high delta-destructive shoal massif. In Bluff oil unit,
percent of saturated hydrocarbons relative 'to Millerella sandstone exhibits a backstepping
aromatic hydrocarbons and asphaltenes, indicating relation relative to Carter sandstone bodies and
thatminimal biodegradationhas occurred, represents development of a small beach above a

Carter and Millerella oil reservoirs present the tidal inletas the deltaic strandplainwas inundated.
best opportunity for understanding reservoir her- Carter sandstone in North Blowhorn Creek oil
erogeneity in the Black Warriorbasinbecause these unit is dominantly very fine to fine-grained, mod-
units are the most productivein the basin, have the erately well-sorted quartzarenite. Despite the
closest well spacing, and have the most available quartzosenature of Carter sandstone, reservoirs in
cores, All Carter cores contain the same tripartite North Blowhorn Creek and other fields are bet-
sequence of lithofacies, including from bottom to erogeneous, owing not only to imbricate, clino-
top: (1) _ale-and-siltstone facies, (2) sandstone formal sandstone lenses and associated facies
facies; and (3) variegated facies. ,These facies are changes, but also to the presence of intrabasinal
interpreted to represent storm.dominated shelf frameworkgrains and to diagenesis. Volumetrically
deposits, shoreface and foreshore deposits, and important authigenic minerals in Carter sandstone
backshoredeposits, respectively. Beach deposits of are quartz, kaolinite, and a variety of carbonate
Carter sandstone developed on a muddystrandplaln minerals, including nonferroanand ferroan calcite,
during destruction of the lower Parkwood deltaic ferroan dolomite,/ankerite, and siderite. The
system. Although lithofacies vary little among distribution of diagenetic components in North
Carter and Millerella fields, stratigraphic Blowhorn Creek oil unit is directly related to
architecture varies considerably and is a primary depositional facies, but the present composition of
source of heterogeneity.This diversity in geometry authigenic minerals,and the nature of compactional
of beach systems from lobate bodies in the features, resulted fromburial diagenesis. Carbonate
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cemented zones along the margins of the reservoir Creek oil unit is heterogeneous. However,
and in the vicinity of shell accumulations form prediction of the distribution of these reservoir
baffles and barriersto fluid flow. Pressure-solution properties in interweil regions by routine
seams also formeffective barriersto flow and mark geostatistical methods is difficult because of the
the lower limit of oil stained sandstone in several relatively unpredictabledistribution of both detrital
cores. Wispy microstylolitesassociated with small- and authigenic clay.
scale sedimentarystructures and deformed rip-up Based on evaluation of petrophysicalparameters,
clasts increase tortuosityof fluid flow. North Blowhorn Creek oil unit can be divided

The pore system in Carter sandstone consists of areally into four zones with different reservoir
effective macroporesbetweenframeworkgrains and characteristics. The spatial distribution of these
ineffective micropores between detrital and zones closely corresponds to the depositional
authigenic clay p_rticles. The effective pore system architecture of the reservoir. The highest quality
was not enhanced significantly by dissolution of reservoir occurs in the northern part of the unit,
aluminosilicate frameworkgrains because products where clinoformal sandstone lenses are amalga-
of dissolution are redistributed locally kaolinite, mated. Fluid flow in this northern zone is favored
Further,anthigenic carbonate minerals occlude all along the reservoir axis. The southern pan of the
pores only in the vicinity of shell accumulations, unit also contains high qualityreservoir. Sandstone
suggesting that secondary porosity formed by lenses in this zone, however, are segmented and
dissolution of carbonate cement is not widespread, smaller than those in the northernzone. In addition,
Di_ and laminated clay have the most the lenses are oriented obliquely to the axis of the
detrimentaleffects on reservoir properties, sandstone body. How pattems are more irregularin

Owing to the presence of detrital and authigenic this zone than in the northernzone. A transitional
clays, only a weak correlation exists between 13o- zone with lower quality reservoir occurs along the
rosity and permeability (R2 ---0.52) in the Caner reservoir axis between the northern and southern
reservoir in North Blowhorn Creek oil unit. zones. A fourth zone, with the lowest quality
Moreover, because Carter sandstone was deposited reservoir, occurs in depositionally ulxlip areas. This
on a muddy strandplain,porosityand permeability zone is dominated by backshore deposits. The
are lower than that in beach-barriersequences that probability of uncontacted or unconnected
have been used as models for reservoir heter- compartmentsis greatestin this zone.
ogeneity.Capillarypressure data indicate thatpore- Although depositional modeling indicates that
throat size distributions typically are polymodal, Carterand Millereila sandstone reservoirs in other
reflecting the mixture of macropores and fields also are beach deposits consisting of similar
micropores in Carter sandstone. Pore-throat size clinoformal sandstone lenses similar to those in
distributionsdeterminedby empirical methods that North Blowhorn Creek oil unit, these reservoirs
utilize commercial core analysis data are similar to were deposited in smaller, muddier, less well-
distributions determined by high.pressure mercury preserved beach systems and contain more detrital
porosimetery, suggesting that capillary-pressure and authigenic clay. These differences explain why
data can be derived from routine core analyses of North Blowborn Creek oil unit is the most
Carter and other Black Warriorbasin reservoirs, productivefield in the basin. These same factors
Local, order-of-magnitudevariationin permeability also suggest that, despite similarities in depositional
occurs in some wells in upper shoreface and setting, caution should be used in applicationof the
foreshore sandstone due to grain size differences. North Blowhorn Creek reservoiras a direct analog
These grain size variationsaffect sweep efficiency for modeling fluid flow and heterogeneity in other
during waterflood because fluids are channeled reservoirsofthebasin.
throughthe high-permeabilityzones. Oil production in the Black Warrior basin of

Because of the scarcity of cores in the Black Alabamadeclinedafter reachinga peak in 1985. As
Warrior basin, porosity and other petrophysical of July1992, the basin produced9.2 million barrels
parametersmustbe determinedby well-log analysis, of oil; 7.5 million barrels of this oil have been
The distribution well-log derived parameters, extracted from the 26 designated oil fields and
including mean effective porosity, porosity-feet' units. Seven Mississippian sandstone units produce
total andeffective water saturation,and the product, oil in Alabama, including Carter, Coats, Chandler,
effective porosity times net pay thickness times Gilmer, Lewis, Millerella, and Sanders sandstones.
effective water saturation, demonstrates that the Of these units, the Carter sandstone has produced
Carter sandstone reservoir in North Blowhorn more than 90 percent of the oil extracted from
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designated oil fields and units. Two-thirds of flint likely to have resulted in byixmsing of some
oil has been extngted from the Caner sandstone producible oil in North Blowhom Creek oil unit,
reservoir in North Blowhom Creek oil unit. South particularly in the southern zone. Similar factors
BrushCreekoil unit is the only Carterfield thathas affect the efficiency of imwoved-recovery Wojects
producedsnorethan one million barrels of oil. The in other unitized f'elds. In addition, erosional
second and third most productivereservoirunits in truncationof part of the upper Carter sandstone in
the Alabamapartof the Blade Warriorbasin arethe South Brush Creek oHunit resultedin segmentation
Millerella andLewis mp/dslones, of the reservoir.

In order to sustain or increase oil woduction in Because the geological processesthat form a
the Alabamapart of the Black Warriorbasin, five sandstone reservoiroperate at a variety of scales,
Carterand two Millerella sandstoneoil fields have heterogeneity in petrophysicaland other engineer-
been unitized for waterflo_, gas injection, or a ing properties in the reservoir also is scale-de-
combination of the two wtgesses. No tertiaryor pendenL Knowledge of controls on reservoir bet-
enhancedm:overy operatitmscurrentlyare active in erogeneity at smaller scales becomes increasingly
the basin. Unitized fields, as of July 1992, include importantas field development progresses. Heter-
Blowhom Creek Mill_ella, Central Fairview ogeneity in the Black Warriorbasin is discussed in
Carter, North Blowhom Creek, Mud Creek terms of a gale-dependent classification that
Millereila, South Brush _k, South Fairview acknowledgesgigascopic, megaw.z_ic,macroscopic,
Carter,and Wayside oil units. The success of these mesoscopic, and microscopicfeaturesof reservoirs.
projectshasbeen variable. Carter and Millerella reservoirsdo not fit well into

Oil and water production patterns in North existing heterogeneity classifications, such as that
Blowhom Creek oil unit correlate well with the used in the TORISdatabase,or into commonly used
zones determined by depositional modeling and reservoir models for beach-barrier systems.
evaluationofpetmphysical parameters.Most oil has Moreover,Carterreservoirsrepresent diverse beach
beenextractedalong the axis of the reservoir in the systems in a small area, so each field needs to be
northern zone. Patterns of oil production in the characterized individually. For these reasons,
southern zone are more variable reflecting both investigators of reservoir heterogeneity need to
segmentation of sandstone lenses and changes in evaluate carefully the sedimentologi¢, structural,
orientation of the lenses. Although water injection and diagenetic characteristics of individual
began at approximatelythe same time throughout sandstone bodies to gain the fullest understanding
the unit. breakthroughis more widesigead in the of controls on oil productionand the methods that
southernzone. Channeling of fluids through high- canbest be appliedto improverecovery.
permeability thief zones or through fractures is
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ABSTRACT character of Caner reservoirs is the result of late-
.stage events during burial d/agenesis, the

The Mississippian System of the Black Warrior distributionof di_enetic features is directlyrelated
basincan be characterizedas an in_cate systemof to depositional components of the reservoirs.
sourceand reservoirrocks related to foreland-basin Patternsof oil productionfromindividualreservoirs
tectonism, climate change, and burial history. Oil- alsoclosely correspondto depositional architecture.
prone source rocks accumulated in deep, starved- Characterization of heterogeneity in Caner
basin environments under a density-stratifiedwater reservoirs through integrated sedimentologic,
column. Reservoir sandstonewas deposited in del- petrologic, and petrophye_tl modeling provides a
taic, beach, and shelf environments,and the distri- valuable supplement to engineering analysis of
butionand internal char_teristics of those deposits reservoir performance during planning and
reflect interacting siliciclusdc depositional systems evaluationof improved-recoveryoperations.
and cagbtmatebanks during an early phase of the
Ouachita orogeny. As the Alleghanian orogeny be- INTRODUCTION
gan and the basin drifted from the arid southern

tradewindbelt into the humidequatorialbelt during OBJECTIVES
Pennsylvanian time, developmentof a majorcoastal
plain favored accumulation of gas-wone source
rocks, includingcoal. Oil productionfromCarboniferousreservoirs (fig.

More than 90 percent of oil produced from the 1) in the Black Warriorbasin of Alabama (fig. 2)
Black Warriorbasin in Alabamawasextractedfrom reacheda peak in 1985 (Masingill, 1991) and has
Cartersandstone. Most of that productionis from a declined in recent years although much additional
belt of lensoid, quartzareniticbeach deposits, which oil may be woducible using improved recovery
were part of a shonl-water deltaic complex develo- strategies, such as waterflooding, chemical injec-
ped along a _te bank margin. The remaining tion, strategic well placement, and infill drilling.
Carterproductionis fromlobateand elongate sand- High-qualityreservoircharacterizationand reliable
stone bodies deposited in constructive deltaic lobes criteria for recognitionof the types and scale of res-

ervoir heterogeneityare crucial to development ofto the southwest. Reservoirs within the shoal-water
deltaic complex consist of imbricate sandstone enhanced recover), strategies, because reservoirs
lenses with variablegeontetryand distribution. For typically contain numerous featuresat megascopic,
example, sandstone in North Blowhorn Creek oil macrow,opic, mesoscopic, and microscopic levels
unit, which accounts for two-thirdsof total oil pro- that affect fluid flow (Webeg, 1986; Haldorsen and
duction was deposited in a spit complex consisting Damsleth, 1993). Previous investigations concern-
of a seriesof clinoformal lenses thatdecreasein size in8 the Black Warriorbasin have been regional in
toward the soutitea.sternterminus of the reservoir, scope, addressing the large-scale depositional set-

ring of reservoirunits (for example, Cleaves and
Smaller, less productivereservoirsrepresent a spec= Broussard, 1980; Cleaves, 1983; Thomas, 1988).
trumof delta-destructivebeach systems.

Shorefaceand foreshore deposits contain the best Bearden and Mancini (1985) and Epsman (1987)
interconnectedpore system, whereas backshorede- establishedsalient featurespertinentto hydrocarbon
posits have abundant depositional and diagenetic production at the field scale, such as trapping

mechanism. Because oil production in the basin is
baffles andbarriersto fluid flow, lower effective IX)- declining, secondary recovery projects have been
rosity, and higher water saturation. Pore and pore- initiatedin severaloil fields, and improvedrecoverythroat size distributions in reservoirsandstone are
polymodal owing to a mixture of effective inter- utilizing advanced technology is being considered,
granular _ity and ineffective micropoms- this report, which documents controls on the occur-
ity in authigenic and detrital clay. The combined fence and producibility of oil from heterogeneous
effects of variation in grain size and in the abun- Carboniferousreservoirs in the Black Warrior tin-
dance of clays result in local order-of-magnitude sin, is timely.

_ok sandstone evaluated in this investiga-
scale permeability contrasts within shoreface and

tion was depositedin beach systems that were We-
beach deposits that affect sweep efficiency. Zones

served as part of a muddy, destructive, shoal-watercemented with ferroan dolomite formed around
delta complex. This type of reservoir, whichshell am:umulafions are discontinuous barriers to

fluid flow. Although the present diagenetic consists dominantly of clinoformal sandstone
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lenses, is poorly documented in the literatme and evaluation of seven imwoved-recovery wojects in
differsgreatly from the beach-barrkr delx_ts that Alabama.
serve as the basis for commonly used reservoir The final section of the reportdiscusses controls
models (Shanna and others, 1990a,b; Szpakiewicz _:mreservoirheterogeneity,using a modification of
and others. 1991; Schatzinger and others, 1992; _he scale-dependent classification o( Moore and
Jacksonand others, 1993). Thus, resultsof this in- Kugler (1990) (fig. 6). Scales of heterogeneity
vestigation are pertinent not anly to reservoirs in include microscopic, macroscopic,mes_c, and
the Black Warriorbasinbut to those in otherbasins megaacopic features of a reservou'. Microscopic
as well. heterogeneityoccurs at the scale of wires and pore

Of 123 fields that produce conventional hydro- throats. Mesoscopic heterogene;,ty represents
carbons and coal-bed methanefromPaleozoic sand- featuresthatoccur at an inte.rweHto borehole scale.
stone reservoirs in the Black Warriorbasin of Ala- Macroscopic heterogeneityrepresents features that
bama, 26 are designated oil fields or units and restrict fluid flow and occur among two or more
produce from 33 pools in Cadgmiferous strata (fig. wefts. Megascopic heterogeneity is the reservoir,
3). The basin primarilyis a gas basin. Cumulative namely a Ixxly of permeable reservoir rock
oil production, as of July 1992, from the 26 surroundedby impermeablenonreservoirrock. In
designated oil fields and units in the Alabamapart addition to these four commonly utilized scales of
of the basin is 8,305,741 stock tank barrels. An heterogeneity (for example, see Lake and others,
additional 932,420 stock tank barrels have been 1991), an additionalcategory, the gigascopic scale,
produced from gas fields and from wells that are was found to be particularlyuseful for explaining
now abandoned. The Mississippi pan of the,basin variationamong reservoirsin the basin. This scale
has 17 active oil fields that produced 1,110,747 of heterogeneity incocpmates those features
barrels of oil, as of December 1991, from 29 encompassingseveral producing fields in a
Mississippiun sandstonepools (fig. 3). In Alabama, reservoirunitto entiresedimentarybasins.
six Mississippian sandstone units woduce oil. The This is the final summaryreporton DOE contract
Cartersandstone is the most prolific of these units number FG22-90BCI4448, entitled "Character-
and has woduced 91 percent of the oil extracted izadon of Sandstone Heterogeneity in Carbon-
from the 26 designated oil fields and units in ifemusReservo/rs for lncreasedRecovery of Oil and
Alabama (fig. 4). A single unitized field, North Gas From Poreland Basins." This volume consists
Blowhom Creekoil unit,has wod_ two-thirdsof of the final report for the entire woject except for
that oil (fig. 5). Seven oil fields in ALabamahave Subtask4 which will be completed in June of 1993
been unitized for wetedlood wojects. No tmiary with the submittalof a computertape for the TORIS
recoveryprojects are active in the Alabamapan of databasefor oil fields in the Black Warriorbasin of
the basin, although a pilot woject using microbial Alabamaand Mississippi. This reportincorpccmt_,
recovery in the southern pan of North Blowhorn and adds to, results of Subtask 1 (outcrop studies;
Creek oil unit is planned (Gulf Coast Oil World, Pashin and others, 1991) and Sublask 3
1992). Watefflood projects in some unitized oil (characterizationof North Blowhom Creek oil unit;
fields, such as North Blowhorn Creekoil unit, have Kugler and Pashin, 1992). In addition to this
been successfuLHowever, others have encountered volume, digitalmap data and digitalwell logs used
problemsor have haddisappointingperf--, in this investigation are available at the Geological

This reportcharacterizesheterogeneity in Carter Survey of Alabama for use with a petroleum-
and MUlerella sandstoneoil reservoirsin the Black orientedgeographicinformationsystem (GIS).
Warriorbasin of Alabama. The firstpan of the re-
port is a regional synthesis of the structuraland METHODS
stratigraphicsetting of the Black Warriorbasin, as

well as of the geochemical characteristicsof hydro- In ruderto characterize_eneity in Carbon-
carbonsourcerocks and of oil in the reservoirs.The iferous reservoirs in the Black Warrior basin, this
second part of the repc_ deggibes depoaitional fa- investigation employed a multidisciplinary ap-
cies, petrologic character, and peuephysical prop- proach that incorporated stratigraphic, sedimen-
erties of reservoirs in North Biowhorn Creek oil tologic, petrologic, Seochemical, petrophysical,and
unit and otheroil fields in index to characterizeres- engineering dam. Characterizationof oil rcsavoirs
ervoirheterogeneity.This is followedby • summary in the Black Warrior basin requirescollection and
of oil production in the Black Warriorbasinand an analysis of data ranging from basin- to pore-scale.
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Butn.wtda _¢-gtle) _g utnbll_ deposittoul hktc_.'yand identify the controison the
the spatialdistributionof _ttional envtnmments distributionand characterifdcsof Cadmnffemusoff
and tectonic setting. Organic geochemical datacol- re_uvo_ in Alabam.
lected for char__on of oil _mmr,e rocksalso Havingcompletedregionalfaciesanalysis, It de-
requires integration of informationat a _ic tailed sedtmentolo_icmgiy of Carterand MUlereila
scale. Field-gale (me_¢.gale) data are re- _ oHreservoirswas conductedin nec,heut.
quired to de_ the overall architectureof the ernLamarand northwesternFayetteCounties, Ala.
re_otr. These mepgoptc scale data _ areused bama, where more _ 80 percent of the oil from
to de_ the _ of _aller-scale hetem, the Black Warrior basin is produced. Lithology,
geneitles that affect fluid flow and woducdon. _.size trends, stratificationtype, and sedtmen-
Mesoscopk-scale data are collected to characterize tary structureswere described from 11 cotes, and
spatialvar_qttionin wo_es within _oir enits, lithofucles wea'edex_. To determine the distflbu-
including bedding type, uxlimen_ ingturu, don and internal architectureof _ and Miller-
sandstone frameworkcompmition, and diegenetic ella reservoirs, a net-_ isolith map was
c_ter. Mk,mecapic-scale data characterizeas. msdefor each reservoir,and several crms sections
pects of the remavoirimportantto fluid storageand using the closest well _ktg possible were made.
movement,such as pore gemne_, ixn-thmat size, Well-log and core data were then integrated to de-
and clay mineral _position and n_logy. The velop a delx_itional modelforCarterand MUlerella
divine scalesof _otr hetm_enetty influence oll _otn.
_ucdon differentlyat various stages of field de- Two wells, one from near the North Blowhorn
velopment. In _, heterogeneities importantto CreekOil Unit (PN2191) and the other fromnorth.
production dec_ in size as field development em Fickens _ty (PNI780), were selected for
progresses from _ to tertiary recovery study in orderto assess differences in thermal matu-
(Jacksonand others, 1993). Methodologies used in rationand bistro7 in shallow (PN2191) and in deep
this investigation reflect these dtfferenca in the (PHI780) parts of the Black Warrior Basin. Sam-
type of data requiredfor the diverse stages of field pies of cuttings sets from these wells were used in
development, vitrinite reflectanceandRock-Eval pyrolysis.

Stratigraphicand_dimentologic characterization Samples for vitflnite reflectancewerecrushed to
of Carboniferousoil reservoirsin theBlackWarrior minus20 meghsizeandthenembeddedin epoxyto
basin of Alabanm employed subeurfacetechniques, createa pellet. After polishing, the pellets were al-
Geophysicalwell logs are numerousin the Black lowed to dry in a desiccator for at least 24 hours.
Warrior basin and, alongwith cons and cuttings, Reflectancemeasurementsweaemadewitha Nikon
provide the principalbasis for undmtanding facies Pl photometermountedon a Nikon Mlcraphot-FX
heterogeneity.Five major rock types that have dis- compound microscope. Data were mllected using
tinctive geophysical signatures were idmtified in PHOSCAN 3, a PC compatible pmgtmn developed
the well logs on the basis of bulk density, density by Nikon. Typic_ly, 40 meamuements were made
porosity, neutronInmity, gamma count, resistivity, for each sample. However,many samples had low
and Spontaneo_potential. _rock typesare: (1) organic content which made attaining this level
coal, (2) shale, (3) limestone, (4) porous (reservoir) difficult. Vitrinite particles that mum be attributed
sandstone, and (5) tight sandstone. Porous sand. to caving of younger units were not included in
stone is distinguished from tight sandstone on the eitherthe counts or the histograms.Material idanti-
bests of crossing of the neutron, and density-pores, fled as reworkedvitrinitewas not positively encoun-
it)' curves. A detailed discussion of log interpreta- feted. This is probablybecause the parent rock was
tions used in this study is available in Pmhin and most likely eithercrystalline in natureor was of an
others(1991). age Wior to the development of plants with woody

To Ixevide reg/onal pmpective, s netwoA of tissue.
cross sections _ on sample de_riptiom and Lolxttin's_, 1971; Waples, 1982)method
interpretedgenphysical well logs was made to de- for computingTime/TemperatureIndices G'TI)was
termine facies patterns and matal gcometry.Log usedto assess the thermal and burialhistory for the
patternswere interpretedand usedtomakea struc, mratigraphic sequence of each of the two wells
teral contour map of the top of the Tuscumbia studied. Decompactedburial curves were generated
Limestone. Isapach maps and net-sandstone isolith using compaction constants based on studies by
mapsof each majorstratigraphicintervaland reser- Sclater andCristie (1980) and Schmokerand Halley
voir sandstone unit were made to determine (1982).
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Sixteen samples from the PN2191 and PNI780 lm7-_ dataobtainedfromhigh-pressuremet-
wells, were collected andsent to theU.S. Ck_logical cur), pegmimetry were used to characterize pore-
Survey OripudcOoochemlstry La_ In Den- ti_roatsize distributions and their relationships to
veT,Colorado,where the sampleswere analyzedfor pore types. A Micromedtics Autcqxn II 9200 was
total organiccarbon andketogentypeusingRock- usedfortheseanalyses,followingtheprocedures
Eval pyrolysis.Twenty-threesamplesof oil fields Kopmka.Metkel(1991). Mercuryintrusionvolume
also were mutlyzed by this laboratm7 for gross was monitored from 1.5 to 20,000 pstL Thin sec.
chemical composition. API gravity data were tions were made from the ends of plugs used for po-
compiled from Alabama State Oil and GasBoard rositymeasurement.All pomsimetrysampleswere
records, clem_dby refluxingmoluenein a Soxhletextractor.

Framework.graincompositionand diagenetic Sampleswae also cleanedwith cMoroform m
characterof CartersandstonefromNorthBlowhorn necessmy.
Creek oil unit was determinedby modal analysis A geo_ohlc informationsystem (GIS) that in.
with a standardpetrographicmicroecoSpe.Approxi. corporatesall wells in the Black Warriorbasin of
mately300 points were kleattfled in each of 75 thin Aialxnmawas Weixnd for this investigation using
sections. Generally, the composition of more than OeographixExplorationSystem vasion 7 software.
200 frameworkgrains in each m.nple was deter. This OlS system contains a d/gitai land grid en-
mined using this Wocedure, Three.hundred thin compassing 15 counties and the locations of more
sections of Cart_ and Lewis sandstonewere exam. than 2,500 conventionaloil and gas wells and ap-
ined qualitatively. Particularattention was given to proximately5000 coalbed-methane wells, as well as
relationships between authigenic minerals and oil and ps field boundaries.Basic header informa-
pores. All thin sections were back-wessure impreg- tion for each well, including State Oil and Gas
nated with blue.dyed epoxy to facilitate tdentifiea. Board of Alabuta permit number, API number,
tion of poretypes.Thin sectionswerestainedalso well name,well status,operator,field name,pro-
with zdizaxinred-Sand poumium fen_eyanide,ac. ductiveunit, totaldepth,and availablecores,was
cordingtoe the methodof Bvamy(1963) to aid placedina databaseassociatedwith thedigitalmap.
identification of _ minerals. X-ray diffrac- Additional information was added to the database
tion analysis of selected, unrented whole-rock for fields examinedin moredetail in this investiga-
powders coaobmled mineral identification. The tion. These data includefluid Ixoduction and injec-
morphololy, distribution, and composition of tion volumes, core mudyses,well-log derived _-
authisenic minerals and pores were evaluated with ity and fluid saturations, initial production tests,
a scanningelectronmiamco_, using secondary- depthsof unit boundaries,and digital well logs.
electron tmases of gold-palladium coated, freshly Contour and bubbb mal_, cross sOcttom_,and
broken rock surfaces and beck.electron volumetric determinationsutilized information in
images of carbon-coamt, polished thin sections, the GIS datalme.
Qualitative ener_-dispa_ve X-ray analysis aided Spontaneouspotential, gamma ray, caliper, deep,
mineral identification, Concentrationsof calcium, medium, and shallow resistivity, neu,_ronggrosity,
iron, magnesium, manganese, and strontium in anddensity pmosity logs were digitized through the
authlgentc csrbonate minerals were determinedby apwowiate reservoirintervals in aPWOXimately300
eleclxon-probemicrtxut_ysis, using Bence.AIbee wellsusing Schlumberger/Geo_raphixQLA2 well.
routines for data reduction. Stable carbonand oxy. log analysis software.Pmmity and water saturation
gen isotopic analyses were performed on authigenic ware computed using a dual.water model (Clavier
siderite, calcite, and ferroandolomlte/a_erite by a and others, 1984; Asquith, 1989). Clay vohunes
commercial _, using standm'dprocedures (Vcl) were detmnined fromgamma ray curves. Rw
and multiple-extract/on methods for samples con- values for each field were obtained from Schlum-
udning more than one carbonatephase. Replicate bergerand cross checked with water chemical data
analyses were runfor severalsamples, on file at the State Oil and Gas Board of Alabama

Porosity and pameability data from all available and by the method of EIphick (1990). Although it
commercialcote analyses forwells within oil fields has been shown that Rw can vary significantly
were compiled for comparison with core descrip- within a single reservoir (Szpakiewicz, 1993;
tions, petrographicdata, and high-pressuremercury Sharmaand others, 1993), a single Rw value was
porosimetry. Selected data hem North Blowhom used in computations for all wells in each field be-
Creek oil unit are discussed in this report. Capil. cause of limiteddataavailability.
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REGIONAl, GEOLOGIC been inmpreted m detached mocmres miami to
FRAMEWORK decollements that romp blindly upward from Cam.

brian shale(P.odgm, 1950;,Thomas,198_).
Southwestof the homocline,structuraldip in.Cadxmffmms strata of the Black Warrior basin

creases markedly, and strata are dispkced by as
have long been understoodto relZresen_interaction much as 1,000 feet along normal faults striking
of sfliciclasttc and ¢21dxmatedepositional syslems northwest to west (fig. 7). Most faults dip and are
during an early phase of the Ouachita molpmy downthrown to the southwest, but several faults
(Thomas, 1972a, b, 1974). This Ouchita phase with displacementlarger than 300 feet have an an.
continuedinto Penmylvanlantime, when AlqlMa- tithetic complementthat defines long, nmow
chian wogene_ also begin _ec_g the basin
(Thomas, 1988; Pashin, 1991). Recent investigators grabens. Fault length and displacement generally

increase sonthwestward, and major faults contain
have built on this genml theme and have found a fanlt-lxmndanticlines, or roUovet smlctu_, in the
distinctive relationship between the clumlcteristics hanging wall. These faults generally pmdlel the
of Carboniferous reservoirs and the evolving lec. Ouachita oroBmtc belt and are thus intmlz_ted as
tonic and sedimmtolo_¢ frameworkof the basin the result of flexural extension (Bradley, 1991)
(Cleaves and Bmmsard, 1980, Hlu/nbutimm, cwmMby defcnnational loading near the southwest
1986; Pashin and Kugler, 1992). The following margin of the Alabemapremontocy.
sections review the basic characteristicsof _- Tbe pre.mopnic continental marion affected
iferons strataand establish the setting of the winci- profoundlythe evolutionof the Black Warriorbasin
pal oil reservoirs with respect to tectonic and (11tom_ 1988) (fig. 2). The southwest edge of the
sedimentologicevents. Alah,_mapromontoryhas beea interpretedas a pas-

sive margin formedby transformfaulting(llmmas,
STRUCTU-RE AND TECTONICS 1991). In Mtssissippian time, oblique conv_

of a microcontinentalisland arc with the Womon-
The Black Warrior basin is t late Pal_ fore- toryc_,ed the ,.totem part of the Ouachita trough,

land basin formed by tectonicloading of the Ala. thus forming an active margin (Thomas, 1976;
bamacontinental womontory during Appalachian- Viele and Thomas, 1989). Closure and concomitant
Ouachltaorogeneeds(Thomas, 1977; Beaumontand collision thrust an accretionaryprism onto the for.
others, 1987, 1988; Hines, 1988) (fig. 2). Paleozolc met' transfmmmargin, tlawebyhelping wovide the
rocks are eximsed in the eastern pan of the basin, tectonic load that formed the Black Warrior
and the westernpen is below as muchas6,000 feet forelandbasin.

of Mesozoic and Cenozoic ovedmrdm of the Mis. Tectontsmproceededdifferentlyalong the south.
sissippi Embayment and the Gulf Coastal Plain. east side of the Alabanmlxomonto_. The Birmlng-
The Black Warriorbasin is triangularIn plan and hamgmben(fig. 2) is a riftedhalf grabenthatlocal-
formed along the juncture of the Appalachianand ized thrustramps in the Appalachianorogenic belt
Ouachita mogenic belts G'lmmas, 1973, 1985a; (Thomas, 1985b, 1991). The cratonlc character of
Hale.Ehrlich and Coleman, 1993). EarlyCambrian slrata in the Appalachian thrust belt contrasts
rifts, which strike northeast,help define the stronglywith theoceaniccharacterof thosein the
boundaries of the basin (Thomas, 1991), Northwest Ouachita belt, reflecting the maturity of the Appala.
of the basin is the Mississippi Valley graben,which chian orogen. Convergenceeast of the IXtXnonto_
strikesperpendicularto the Ouachitaorogen,and beganin MiddleOnloviciantimeduringtheBloun.
southeast of the basin is the Birmingham graben, taln phase of the Taconlan orogeny (Ettensohn,
which is below and parallels the hontal structures 1990). Basement faults remained active through
of theAppal_ldan mollen. Mississipptan time Glmmas, 1968; Thomas and

A structuralcontour map of the lop of the Tus. Neathery, 1982), and during the Early Pennsylva.
cumbia Limestoneestablishes the major structural nian Lackawanna phase of the Alleglumlan oro.
relationships in Alabama (fig. 7). The Tuscumbla 8enY, blind thrusts evidently Wolmgated into the
Limestonedips uniformlysouthwest in the northern sedimentarycover above the rift structures(Pashin,
pan of the study area, forming a homucltne that is 1991; Pashin and Carroll, 1993). The Black War.
transitionalfrom the Nashville dome to the Black riot basinhadeffectively been protectedfrom Appa.
Warriorbasin. Appalachianfolds are present along lachian tectonism by the graben (Thomas, 1974),
the southeastmarginof the homocline. These folds but during Pennsylvanlan time, the Appalachian
formed during the Alleglumlan orogeny and have flexural moat impingedon the basin, and orogenic
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Figure7.--Structuralcontourmapof the topof lhe TuscumbiaLimestone.
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sediment flay entered the basin from the east tic rocks (Conant and Swanson, 1961; P.heamsand
(Pashin, 1991). Neathery, 1988). The shale is easily identified in

After the Alleghanian orogeny, the basin was tin- gamma-raylogs becauseof extremely high radtoac-
roofeduntil the Late _s, when strataof the dvtty. The radioactivesignatureof the Chattanooga
G_ Coastal Plain and the Mississippi embayment and equivalent stratahas provided a basis for sub-
began to accumulate. Development of the coastal dividing and correlating homogeneous black shale
plain and embaymentsignal a transition to an ex- throughoutthe Appalachianregion (Fttensohn and
tensional _tonic resime related to rifting and others, 1979), but a detailed internal radioactive
opening of the Gulf of Mexico. As Mesozoic and stratigraphyhas yet to be developed for the Black
Cenozoic sediment was deposited, the Black War- Warriorbasin,
dot basin was tilted southwestward _as, An isopach map of the ChafmnoogaShale in
1988). An importantresult of basin tilting was loss _ is available in Rheams and Neathery
of closure within the fault-boundanticlines (fig. 7). (1988). The shale is generally thinner than 40 feet
Instead, most of these structuresnow close against and is locally absent (fig. 9). In the northernpart of
faults. Throughout the Black Warrior basin, fault the studyarea, however, the shale is locally thicker
closure acts in mn_rt wid_stratigraphicandd/age- than40 feet, and in southern_aloosa County tl_
netic f_tors to make the principal hydrocarbon shale reachesa maximumthickness of more than80
traps(Beardenand Mancini, 1985). feet. Nearly all oil from the Black Warriorbasin is

producedfrom_ where the shale is thinner than
STRATIGRAPHY AND 15 feet.

SEDIMENTATION The Brookscore is the only available continuous
core of the ChattanoogaShale in the Black Warrior
_n (fig. 8). The shale overlies dlsconformablyan

The major hydrocarbon source and reservoir unnamedMiddle Silurian carbonateunit containing
rocks in the Black Warriorbasin range in age from abundant_imens of the pentamertdbrwhiopod,
Devonian through Pennsylvanisn and are pans of Chonchidi_ sp. The Chattanooga consists of
the Kaskaskia and Absaroka cratonic sequences of black, fissile shale with wavy, gradedsiltstone beds
Sloss (1963). These sequences record the tectonic containingcurrentripples, horizontal laminae, and
evolution of the Alahanut promontoryas well as feeding burrows. Fossils in black shale are dotal-
major climatic changes. According to paleognog- hated by the alp, Tasmanites, and some siltstone
raphicreconstructions,the Black Warriorbasin was beds contain sand-sizecrinoid ossicles.
in the southern tradewindbelt at an approximate Rich (1951a, b) recognized the continuity of
paleolatitudeof 30' S. during UpperDevonian time

Chataquan black shale which is now thought to
(Scotese, 1990). By the Early Pennsylvanian, how- have extended from Hudson Bay through Alabama
ever, the Pangaea supercontinentwas assembling,
and the Appalachian region had drifted northward to Arizona (Heckel and Witzke, 1979). He was
into the equatorialbelt as causing a shift from mid among lhe first to arguecogently in favorof a deep-
carbonatebanks and coastal plains to humidcoastal warm"origin for the shale and recognized that

coarse elastic sediment in the Appalachian basin
plains with major conl.fmming peat swamps(Cecil, progradedinto the black.shale environment.Indeed,
1990). The following section discusses the bask the shale was deposited on an euxinic forelandha-
characteristicsof Devonian throughPennsylvanian sin floor that formed in response to the Acadianrocks in the Black Wan'ior basin of _ and
shows l_ow interwoven tectonic and climatic vail- orogeny (Byers, 1977; Ettensohnand Barton, 1981;
ables produced an intricate system of source and Ettensolm, 1985a, b).
reservoirrocks. Anoxta end low sedimentationrateareconsidered

the principal factors that faveml preservation of

CHATTANOOGA SHALE black, fissile shale that is enriched in oil-prone
kerngen, including Tasmanite_. In the Black War-
rior basin, the Chattanoop representsaccumulation

The Upper Devonian (ChatglUun) Chattanooga of legs than 80 feet of black shale in approximately
Shale (fig. 8) forms the base of the Kaskask/a se- 7 million years. The graded siltstone beds are typi-
q_ in the Black Warriorbasin and is composed cal of storm-generatedturbiditesin Devonian black
mainly of black, fissile, pyritic shale. The Chat- shale (Fttensohn and Barton, 1981; Pashln and Ft-
tanooga dlsconformablyoverlies Upper Ordovicisn
through Middle Devonian carbonateand silictclas- tensohn, 1987), and feeding burrowssuggest that

most of the shale was deposited in the dysaerobic



FlBure8.--MeasuredsecdonofSilurianthroughbasalChesterianrocksintheBlack Warrior basin.
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zone. The sand.size echinoderm ossicles in some oxygenationof the basin floor is intmpretedto have
siltstone beds may represent stuntedcrinoid faunas been the preliminarystage in developing substrates
reworkedby storm-inducedflows, suitable for habitation by the calcareous benthos

A dysphotic to aphotic depth favors preservation that built the Mississippian _te banks of
of organic matter in an open-marine environment northAlabama.
with extremely slow sedimentation, and therefore, Development of regional unconformities during
clear water.Proximity to the passive margin of the Mamy deposition also indicates a change from a
Ouachita embayment (fig. 2), moreover, indicates passive margin to an active one along the Ouachita
that the Chattanoogaof the Black Warriorbasinac- embayment. Tectonism along the western side of
cumulated on a shelfal extension of the Acadian the emhaymentmay have begun in the Middle De-
foreland basin floor. Perhaps the shale represents voniun, but the major collision took place near the
sedimentation within a continental extension of an Devonian-Mississippian transition and continued
oceanic oxygen-minimum zone that may have ex- into Kinderhookian time in that area (Johnson,
isted in the Ou_achitaIronghduringLate Devonian 1971). Cratonwardbulge migration or continental
time. braking (Dickinson, 1977) may have been respon-

sible for the unconformitiesduring Maury deposi-
MAURY SHALE tion. Hence, the MamryShale signifies far-field

effects of the startof theOuachita orogeny.
The Maury Shale sharply overlies the Chat-

tmtcg_aShale and is the basal Mississippianunit in FORT PAYNE CHERT AND TUSCUMBIA
the Black Warriorbasin. The MantTcontains a late LIMESTONE
Kind_ to early Osagian ctmotkmt fauna
0kahovzal, 1967); early KindmhtxJkianstratahave The Fort PayneChert is composed dominantlyof
not been identified definitively in the Black Warrior dark brownish-graysiliceous micrite and bluish-
basin. Indeed, the Cha_-Maury contact may gray nodular chert containing abundant fenesuate
be disconformablein places (Conant and Swanson, btTozouns, crinoid ossiclos, and articulate brachi-
1961), and disconfonnities have been identified on opods (Butts, 1926; Thomas, 1972a; Thomas and
the basis of biostratigraphicdata within the Maury others, 1979) (fig. 8). Siliceous sponge spicules also
Shale as well as equivalent strata in the southern are common in FortPayne micrite. Conodonts indi-
midcontinent(Ham andWilson, 1967). care that the FortPayne is Osagian in age (Rap_l,

Maury Shale is composedof greenish-gray,glan- 1979). The Tuscumbia Limestone gradationally
conitic shale with phosphatenodules and separates overlies the Fort peyne, is composed dominantlyof
the Chattancm_ Shale from the Port Payne Chert light gray skeletal calcarenite, and contains fewer
(Conant and Swanson, 1961; Thomas, 1972a; chert nodules than the Fort Payne (Thomas, 1972a;
Welch, 1978) (figs. 8, 9). The shale is generally 2 to Fmher, 1987). Caliche zones have also been identi-
3 feet thick, is locally absent (Thomas, 1972a; fed in the Tuscumbia(Fisher, 1987). Faunas in the
Rheamsand Neathery,1988), andis thus difficult to TuscumbiaLimestone are diverse and include echi-
identify in the subsurface (fig. 9). In the Brooks noderms, corals, bryozmns, and brach_.
core(fig. 8), the MauryShale contains 12 inches of Conodonts indicate a Meramecian age for the
poorly fissile, medium gray shale with sharp con- Tuscnmbia(R_i, 1979).
tacts and abundantfeeding burrows. Some burrows Fort Payne Chert and Tuscumbia Limestone are
are fdled with phosphate, and the contact with the difficult to separateusing geophysical well logs and
FortPayneChert is gianconitic, were thus mapped together in the subsu=face(figs.

The IMam',/Shalerepresentsa transitionfrom the 8, 9, 10). In the northeastemmostpan of the study
euxinic basin of the Chattanooga Shale to the car- area, the isopach interval also includes the Mera-
bonate banks that dominated Mississippian sedi- mecian-Genevievian Monteagle Limestone. These
mentation in the Black Warrior basIn. Presence of formationshave a combined maximum thicl_ess of
organic-poor Maury shale above the black Chat- more than 450 feet in the northeastand thin south-
tanoogaShale suggests that the basin floor was tea- westwardto less than25 feet (fig. 10).
sonably oxygenated, perhaps partly by shallowing, As these units thin southwestward, Tuscumbia
and abundant phosphate nodules suggest that up- calcarenitegrades into a chert facies that cannot be
welling currents Iraversedthe basin floor. Concen- distinguished from the Fort Payne Formation
tration of phosphate and giauconite in the Manry (Thomas, 1972a; 1988; Thomas and others, 1979).
also indicates slow sedimentation. Regional Spacing of isopach contours northeast of the 250-
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Figure lO,--Isopach map of the combined Fort Payne Chert and Tuscumbia Limestone.
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foot contouris genet_y uniform(fig. I0). The 200- PRIDE MOUNTAIN FORMATION AND
through 250-foot contours are widely spaced, but HARTSELLE SANDSTONE
southwest of the 200-feet contour, stratathin mark-
edly. The lO0-font contour follows the trace of a The Pride Mountain Fmamtion and Hartselle
majorfault,and southwest of thatfault, contourpat- Sandstone are Chesterian (Genevtevlan-Homber-
terns are irregular.Across the northwestpan of the glan) in age (Drshovzal, 1967; Burdickand Strim-
fault trace,the combined FortPayne and Tuscumbia pie, 1982) and com_ three cosmeninii-upward
Formationsthin by more than 75 feet. shale-sandstone-limestone cycles that are named In

The Fort Payne and Tuscumbia Formations ac- ascending order the (1) Lewis cycle, (2) Evans CY-
cumulated on a carbonate ramp with three major cie, and (3)14mselle cycle (figs. 11, 12). Southwest
parts. The principalregion of calcaronite accumu- of wherethe HartselleSandstonepinches out, strata
lation is northeast of the 200-feet contour and is equivalent to the Pride Mountain and Hanselle
thus considered the upper ramp, and wide spacing Pormations are included in the Floyd Shale. The
of the 200- through 250-feet contourssuggests that shale, sandstone, and tlmestone of the Lewis cycle
the base of the upperramp formed a ledge (fig. I0). are extremely widespread, whereas the two upper
Calcarmite interflngerswithmlcrlticrocksinthe cyclescompriNclinofmmalpmasequencesetsthat
belt wherethe formationsthin from200 to 100 feet, pass southwestward from more than 350 feet of
thereby defining the middle nunp, whereas pro- shale, sandstone, and Hmestone into less than 50
dominance of micritic rocks in the fault.boundarea feet of black shale that is included in the lloyd
southwest of the 100-ft contour defines the lower (Neal) Shale and contains radioactive zones (fig.
tamp. 12).

Skeletal calcarenite wi_ some caliche in the
nm'dteastindicates that the upper ramp was an ex- LEWISCYCLE
tensivec,arbolmtesand bank with isi"""""'_ds_as,
1972a, 1974, 1988; Fisher, 1987). By contrast,sili- The Lewis cycle contains the Lewis sandstone,
ceons micrite with sponge spicules in the southwest one of the principal hy_ reservoirs in the
indicates the lower ramp was characterized by Black Warrior basin (Epsman, 1987), and is as-
deeper, open-marine environments where cool signed to the Genevievian and _ stales of
water prevailed throughout Fort Payne-Tuscumbia the Chesterian Series (Drshovzal, 1967; Thomas
deposition (Thomas, 1976; Pashin and others, and others, 1979; Maples and Waters, 1987). 11re
1991). The abundant crinoids, bgyozcans, and vertical sequence of the Lewis cycle is typical of
brachiopodsin the chert-richfacies, moreover,indi- Chesterian rocks in northwest Alabama, but car-
care thatthe lowerrampwas richin oxygen and nu- bonate and sandstoneunits in the cycle are unusu-
trients. Upwelling of oceanic water from the ally widespread, forming a veneer of sedimentary
Ouachitatroughis thoughtto be a primarysourceof rock less than 150 feet thick that extends across the
silica in the FoR Payne Formation (Gutachickand studyarea(figs. 9, 13, 14). Internally,that veneer is
Sandberg, 1983) and fostered nutrient-richhabitats quite hetwogeneous (figs. 9, 13) and contains d/-
across the ramp. verse carbonate and siliciclastic lithofacies, which

Uniform spacing of contours in the northern part have been discussed in detail by Pashin and others
of the study area(fig. I0) indicates that, by the end (199 I).
of Tuscumbia deposition, the upper ramp dipped Thickness of the Lewis cycle is related to the Fort
homoclinally southwest and that depositional topog- Payne-Tuacumbiaramp in three majorways. In the
raphywas largely the productof sedimentaryrather eas_rn part of the studyarea, the cycle is less than
than tectonic processes. Conversely, the irregular 50 feet thick, and the Lewis isopach pattern has no
isopach pattern southwest of a major fault trace relationship to the Port Payne.Tuacumbiapattern
suggests that faulting was a key factor that differen- (figs. I0, 14). The Lewis cycle thickens to more
tiated the middle and lower ramp at that time. Of- than 75 feet in the northwestpan of the study area,
iv_ (1988) suggested that, although most mrmal where isopachcontours cut squarelyacrossthose on
faults in the Black Warrior basin formed during the Fort Payne-Tuacumbiamap. In the southwest
Ouachita orogenesis,somemajorfaults may have partof the studyarea.the Lewiscycle thickensto
been inherited from Early Cambrian extension, more than 100 feet ac_rcesthe upper part of the
Evidence for local fault control in pre-omgenic middle ramp(figs. 9, 10, 14). However, thickness of
strata of the Fort Payne Chert and the Tuscumbia the Lewis cycle is not related to the majorfaulttrace
Limestone suplxr,s this hypothesis, thataffected FortPayne-Tnsctm,bia sedimentation.
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Figure1l.--IdealizeA geophysical well log showingstrattgnlphyof the PrideMountainFormationandthe
HartseHe Sandstone.

Although the Lewis cycle is widmptmd, sand- the middleand lowerramp(fig. 9), and the elongate
stone is presentonly in the westernpartof the study sandstone bodies parallel strike of the ramp (figs.
area(fig. 15).InAlabama,thesandstoneisquartz- I0,15).
areniteandisrestrictedtotwomainareas.The first The transitionfrom the upwelHng-dominated
correspondswiththickeningoftheLewiscyclein rampoftheFortPayneChertandTuscumbiaLime-
thenorthwestpertofthestudyarea(figs.14,15), stonetothecyclicsuccessionofthePrideMountain
whereLewissandstoneisthinnerthan25feet.The Formationrepresentsa majorchangein deposi-
secondisinthewesternpartofthemap area,where tionalstyle.Prexlmninunceofblackshalewithra-
thesandstoneistypically25 to75 feetthickandis dioactivezonesinthesouthwesternpartofthestudy
locallythickerthanI00feet.IsoHthcontoursdefine area(fig.12)indicatesthatcirculationhadbecome
irregular,lobatepatternsofsandstonedistributionrestrictedfromtheoceanandthattectonicclosure
inwesternMarionand northernLamar Counties alongthesouthwesternpartoftheAlabamaprom-
and defineincreasinglyelongatepatternsas the ontory,and perhapsobductionoftheaccretionary
sandstonethinstowardthesoutheast.Inthesouth- prism,hadbegun.The widespreadnatureofLewis
east,theLewissandstoneisdevelopedmainlyon sandstoneandcarbonateconlrltmsharplywiththe
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Figure13.--Selecledgraphiclogs of theLewiscycleinsouthernLamarCounty,Alabama.



Figaro14.--Isopach mopof the Lewis cycle.



Figure 15,--Net sandstoneisolith mapof the Lewis sandstone.



clinofonnalpmsequonce sets of overlyingstrata, contains the bulk of the sam's w.sandstone
which _ _ve develolm_t of a IXO- n_xuces (Wilson,1987).
_n8 _te bankin thenmhem 01angor TheEvansandHamellecycleshavea combined
Limestone)and • starved Ixutn in the southwest thicknessof morethan 375 feet In the northwest
(lqoyd Shale) (Scott, 1978; Pashin and Kngler, pen of thestudyaresandarethickestin an elceipRe
1992). areathatuende southeastfromColbertCountyto

Develop_mntof strike-parallelsandstonebcxifm Jeffm_County(fig. 16)along the tam of theup-
andthickeningof theLewiscycleacrossthemiddle per rampof thePortPayne.Tuscumblacarbonate
rampin PayetteCounty(tip, 10,14, 15)indicates bank.ThelmlmchintervalisgeamxUythickerthan
that sane _y develo_ duringFortPayne- 200 feet in thenorthernIXtrtof the studyareaand
Tu_umNadelxxdtlonremainedeffectiveintoCltm. thinsIp_luallytowardtheeastto less than 50 feet
teriantime. As discussedby Stap_ and Cleaves whereit overlq_ theMonteasleIdmestone.South-
(1992), the Lewis sandstoneresemblespartof a wmt of wherethe isopsch intervalis thickest,the
low_ wedgethatis on_ by theLewislime. Evansand Hamellecyclesthin in a distanceof ap-
stone(fiB.9), Fiexuralupwmpingby formationof a pmximmly20 milesm lessthan25 feetas they
fombulgeintheBlackWarriorIxuinmayhavebeen IXtSSintoFloydblackshale(figs.12,16).
effectiveas a foe_8 ugentthatfavoredaccumula. The Evansumdstoneconsim mainlyof fine- to
tion of the Lewis Iowstandwedge on the lower medium-ipralnedquartzat_niteand is most wide.
ramp.Cadxameunitsof timLewiscyclehavebeen spread in Missiuippi (Cleaves, 1983; Hision-
interpretedas transipeuiveunits spanninginterti, both•m,1986;CleavesandBat,1988).Butts(1926)
dal to deeper, open.marine environments suggestedthatstrataessiiptedto theEvanscyclebe
(DIGlovannl,1984;Pashinandothers,1991).The includedin theClasperianstage.Evanssandstoneis
lewis sandstone,by contrast,has beeninterpeeted distinctivein well logs becausett typicallyhas •
to includerelive delude (Cleavesand Brew- com_ning.upwardresistivitysignature(figs. 11,
saul,1980;CleavesandBat,1988;Thomas,1988), 12).Sandstoneandlimestonebodiesmip_le to
shelf(Holmes,1981;DiOiovanni,1984),andbeach theEvanscycledescendstratigraphicallytowardthe
deposits(Pashinandothers,1991). southeastwheretheysit less than 20 feetabovethe

AlthoughthesouthwestmariOnof the Alabama Lewisllmestone.
promontoryhadchangedfroma ixmdvemariOnto In Mississippi,the Evans sandstoneis locally
an activemariOn,pre-orogonicsea-floortopo_y thickerthan150 feetand hasa dominantnortheast
remainedan effectivecontrolonfaciesdistribution. Irond (Higionbotham,1986; Cleaves and Bat.
Pashinandothers(1991)foundthatIxd_- 1988),whereasin Alalxuna,thesandstoneis thin,
phy 8top the FortPayne-Tuacumbiacarbonatebank discontinuous,and has • generalizednorthwest.
had a strongeffect on lewis sedimentationand southeasttrend(Cleavesand Bat, 1988). In Ala-
relpdated the distribution of unconformities, barns,Evans sandstonebodiesare distributedspo.
beaches,and _te shoals. On the lowerramp radicallyalong the baseof the upperrampof the
of southwestLamarCounty,by contrast,the lewis FortPayne-Tuscumbiacarbonatebank. Cores of
cyclelacksexposurefeatures(fig, 13)andwasde- Evans sandstoneare lackingin Alabama,but in
positedin exclusivelysubtidalenvironments.Main. Mississippi,Bat (1987) establishedthat the sand-
tenanceof a southwestwsrdI_ favorstrans, stoneis dominantlymediumgrainedquarlzarenite.
port of siliciclastlcLewissedimentinto the Black Sedimentarym'ucturesin the sandstoneinclude
Warriorbasinfroma cratonicsource,as _ currentripples,horizontallaminae,and low-angle,
by CleavesandBmuasmi(1980). planarcrmsbeds.Nearthe lopof thecyclearesand-

stone and mudstoneunitscontainingplantfossils
EVANSANDHARTSELX,ECYCLES androotstructures.

Accordingto Butts(1926),the tiartsellesand.
The Evans and Hanselle cyclescontaintwo res- stone se_ beds containing Chuperianand

ervoirsandstoneunits,theEvanssandstoneandthe Homberioanfaunas.Fossilsin theHamelleare
HartselleSandstone(fig. 10),whichhaveproduced similartothosein theoverlyingHomberioanstrata,
primarilygas.TheEvanssandstoneis productive sotheGasperiun.Homberioanboundaryindeedap-
primarilyin Mississippi,wheremodestoilproduc- pearsto benearthebeseof thesandstone(Pashin
tion also has been re_. By contrast,the Hart. and others,1991). In the northwesternpsrtof the
seIIeSandsloneIs productiveonly in AJabanuand studyarea,wheretheEvanscycleis thick,the Hart.

mile typicallyforms• singlesandstoneunitwith a
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Fisure16,--lmpech mapof the combinedEvmu andHartsellecycles.



fining.upwardre_vttysisnatm(_. i2).Asthe h_ bydocummUnsa _ins-upward
RvamcyclethinseMtwml,however,theHamelle sequencewith mndmne couudnlnghorizontal
typicallyconuhaltwo stackedmndelonebedim, laminaesndIow4ngle,planarcrmsbedeIn the
eschoommonlyhavinga comenins-upwardrests, lowerpertandcontainingplantsandgemsin the
tlvity dlp.,tatm,Thelhtmelle mmdetoeeIs thickest upperpert.However,theothmuttionof the beach
in thenorbtwestpertof'the studyareaend ts pre. systemsand the smav,e of the come idllciclastlc
sent In • re'lea of elonpte bodlm that, weawKd iedimentis a nuttierof ccm_. HlfdlJnbotham
from the Montesslecarbonatebank, extend pro- (1986)andThomas(1988)sussestedthattheEvans
IpressivelytknhersoutheMt(fll. 17).The sandstone cyclecontainsdeltaicdepositsandumcimd beech
thins_tward as it overlapstheMonmsle and ahelf.lxwdepmllsthat were fed from the
l.imutone. Southeastof the eionpte sandstone Ouach_orolpm.Altmu_vely,Cleaves(1983)and
bodies, mubtone thicknessis irrelultr. 'me Hart- Clatve8andBat (1988) _ thatthe Evans
Nile Siuubtouepinchesouttowardthe southwestu mpmmntJa wave.domlnl/eddeltaic system that
the Evmu and tlaruelle cycles Ira8 into Floyd 13_ mutheut and was fed from a cmtonic
Shale. mm_.

The _le Sandstoneis well exposed in Thomu and Mack(1982)mcoipdsedbeachde.
northwestAlabanu and containsdiatinctiveIltho. potits in the llmselle Smubtonem thebasis of
Faciu thathavebeende_ribedby Thomasand heclzouudlaminaeand Iow-anlle, wed_.plmmr
Mack(1982) and Puhin and otlmn (1991). The _. Theyaim in_ the wavy.bedded
Ixmeot themmdetoneis sharpin thewemempertof mmdetoneand shale _o repmaentIxtc_ and
theoulcropbelt and is typicallyiP_ in the oHdux_dep_u. Puhin andothm (1991) noted
easternpart.Nearthehue of thesandstone,hod. tl__ anddblmm depozltscan be dlstln.
zootal buninmand low-an81e,wedse.pinmu'crom. _ reEfllyon the bradsof fossil contentand
bedsarecommon.W'nemthesandstoneis thickest, hntlmrmSgmed thatwavy.baMedsandstmewith
horizontallaminaeareacCOmlmledby scourfills reverm.reaotlvau_lonmucuu_ _ develop.
with tmuilhto phmr.tabuiaramdmb. The middle meritof Hwwlle beachaymmuin an areawith 8
partof theHarmelleis dominatedby nndemneand significanttidal range.Bmowing in most of the
shalewith wavybeddins, currentripples,and mli. HameHe Sandstonein the Brookscore(fiB, 18)
tary crmabeds, many with reverae.rmctiv_on milllem thatthemubtone gcumulatedalong the
structures.Wavy-beddedsandstonegenerallycrops distalfringeof theIKxlt'ace.
OUtbetweentheelonptetsOlmChmaxima(fig. 17). As with the Evans cycle, vMually all wcMcen
Bioltenlcstructuresin wavy.beddedaandetoneand agreethat beachclepmitsate weunt, but contro-
shaleincludelnvmlabratetraces,plants,andmou. venyexistsregardingthenatureof Hamellebeach
The upperpm of thesandstoneis calcmeousandts sy_tans and the location of sediment murces,
abundantlyfo_liferous with brachiopode,fenu. Thomu and Mack (1982) and Hls$inbotlum
Iratebryozoans,and crinoids.Eastward,horizon. (1986)in_ theHart_le u a _ of shelf
tally laminatedsandstonebecom= less common, hart and _ islands that prolPMednortheast
andmarinefoufls becomeim:nmsin$1yabundantin fromtheOuachiutOrOlPmonto the_ bank
allpartsof thesandstone. _led by the Mcmteqle Limestone. By

TheBrookscoreprovidestheonlydetailedrecord coumua,C_vu and Brotmard(1980),Cleavm
of the HamelleSanclstonein thesubsurface(fig. (1983),andStaporandCleaves(1992)interpreted
18). The core penetratedthe }hrUelle near the the 14arumlleas an elonpte, wave-dominated
southwestfringeot the formationand consistsof deltaiccomplexthat, like theEvanscycle,wasfed
veryfine-tofine-Stainedsandstonethatcoarsens fromcraumlcsources.
upwardfromPrideMountainShale,Thelowerpert TheclinoformalnatureoftheEvansandHartselle
of the mmdelonecontainswavy-8ndfluer-beddM cycke,whichplummuthwestwaldintofondofonnal
sandstoneand dudewith ripple-driftcrosslaminae, blackshale(fi$. 12), indicatesdeve_t of pro.
feedingburrows,andsiderite.The uplmrpsrtof the gradingbeachsymmmin the nonheropext of the
sandstonermemblesthelowerpertbutlacksshale, studyaresandestabflshmmtof a starvedlxudnin
At the lop of the sandstoneis 3 inchesof blopel- the southernpart.Therefore,regionalfacies rela-
spKite with abundantcrinoidosslcles and pyrite timahlpeanq_xgta cratonicmug. for Evans and
nodules. _e sandstone,anddeveio!mmntof a starved
Thomas(1972a)wasfirsttorecolPt'izebeachde- basinreflectsloadingofthecontinentalmarginbe-

poeitsin the Evanscycle.Bat(1987)mnfinnedthis fore the otoiganpined relief sufficientto supply



26 - £q/,r, P_ elm;//, in,/_ _/I/oo_



p-

Figure 18...Meamu'edsectionof the Hamelle S_ throughthe Bangm'Limestone.
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sediment to the basin. The coat_ning-upward sig- fairly uniformin the m3rtheastempart of the study
natureof the Evans sandstone has been intm]m,'ted area, typically ranging from 350 m 400 feet (fig,
to rewewatt higlmtand Wogredatiou of a wave- 19). A _ter outlined by the 450-foot contour
dominateddelta(Cleaves and Bat, 1988; Staporand is in the northwestlWt of the studyarea and is ds-
Cleaves, 1992). One possibility is that the Evens veloped just basinwardof the Evans-Hmselle de-
representsthe easternhalf of a cnslm_ delta system pmxis (figs. 12, 19). Thomas (1972a) and Thomas
if,at was fed throughthe Mississippi Valley gmben, and otlw_ (1979) indicated that major accumula-

Inthe northwestpartof the study m'ea,the fining- tions of oolitic grainstone are present in the north-
upwardsignatme of the HamelleSandstone, not to ern part of the study area. According to Scott
mention st vertical transition from beach to open- (1978), gminlone-dominated facies pass laterally
marine facies, suppmu st trans_ve origin, as into wac_ and shale-dominatedfacies as the

by Stapor and Cleaves (1992). A south- limestone thins. Well logs and sample sets further
eastward transition to comsening-upward mcces- indicate that Hm_tone is absent south of the 150-
sions, however, indicaw_ that as relative sea level foot contmn'.
rose, the Hartaelk strandpinin-berriersystem WO- The Floyd Shale is distinctive because it is dark
graded besinward and extended progressively far- in color, brittle, and is rich in organic matter, in-
ther southeaL An unusual aspect of Han_ile cluding marine algae and other oil-prone kerogen.
depositionis formationof barrier axes _u- The shale is also distinctive becauseit is highly re-
Mrto those in the Evans cyele and lmrallel to strike sistive and maintains the signature of the Bangor
of the Poet Payne-Tuscumbiacarbonatebank. One Limestone throughout the study area (fig. 12).
interpretation is that the Hartaelle representsst Fossilsme few in theresistiveblack-shale faciesbut
del_ve strandplainthatformedby trans- includepectinids,bmchiopods,and mic_
gressivereworkingoftheEvansdeltaicsystem.As pods.A tongueof theFloydShaleextendsinto
thedeltaicsystemwas reworked,sedimentappar- northAlabanmand ae_ theI-Iartsellecycle
enfly was transixgledalong slrikeof the FortPayne. from the Bangor Limestone; this shale has been
Tuscumbiaramp, therebyformingstsiliciclastic rim _ with the Bangor Limestone in outcrop
that skirted the southern end of the Mouteagle (Szabo and others, 1988). This Floyd tongue crops
cadxmatebank. out as poody fissile, gray shale that contains st di-

"" verseassemblage of Hombergim fossils including
BANGOR LIMESTONE AND FLOYD SHALE coloaial corals, crinoids, btghiolmds, and bryezo-

mm (Butts, 1926; Drahovzal, 1967). In the subsur-
The Bangor Limestone contains st spectrum of face of Franklinand Marion Counties, the shale is

carbonate rock types ranging from oolitic cal- commonly thicker than 200 feet, but the shale thins
carenite to calcilutite (Thomas, 1972a: Scott, 1978; eastwardand is locally absent.
Andronaoo, 1986) but has producedonly st modest As with other Mississippian units in the Black
amount of hytkocarbum. In this study, the Bangor Warrior basin, the Brooks core contains the only
Limestoneis synonymouswith that of Welch (1958, detailed recordof the Floy¢.Shale and the Bangor
1959) and with the lower Bangor of Thomas(1988). _(fig. 18). The Floyd is comlmaedmainly
A rich echinoderm fauna indicates that the lower of biotmbatal gray shale with intervais of black
pan of the Bangor Limestone correlates with the shale that are fissile, resistive, and radioactive.The
Glen Dean Limestoneof the lllinois basin and thus contact with the Bangor Limestone is gradatioual,
is near the top of the Hombergim stage (Butts, and fissile black-shalebeds are present in the lower
1926; Drahovzal, 1967; Burdick and Strimple, 20 feet of the limeslone. The lowerpan of the Ban-
1982). Formniniferamnfirm this interpretationand gor is composed mainly of dark gray, argillaceous
establishthatthelimestone extends into the Elviran micrite in_ with gray shale; graded beds,
stage (Rich, 1982). current ripples, and btmows are common. The

The Bangor _ is _ of numerous middle partof the limestone is composed largely of
shoaling-upward cycles (Androuaco, 1986), or medium-gray, biomt'mledbiomicrite, or more,spe-
parascqnencesets, with stdistinctiveIm3gtadafional cifgally, wackestoueand packstone. The biomiorite
stacking pattern (fig. 12). The lmraaequence sets forms stacked shoaling-upwardcycles up to 40 feet
contain limestonc and gray shale in the northern thick and contains abundantcrinoidsand song pro-
part of the studyareaand, li_ the Evans and Hart- ductid brachi_. In addition to biomicrite, the
sellecycles,passsouthwestwardintotheblack upper 50 feet of the limestone includes fomiliferous
Floyd Shale. Thickness of the Bangm"Limestone is bimpariteandfight graymicrite.



10

Filpn 19.-Isopech nup of the BangorLimestoneandequivalent sumain theFloyd Shale.

The Bangor Limesto,_ rqxesentsestablishment envirmncntsof'thepblform werebxdem/on the
of a cartxmteplatformin theBlackWarriortrain southwestbya cartxx.m ramp wheredqx_tion c/"
O'homas,1972a;Scott,1978;Miesf©]dt,1985; An- Iower-enerBybiomicriteandshaleprevailed(Scott,
dronaco.1986). Southwestwardthinning of the 1978).Majoraccumu]atiansof ooidpainstoncnear
Banf_r and passageof oolitic " ._a._._qne into thesouthwestedgeof theplaUrormracJ,_(11.)ms,
w__ snd shale suggests that qitated 1972a; 'I3mmas and others, 1979) indicate
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deve_t of a i_aled bank rim like that which resetvoin. The upper Pmkwood Fmnatton is a
exists today on the leeward side of the Bahama thick, _cichuaic-dominated interval that spans the
PlatformOline andothers, 1981). _ippisn-INmnsylvanian boundaryandcontains

The resistive facies of the Floyd has been inter- two important petroleum re_rvoin called the
weted as a deep-water, lminal facies on the basis of Giimersandstone and theCoats sandstone.
darkco_orand foudofmmal stratal geometry(Scott,
1978; Pashin and Kuglef, 1992). High organiccon- LOWERPARKWOODFORMATION
tent and limited biotas suggest development of an
oxygen-deficientbasin.Indeed,equivalenceofthe The lower_ood Formationisa thick,pro-
resistive black shale to the Evans cycle through tl:e gradationalinterval that has been identified only in
topof the Bangor Limestone (fig. 12) indicates that the subsurfaceof the Black Warriorbasin. In the
starved-basinconditions persisted in the southern northern part of the basin, the lower Parkwood
part of the study area from C_perisn to Elviran Formation overlies riteBangor LimestOne,whereas
time. The richly fmsilifemus tongue of Floyd Shale in the southernpart, the formationoverlies the re-
that extends northwardinto outcropestablishes that sistive facies of the Floyd Shale (fig. 12). Through-
the Floyd also contains clinoformal and undafmmal out the Black Warrior basin, the lower Parkwood
dqx_ts. Clinoformal shale accumulated on the Formationis overlain by limestone and shale of the
lower ramp. By contrast, undeformal shale in the middle ParkwoodFormation.Biostratigraphicdam
northernpartof the study areais inteqgeted to rep- rarenotavailable for the lower ParkwoodFormation,
resenta muddyshelf transitionalbetween the beach but the position between the Bangor Limestone and
deposits of the Hartselle cycleand the carbonate the middle Pmkwood Formationplaces it in the
platform del_its of the Bangor Limestone. Elviranstage.

The clinoformal nature of strata from the Evans In Alabama,the lowerParkwoodFormationhas a
cycle through the Bangor limestone (fig. 12) sug- maximum thickness of nearly 400 feet and thins
gems that the silkiclastic and cadmnate units are mmkedly toward the _ (figs. 12, 22). In
more closely relatedthan generally realized. More- Mississippi, the lower Pa_wood is locally thicker
over, the Evans and l-lartsellecycles apparentlyrep- than 1,000 feet (Mellen, 1947; Cleaves, 1981,
resent units of rank equal to the shoaling-upwud 1983). Reservoirsandstoneis absent in the northern
cycles of the Bangor Limestone and Floyd Shale, part of the study area, where the lower Parkwood
which are in_ as third-orderparasequence was identified as a shale marker that is commonly
sets. Progradation of the Bangor carbonate bank thinnerthan I0 feet. The Brooks core penetratedthe
established a clinofmmal slope well southwest of lower ParkwoodFormation_ of the limit of
that which persisted from Fort Plt]medeimsition reservoir sandstone and contains calcareous shale
throughHarlselle deposition(figs. 10, 16, 19). This that is bioturbaledand contains brachiopcxls(fig.
pmgradation furtheraccentuated that slope as the 21).
stagved basin was differentiated from the Bangor The lower Pmkwoodcontains four named reser-
carbonatebank. Development of the Bangor bank voir sandstoneunits; these are, in ascending order,
had a wofound effect on subsequentsedimentation (1) Rea, (2) _y, (3) Sanders, and (4) Carter
anddeterminedthe distributionand qualityof sand- (Cleaves, 1981, 1983; Nix, 1986; Thomas, 1988).
stonereservoirsintheParkwoodFormation, which Rea andAbemathy sandstone is present only in
account for more than 85 percent of the oil Mississippi and is equivalent to the shale forming
producedto date fromthe BlackWank_ basin, the baseof the uppertwo shoaling-upwardcyclescf

the Bangor Limemmte (Nix, 1991). Carter and
PARKWOOD FORMATION Sanders reservoirs are widespread in Mississippi

and Alabama(fig. I), and because these units are
The ParkwoodF(xmafion is a thick succession of closely related, they aredesignated only as Carterin

shale, sandstone, and limestone that is divided into regional cross sections. A net-sandstoneisolith map
three majorparts called the lower, middle, and up- of the lower PmkwoodFormationshows that, in the
per Padtwond (figs. 12, 20, 21). The lower Park- former starvedbasin, the sandstone forms lobate to
wood Formationcontains the Carter sandstone, the elongate bodies up to 200 feet thick that trend
most wolific hydrocarbon reservoir in the Black northeast (fig. 23). Along the margin of the carbon-
W'_or basin. The middle Parkwood Formation ate bank, however, the sandstone is generally less
contah_vthe MiUerella limestone, an importantsub- than 50 feet thick and forms elongate bodies that
surface marker, but lacks major petroleum trendsoutlw,ast.
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Figme 21.--Menmredsection of the Park'woodFommtion.



Figure22.--I_._lh mapofthelowerParkwoodFormation(modifiedfromPashinandKugler,1992).

In well logs, characteristicsof the lowerPark. east-to northeast-trendinglobateto elongatebodies
woodFormadonchangemarkedlywithrespectto outlinedbythe25.footcontour(fig.23).Atopthe
theFloydstarvedbasin andthe Bangor_i carbonatebank,the Cartersandstonecommonlyhas

(fig. 12). In thebasinalareato thesouthwest, a blockysignatureand is thinnerthan 50 feet.
Cartersandstonetypicallyhasan irregular,coarsen- Isoltthcontoursestablishthatmostsandstonebodies
ing.upwardresistivitysignature.In this area, the in thisaream elongatetowardthesoutheast;many
sandstoneis kr.allythickerthan250 feetandforms are connectedto east. to northeast-orientedlobate
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Figure23.--Net-sandstonelsollthmapof the lower Parkwood Formation (modified from Pashin and
Kugler, 1992).

and elongatebodies.Most Carter oil production ts (Shepard, 1979; Cleavesand Broussard, 1980;
from sandstone with a blocky weE-log signature Cleaves, 1981, 1983; Bemden and Manctnt, 1985;
(Pashin and Kugler, 1992). Numerous cores of this Nix, 1986, 1991; Thomas, 1988), but sediment
sandstone are availableand are describedin a later sourcesarecontroversial. One school of thought
section on facies heterogeneity in the Carter favors a southwestem source in the Ouuchttaorogen
sandstone. (Thomas, 1988; Nix, 1986, 1991). The otherschool,

The lower ParkwoodF(xmationhasbeeninter, alternatively, favors a cratonic source in the north
preted to include delta, beach, and shelf deimsits or northwest(Welch, 1978; Shepard, 1979; Cleaves



andBmmss_ 19_, C!uvu, 1981,1983;_ shale withinand dmvo the middlePs_¢oud and
andMancig, i9_, Mostmmwchershaveemphs, thusconda_ thelimestonewithsimilarilmesmM
sized _ systems md sMlmmt source and red shale in the PUg_ou Pom_ou which
ram, butb _ce of I_-_ood d_. crops out abovethe Bsn_ in __ Xts-
flOMI _y On _ sedimentationand bllml|andextelKISintoVII_LL Fotluninifeg8in the

clmrwtedsticshu beenoverlooked. Mlllerella limmtoneare similarto those identified
Poiiowin8Wogmdationof theBangorcarbon_ byRich(1980)in thePenningtonPm'mstiou,thus

bsnk,silk:iclmtcsedimentof thelower_ su_ thisinm'lXatatlon.
Formatt_ b_m i_gt_inll. The lower _ TimMlllerdla limestouemarkeris nearthe
Fomatlon _la _ filling of the starved of themiddlePwkw¢_ and is m_ted with nu-

ud _ttou of deltaicchatS, onto the mema ocherl!mutoue _ less than 20 feet
_ bank fromthesouthwest,_reby thick (fip. 12, 20, 21). Amoullthese markersm

m_ mSlo_ _ _ and guSl_, localizedsands_ bodim that are significm oil
i992), mButin8 that the lowerPwkwoMrepre- reservoirsin Alslxu_ (Cleaves,1983;Nix, 1991).
rantsflue_ lnflllingof the_ withorollenic These_ andmxbtone unitshavean ag-
t_Um_t. The _ mapdemonstratesthatpart llrMatioualstackingpatternandm overlain by a
of the stwvedbasinremainedunfilledafterlower wideqmmdshaleunit thathasitcoatleninll-upward
PWkwcmd_on (fill, 22). An elongatebody loll_dllnatureandpages nmheastwardintoa lime.
of miiment thicker than 100 feet extends into stonefacies(fill. 12).The_ sandstone(fig. 1),
no_ Twcaloom Countyand is inmpretedto whichhasproducedonlya minormount of gas, is
mlnmnt distaldeltaicsedimentthataccumulated withintlds shaleunitandis presentonlyin Pickem
alonllthebanknuu'lltn, and TmcalomaCountiea.The top of the middle

The majorlobateandeloupte sandstonebodies _ Pmmiou is mattedbythin, w_
in Lamarand Plckem Countiesm infmpmtedto limestonebedsthat form distinctive resistivity
tqxumntcoustngtive,deq_waterdeltalobeson the matkm_.These Hm_toue mat_er_have a week.

of thMmm, lleommry,logsignature,andlo- _tional mu;l_ll i_uern,reflectinllinterton.
cationin theformerstarvedbm_.Previouslnvesti- lluinllwiththeupper_ Fore.on (fig,12),
gntorsemblidmd that muchof the blockysand- ThemiddleParkwoodFormationis thicke_than
stone is quartzamn_tethat accumulatedin beach 700 feet in thesouthernimt'tof thestudyares and is
environmonu(Nix, 1986, 1991;gugler andPashin, locallyabsentin thenorthernpert(fig. 24). Thick-
1992; Pashin and Kugier, 1992). The apparent messof themiddleParkwoodis generallyuniform
downlq_pinllrelationshipof blockybeachsandstone northeastof the 100-footcontour and is less than
to the_ing-upward, deep-waterdeltadepmlts 250 feetwhereitoverliestheBangorLimestoneand
(fig. 12) indicatesthatbeachesformedbydelta de- the Cartersandstone(fill. 24). The middlePark.
structionduringor shortlyafterrelativeIowstmul. woodthickensdramaticallysouthof this areaand is
Anotherfactorcontributingto delladestructionwas thickerthan 500 feet whereit overflestheFloyd
simplylaOgtadationonto thecarbo_te bankwhere Shale.The Millerellasandstoneis wemnt only in
a shallowreceivingbasincontributedto marinere- the west-centralpartof the studysrea where the
workingand beach formation.In short, the best C,mersandstonealsois present(figs,23, 25). The
Caneroilreservoimareinterpretedu a partofa Mi!_er_usandstoneis8enerallythinnerthan25
destructive,wave-influence,Shoal.waterdelta feetbutislocallythickerthan50feet.Thesand.
complex, stone is thickestand most widespreadin the area

containingthick, lobatesandstonebodies in the
MIDDLEPARKWOODFORMATION lower PatkwoodFormation.Farthernortheast,the

Millerella sandstoneforeselongatebodiesthat
In contrast to the lowerParkwoodFormation,the parallelthorn intheCartersandstone.

middlePmkwoodis composedmainlyof limestone In the nonheropanof thestudyarea, theMiller-
andshale with a lesseramountof sandstone(figs. ella limestoneincludesgnuastonewith abundant
12,20,21).With the exceptionof theFortPayne endothyridforaminifera (Welch,1958) and also
Chertand TuscumbiaLimestone,limestoneunitsin containsoolitic gralnstouesimilar to that in the
themiddlePwkwoodFommflonaxethemostwide- BangorLimestone(Miesfeldt,1985).As themiddle
spreadcafmnatemarkersin theMtuissippisnSys- Parkwoodthickenssouthward,theMillereUalime.
tent of Alabanm(Welch, 1958; Miesfeldt,1985; stone containsdominantlymicflticcarbonateand
Thomas,1988).Welch(1958, 1959)recognizedred also containsradioactiveblackshale. No corm of
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Fi_ 24.--Isolx_h mapof the middle PaflnvoodFomatton.

MUlereLla sandstone are available, but the Brooks shale above the MUlerella limestone contains nu-
core contains a complete section of the middle meroussiderite nodulesand is fouiltferous and bio.
kwood Formation (fig, 21). At the base of the turbated,whereas the limestone beds that mark the
middle PaAwood, thelVlUlerellalimeatonecontains top of the Middle ParkwoodFormation are com.
mostly laminated mlcrite and fossiliferous biomi, posed of biomtcdte resembling that in the Bangor
cfite, or wackeslone and packstone.Also within the Limestone.
limestone is a brecciated layer containinghematitic The onlapping relationship of the middle Park-
fracturefills and clam with bleached cutans. The wood Formation to the lower ParkwoodFormation



Fllure25.--Net-_ laol!lhnuq)oftheMlllerella_.

andthe_ ruttureoftheMUlerellalime- precise_l_i _tvtrom_t o( d_ _ill_rella
stone(fill. 12)indlcamdqx_tion duringmarine sandstoneIsunclearbecauseof s lackof core,but
trmu_on. Thecloeerelationshipof theMiller. theclomrelationshipto the_ sandelonesug-
ellasandmu)neIothe_ sandeU)nesu_ests that Bests that the Millerellarelnnent_beachand
theMlllerellaformedduringthelatestalesofdella sblllow.lbelfmldllonebodlet.
__n, _n8 inu_donandrowing of _c_ntn8 of them_i __ F_adon
muchoftheCarterdeltaplain,u alreadysu_ested south_ theBangor_omuto lameandtheCarter
by Cleaves(1983)andNix (1986,1991).The deltaicsystem(flgs.19,22,24)indicatesthatmid-



dle_ _ Nlat themulning i_t of Jmds_). Time smdeme unitsca be di_.
themm_ twin. _ _ indtc8_ that pisi_ rudfly in 8mphysic4dwelllop on thot_ds
auuow.wmr,_ _ depositionpre- of nm_rsp_ paddoeandmd_vitysijmure
vailedinthe_ pertoff'thestudyms, andthe (fla.20).TheChap,t..ksrjndetone,whichis typi-
bre_ltzonewith_ ©utu(_. 21)lnd_m ctUyIncludedin thePutjvJllePoumiun(fiB.1),is
thatp_ of the_ wereoxpoaed.PmSomi- inmlity equivalemto the Coatssandstoneandwas
nan_ of miorl_ limmone andblackdude In the _y _ withtheCoats.
muthempen of the studyarea8ujjem develop- TheGflmu'sandstonetuna ©tumcte_ticcom-
ment of' a _ ¢mlbotutemnp in the ening-upwmdlos mtgnalumandis interWetedtobe
formerstarvedblain, a ©linofomulunitthatthins_ andmergeJ

Theshaleinta_alconudnln8theCooperJ_.d. withthelimestonebciu (fig.20).Themmmneis
stone is ln_ to repemnt highmnd pmgra, locally thickerthan I00 feet, snd isollth ¢ontom
dattonot delUdcsymsu thatpovtdedmllment outlinenumaousIobetetodonptesandstonebed-
udficientto finallyfill the mm'ed besin.The m- leg that trend_ (ill, 27). The Ooets8,nd-
lappin8rebtian_p of the flmutoee mrkm atthe stone, by conu'ut, has s c_stic fining-
topof themiddlePu_ood PowJtionto theunder- upwardto blockylogalgname andis equivalentto
lyingdude indicatesthat, is thebasinwasfilled,• clinofomui pemmquencesets that step bickwird
minortranjipreuionintermpud deltaic_- relativeto thoeeasJo_mtMwith the CHimer(fig.
tion, renltinl in renewed _ deposition 20). Like the _,ts sandstone,the Ollmer has •
acrossthestudyarea. However,the weeklycllno. _t.trending, iotme toelonpte _ (fill.
fmmal mare of the eagbonm _ (fill. 12) 28). In Pidmu County,the Corn mndstmmis
signifiesrenewedpmlpadaticmo( siltciclmic sedi. thickestin two linearuas whereCHImu'nndmoM
ment into the Black WeJrdor_ during is absent(tip. 27, 28). AbovetheOoatesandstone,
depmitimof theupper_ Pmunt_. theupperPatwood fcmnattoncontainsdominantly

tightsandstonesnd dude thatme not productiveo(
PARKWOODPORMATiON hy_ (fig. 20). This_t sillck:kstis

intervalextends northeastabove the upperPlrk-
TheupperPutwood _ (fills.20.21) is • woodlimeatme units and is tmgated below the

thick slliciclalMcsuccemionthst containsshale, PottsvilleFonngtkm.
sandstone,snd thin, dl_mtinmus cod beds(Butts, CHimersnd Costs sandstonewe presentin the
1926;Thomu, 1972a;Mledeldt, 1985)snd forms Brookscore tnd tre composedof l!thlmdte snd
the lop of the _ mquencein the Black dmlewithsidedtenoduks(fig. 21). The CHimerIJ
WarriorI_dn. Red dude snd discontinuouslime- _ted by 18feetof tnmbeddedasndstoneand
stonebed8sre mostabundantnesr thehue of the dude withwavy,rigger,j_d lenticularbeddingas
upper_ In outcropso( the Appalachian well ss feedinganddwellingburrows.The
fold-and.thrustbeltin Alabem&in_ fouils sandstone,by contrast,comprisesthm_ stacked,
indicatethatthe Iowermoetpgrtof themr,maimis finks-upwardcycleswithinlraclasttccouglomergte
of ElvtranNle, whereasforaminifera,plantfossils nearthebaseandintmbeddedMndmtoneandshale
andpalynommphsindicatethatthe upperParkwood wavy,flaser,snd lenticularbeddingnearthe top.
is of Pocshontmdan(cwlieatPennsylvantan)sge The conglomeratebeds containmainly shale and
(Butts, 1926;Moore,1944;Wanleu, 1975;Rich, sideritepebbles,8ndone kyer containscrinoidsand
1980; Jenningsand Tlmmm, 1987). Hence, the brachio_. Unfortunately,coresare not available
Mississippian-Pennsylvanisnboundsryhss been wherethe CHimerand Coatssre producingreser-
in_ tobemnfonnableintheseoutcrops, voln.

The ul_r _ood Formationis thickerthan Most investiptors have clumgtedzedthe
950 feetin the southwestpartof the studysrea and Patkwoodas s majordeltaic sequeace that pro-
thinsnutrkedlytowardthenortheastwhereit is Io. graded noetheastward(Thomas, 1972a, 1988;
callyabsent(figs, 20, 26). As the upperPaAwood Cleaves,1983;Miesfeklt,1985),andthe immature,
thins, siliciclasticrocksbemme finer grainedand lithicnatereof upperPwkwoodsandstonehasbeen
interfingerwith carbonaterocks. Two reservoir interpretedto reptmentunroofingof volcanicand
sandstoneunits,theCHimersandstoneandtheCoats metamorphicterranes in the Ouachiut orogen
sandstone,me thickestin the southwesternpartof (Mackandothers,1981,1983).Becausethe starved
the study area and range in compositionfrom basinwas full withsedimentpriorto upperPark-
quartzarenite(poroussandstone)toIltharenlte(tight wooddeposition,southwestwardthickeningof the

_/_/_1



Rpm26..-_h mp ofthe_ _ Fcxm_on.

_ isln_ tobemoretheprod. u tho_hJan re#o.drif_ towjrdtheeq.t.
uctot _ux_ mbddmcodsndopos_onaltopoS- _ ndnybolt.
raphyanddifferentialcomlactio.,whichcontrolled The k)bewto donpte jemue_ of _ and
sedimentthicknm and racim distributionso Coaumndmneandthemoc_ o( throeunits
ilzongly during Che/lettantime._ore, the withclinofmmalsuma(rip. 20, 27,28) _ a
mmsitionfrom_ rockstosiliciclastic,coal- deludeodlrin.Thestacked,fining.upwa_dcyclesin
bearingrocksduring_ _ _flon theBrookscore(fig.21)m: typicalof'_._ _.
_os &-veldt ofamorohumid_ plain _ts (vanBeckand_, 19_), and_ml_ _-



]Rime27.--_-__ liolllhm_ of theOilm_ mmdNoem.

elm ire commonin otherPemiylvamllnngks tn newat hillhitandproirs_tion of a c(xujtructive
(Puhln andCmo11,1_3). In the_ d_la _ fotlowtnllreitonsl m_tm __-

ofolhm'_, however,claistfyinl_ _ _donit lhocioeeof'middlePlrkwooddepolitlon.
deill In tartanof' wave,dde,and fluvialea_ is Thesharphue of theCorn sandstone(tip. 20,21),
d//_ult, llndmoel inlaqilelal/oMhaveto bo based by contrast,is interpretedu a lowmnd surfaced
onSeophyslcalw_ lop. e_osion.Thli interpretationis supportedby tl_ ab-

The_11"_ signatureof the Ollmer lenceo( Oilm_rlandllonebelow the ddck,_lal
aaadslono(fill. 20) Is In_ m repumntre- Cow tandlloneIx)dimin Ptclr_nlCounty(figs.27,



28.-Net-mubu_is)lithmp oftheCcnu

28).TheblP.lcllepp_nlmreGr_VO dino- I_riVILLE FORMATION
ror_ _ mu (hi. 2o)_ nu_ne
__ _1 f_ ora dut_dvo deltaic Thel._r Pi_),lmbm _
complex _ in UlqYer_ _it_. How- _ all of the.4bereft sequmcoin theBlack
ever, hilh sedimentflux from the evolvinil Warrior_ andis compmulof _ __,
Ouachita mojadc belt qqmmtly _ 8flk:iclas. and coal (flip. 29, 30). The _ has _ di.
ticsedimenttooverstepthe_nmnts ofthecarbon. _ intotwopmu, thelower_ andthe
m bankin thenortheut,retinathemac forthe upper_ _, 1_0) ud conudnsnu.
cooJ.lm_ pomv.lePormtton. nmrow_l-upw_ c3r_ (Puhin.1991).
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Figure 29.--Measmed section of the Pottsville Formation.
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The lower Pmsville contains the lower _.z),m i991). Hence, Pmtsville cycles have a net pmgtaha-
throughFayette cycles, whereasthe _ Pottsville tional stacking pattern. Thickness patterns in the
includesthe Black Creek and MaryLee cycles. Cy- Pottsvme Formation vary considerably from those
cles above the Matt Lee lack reservoir sandstone in the Mississippian System. Cycles generally
and are therefore not considered in this investiga- thicken toward the southeast, forming an arcuate
lion. Palynommphs indicate that tireIN3/tsvilleFor- depoax/s adjacent to the APlmlach/un-Otmchita
marion is mainly Newriverlan in age and that the orogen.
Pecaltmtaslan.Newriverlan Ix3unda_is at the tree Pottsville sedimentation represents a major
orwithinthelowermostpartofthePottsvilleFor- changeintheconfiguration of the BlackWarrior
marion (Eble and Gillespie, 1989; Eble and others, basin, reflecting the effects of Appalachian tecton- -"
1991). ism (Pashin, 1991). The combined effect of _-

The lower Pottsville Formation is dominated by ¢hian tectonsim was a near doubling of subsidence
quartzareniteand sublitharenite containingquartz rate throughout the basin (Thomas and others,
pebbles (ixxxx_ sandstone) and contains submdi- 1991). Moreover, deposition of major coal-besting
hate litharenite (tight sandstone), shale, and thin, sequences indicates fully equatorial, ever-wet con-
discontinuouscoalbeds(figs.29, 30).In conuast, ditions.Quartzatenite(poronssandstone),which
the upperPottsville is dominated by lltharenite and forms the major conventional petroleum reservoirs
shale and contains less qtmrlzarenitethan the lower in the Pottsville, has been interpreted to represent
Pottsville;most minable coal bodies me in the upper mesotidal barrier-island,shelf, and tidal.flat depos-
Pottsville (Penn and others, 1967; Weisenfluh, its Olobdey, 1974; Pashin, 1991; Pashin and Cur-
1979; Horsey, 1981; Mack and others, 1981, 1983). roll, 1993). Sequmtce8 dominated by coal and
EachPottsvillecycle fromthelowerBoylesthrough litharenite (tightsandstone),bycontnmt,havebeen
the Msry Lee containsquartzarenitl¢reservoir inte_ to representfluvial, deltaic,and estu-
mndstme, and most named reservoirs (fig. 1) are mine deposits (Ferm and others, 1967; Ferm and
localized sandstone bodies in the Boyles Member. Weisenfluh, 1989; Gastaldo and others, 1991;
Although a signifgant amountof gas has been Wo- Pashin, 1991).
duced from PUttsvilk sandstone,oil woduction has Existence of a majorunconformityseparatingthe
beenminimal.In additionto reservoirsandstone, gashaska and Absamka sequences is one of the
the Matt Lee cycle contains the most important mostcontentioustopics in Appalachianstratigraphy
coalbed.methane reservoirs in the Black Warrior (Ettensohn, 1980, 1986; Ferm and Weisenfiuh,
basin. 1989). Early investigatorsfavoredan unconformity

The Petlsvilk Fmmation sharplyoverlies the up- at the base of the PUttsvilleFormation in Alabama
per lhukwe_ INxmafion throughout most of the (Butts, 1926; Welch, 1958, 1959), whereas recent
study area(figs. 29, 30). Esdy definitionof the base investigators favored a conformable basal contact
of the Pottsville was based on the lowest conglom- (Fermand others, 1967; Thomas, 1972a, 1988;
eratic quartzarenite(McCalky, 1896; Butts, 1926), Fenn and Weisenfluh, 1989). Cross sections dem-
but Engman (1985) _ that resistivity signa- onstrate progressive truncation of the Patkwoud
turns can be used to distinguish _e from up- Formationtowardthe mrtheast (figs. 20, 30), con-
per Pagkwondstrata in many places (tip. 20, 30). firming developmentof a sub-Abwmka unconform-
The base of the Pottsville is sharp in the hot, east- ity. This unconformity is most Wononnced in the
ern pan of the study area and is markedby an ex- northeasternpart of the study area, where locally,
tensive q_te unit that locally lmgates the the full thklmess of the ParkwoudFormation has
upperandmiddle_oed Formation.Thebaseof been mugated. By c_xttrast,the unconformity that
the sandstone rises stratigraphically toward the rises southwestwardinto the Pottsville Formationis
southwest whereit is within the PUUsviHe(figs. 20, absent near the Ou_hita omgen, reflecting con-
30). tinuationof an upper PaAwond-style coastal plain

The continuous, stacked cycles,or pmsequence into Pottsville time.
sets,of the IN3/tsvilleFtmnation stand out in strong The unconformity _tly had limited relief
contrastto the steep, clinofonnal Imuequence sets (approximately200 feet) at the time of formal/on as
of the ChesterianSeries. However,stacking patterns demonstml_ by the continuity of the lower Boyles
are aplxtrentin vertical trendsin the distributionof cycle (fig. 30). This configuration stands out in
quartzarenite,litharenite,and coal. Upwardin sec- strong contrast to the high-relief unconformity in
tion, quartzareniteunits migratenorthwestwardand the Appalachianbasin that reflects incision of deep
are replacedby coal, litharenite, and shale (Pashin, alluvial valleys (Rice, 1984; Chesnut, 1988).



Themftn, low relief md wl_ mesotidal The initial sta_ of f_eland.bjn develolxnent
beach, shelf, md tidad.fla deposits in the Iow_ followed deposition _ the _umbb Limestone
Puamdlle indicate that the unccefmmity formedin and reflects loading of the westenunmt pen of the
resinue m trmugressive shomface talon rather Aiabenmpromontoryat the startof the Chesterian
then alluvial valley incision. Indeed, Pashin and epoch. The basin appsrmtly became isolated from
Carroll (1993) clmmcledzedthe uncodormityin upwdlbg, ceramicwater at tids lime, md m an
the _hbm fold.and.lhrust belt u 8 oe0_emicfoeebe_e formed, ti_ Fort hyne.Tus.
mmslpressivesurfaceof erosionwith limitedtime cmbia rompwasuplifted,and the lowland wed_
value, of the Lewis cycle was dqx_ted. The Evans and

As Pmtsville depmition began, fluvbl.ddlsic de- Hmselle cycles mm_ mulhwm.dtpping, clino-
pmtts were restricted m the southwest part of the formal _uence m conlaining ahelf, deltaic,
Black Warrior ixu/n near the Ouachita omgen, and beach-lwrlm'delxxdls.ThesecyclesreccmJdif-
where the Kmkaakb-Almeeka boundary is con. ferentlation of a mastal plain in the neftheastem
fommble. At _ time, beach, dtelf, end tkbl.flat part of the balm from an oxygm-defldent m_rved
delmdu were wtdmp_ in the nmhemem pertof train in the muthwemm pro. Differentiation of
the Imb, where cmbtmtte _ Invalled during thecemudplain tad starved basin is interpretedto
Mbsl_ppian time (Enlpman,1985; Thmnu, 1988). relmmmt the onset of load.relatedsubsida_ adja-
As PettsvlUe sedimentation _ however, cent to the Omichilamogen. _liment appstently
fluvial.ddtaic systems, where thick peat (cod)ec- entered the buin from cratonic murcos, perhaps
cumulated, formed in the me_ pert of the throughthe Mississippi Valley Ipaben,forming the
budn mljw,mt to the Ap_hian ologen,indicat- ouqWe, wave-dominaleddell of theEvanscycle.
ing thattheImdnwasno longerprelectedfromAlp- Tnmlpremiverewoddmgof thedeltaicsystemdur-
lxd_hbn amdimmtmurem by the Birmingham ing Hmwlle depositionculminmedin Immportof
_. Auodated beachand shelf dq_ts framed sedimmt almg the Fcft Payne.Tuacumbia nunp,
northwest of throe _ _1 migmled noethwm forming a bm/er-dmmedcarbommebank.
with the evolvingcoutd plain (Pashin, 1991). Depmitioa of clinoformal _uence sets con-
Therefore, the PolUviIle Formtion recmded pro- ttnuedafter _ depmtttm tnd culminated in
gmuive forelandbuin evolutionand the increasing f_ of the pmgrliing Bangor cmtx_te plst-
influence of _hbn aecmnbmrelinedto ore- form. Slm'ved-lxudncondtflom persisted b the
genesis in the eMtem pert of the Alabama southweste_ part of the studymeaand lurerepre-
promontory, aentedby the orgmic-rich,rmiativefaciesof the

FtoydShale.Embliehmentof theBangorphUform-
SUMMARY OF DEPOSITIONAL HISTORY ramp system had a msd_ effect on mlbsequent

_timentation and develepment of the mint prolific
During _ Devoniantime, when deposition of oil rmervoin in the Black Warrior budn. Late in

the Kukukia sequencebegan, the Black Wsmrior Banger_on, thestarved bembbepn filling
basinwm part of the ixladvemarginof theOuchi- with the deltaic sedimentof the lower Pwkwood
taemlmymem,which wasdtuated in the aridsouth- Formation.Consmlctive,deep-wmr deltaic lobes
em tmdewind belt At this time the oqpmic.flch filled the starved Ixtsin, and 8s the deltaic system
ChattanoolPtShale eccumulaledslowly below an Im)paded onto the _te bsnk and the receiv-
oxygen-deficient, density-matifled water column ing buin shallowed,a dmlngtive, _ml-water dd-
where an oceanic oxygen.minimumzoneapperendy _c system mlxmented by the Carter sandstone
impingedon the shell At the startof Mississippian formed. The mint woductive hy_ reser-
time, regtmml shallowing and upwdltng currents voin b the tmstnarepestof theCartershoal-water
oxygeuled thebasinfloorand resulted in depmi- dells system,
lion of the _ andgbuconitic Ma_ Shale. The lower Pad_woodFomuttionmarks initial re.
Cool, tminal water persisted well into Mississip- venal of the southwest _ that prevailed
pian time, and m the sea continued to shallow, throughoutearlier depmition. For this reason, the
_,dimentation rate incressed, and _ carbon- bwer Parkwoed is in_ m the tint flysch-
ate ramp deposits of the Fort Payne Chert formed, type mcce_on to enter the tun from sources in
M the nunp matured,calcareniteof theTuscumbia the Ouachitaomgen. After lower Pmkwooddepmi-
Limestone pmgradedinto the Black Wmior basin, tim, the mmgressive Millerella limestone w_umu.
thereby restricting cool.water chert facies to the lated, renewing the _ pbtfonn.nunp s/s-
southwesternpertofthebuin. tem. Dells destruction continued during this time,
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and M_lereRa mndnone reervoin _umuhled m BURIAL HISTORY AND SOURCE-
the Cart_ deltaic plain wm rewcO.ed. Following ROCK CHARACI_RISTICS
this earlyeptmde or tmmpmive limmmue deposi-

tion, deltsk clagtcs filled the nmminingpert of the The distributionof woducl/on from MlsslN/ppian
staved basin. ProStMmion of deltaic elastics was
punctuatedby depmtt/on of the transgressive lime. oil reservoirs in the Black Warriorbasin my be
stone matter at the lop of the middle Padgwtmd explained, in pert, by variability in quantity and
Fornutlon. qualityofthesourcerock.and by the burial and

The upper Parkwood Ftmnati_ spans the Mls- themM evolution of the basin. 14ow_-va,the somce,
or somges, of the hyd_ produced in the

sissippim-PennsylvaniR bmmdary and reweNnts Black Warrior'basin remains uncertain. The De-
continuedsubsklaw.eand flmngof the forelandbe- vonian C_ Shale, Misstssippian Floyd
sin with deltaic clastics. The flthic natureof upper Shale end shales in the lower lhukwood Formation,
Parkwoodsandstoneindicates that the metamorphic and shales within the Pennsylvmitm Pottsvilk
and volcanic core of the Ouachit8 oropn was up- Fomatlon have been identified as possible sources
flfted and contributing sediment to the distal fore-
land. Peat accumulation on the uppm' Pmkwood of Mlssissippian oil. To help resolve the origin of
coastal plain furtherindicates • more humidclimate hydrocarbons in the beMn,thequantity, quality,and

thermalmaturityof organic matterof upperPaleo-
as the Black Warriortmshtdrifted towardthe equa. zolc rocks from the North Blowhorn Creek oil unit
torial belt. The clinofomml Oilmer sandstonet_n- and other localities within the Black Warriorbeudn
sents Idghsumd ix_on of deltaic clasttcs at
the startof upperPmkwoodsedimentation,whereas were invm/gated. The three genend pmuneters
theag_onal Coatsmmdstoneisassociatedwith were used in evaluation of the hydmcmbongenera-
bac_g clinoformal _ and represents tion potentialof each unit, including abundanceof
transgressive modification of the deltaic system, total organic carbon, source of organic carbon or
Near the end of upper Pmkwtmddeposition, how- ke_gm type, and degree of maturation of the
ever, continued influx of _ sediment caused kerogm.

the _ood coastal plain to ovemtep remnantsof THERMAL MATURATION
the cadgatate bank in the _ terminating
limemonedepmition in theBlack Warriorbasin.

The sub-Absmoka unconformity is within the l_sional Ueaxtsof thermal maturitywithin the
Black WKrior basin, b,md on vitrinlte reflectance

PocahontasstageofthePennsylvanian System or at of the Mary Lee coal group of the lower Pennsyl-
the Pocahontasian-NewrtverJanboundaryand pro- vanian PotundHeFormation (fill. 31), show a sen-
Sressively truncates the PmtcwoodFormation to- end increase from northwest to southoasLVitrinitc
ward the northeast and was formed mainly by reflectance values for this unit range from 0.6 to
shoreface erosion. The unconfmmity is most Wo-
nounced in the northeastwhere the Pottsville Pot'- over 1.6 pew,ont.However,most higherrank (1.1 to

1.6 percen0 rocks are associated with an elliptical
marionlocally overlies the Bangor Limestoneand is high-rank attomalyalong the soutlw.mt margin of
least Wonounced in the southwest where the the basin in Jeffersonand Tuscaloosa Counties. In
Ouachita coastal plain continued to _. Lamar and Pickens Counties, the Mary Lee coal
Pottsville deposition was clum,cterized by fluvial group ranges from 0.6 to 1.0 percent reflectance,and deltaic sedimentationadjacent to the orogenic
belts and mesotidal shelf and beach sedimmtatlon and generallyincreases in rank from northto south.

Plotsof pmcentvitrinitereflectance versusdepth forseaward of the fluvial-deltaic systems. At the start
the PN2191 and PN1780 wells (fig. 32) show an

of lower Pottsville deposition, fluvial.deltaic de4x_- irregularbutdistinct increase in reflectance with in-
its were restrictedto the southwestpartof the Black creaseddepth.Vi_nite reflectance histogramsfrom
Warriorbasin adjacent to the Ouachita otosen. By the PN2191 well (fig. 33) illustrate typical data
the start of upper Pottsville dqmsition, however,
thick peat (coal)accumulateduponequatorialflu- from several units. Sample standarddeviation
vial-deltaicplatformsin thesou_ part of the rangesbetween0.045 and 0.1.50,with the lowest
basin,indicatingthat thebasinwasno longer iso- valuesocctm_g in theterrestrialPoltsvilleand up-
lated from Apixd_hia n tectontsmand sediment per Pmrkwoodformations, and the highest in the

marineFloyd,Lewis, and ChattanoolPtshales (table
sourcesby the Birminghamgraben. 1).



Figure3l.--Vltrinite refleclancemapof the MaryLee coalgroup in/dabema, showing the locationof wells
PN2191 andPNI780 (modified fromWinston, i990).

_tance values from the PN2191 well range Reflectance values for the PNI?80 well range
from0.62 to 1.12 percent. These values correspond from0.74 percentin the upperpertof the Pottsville
to High Volatile C Bimmlnous and Medium Vola. Formationto 1.61 percent in the Lewis shale. These
tile Bituminous in the coal rank series. The lower values correspond to High Volatile Blmmlnous to
value,from near the top of the Pottsville Formation, Low Volatile Blmmlnous in the coal rank series.
is above the oil window, and therefore, is thermally The lower value falls within the oil window, while
immaturewith respect to the generation of oil. The the higher value is overmature,and out of the oil
higher value, from the ChattanoogaShale, is near window. Total stratigraphic section removed by
the value associated with peak oil generation. Pro- erosion is estimatedm be about 5,950 feet (:1:2300
jectlonof the regressionline back to 0.2 percent re- feet at0.95 confidence) in this well.
flectance(that of peat) gives an estimate of the total Vltrinlte reflectance profiles from three wells in
depth of burial. Based on this projection, the the vicinity of the PNI780 (PN2571, PN3097, and
amountof stratigraphicsection thatwas removed by PN4141), produced by R_ Research (U.$.),
erosion is estimated to be about 5,600 ft (+1,650 Inc. (1985) show comparableranges in reflectance
feet at0.95 confldear.e), values. However, lost section estimates made from
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Figure32...Vitrinitereflectanceversusdepthprofiles.(A)WellPN2191,(B)WellPNI780.
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Table1. Vitrlnlterofloctlnoodatafor wellsPNi780 andPN2191.

!;|_._!i_i:_!_l_i_:_;!!_,:_i _:_!::ummm_,_.;.......... _._.,_;_.._,:_........... _i_!_!_!!_!i!i_"_!_i!_!!_!! ::,,_,:._ _,, ,::_,::_.

PN1780 1,820 Pottsville 0.78 0.61 0.97
PN1780 2,O10 Pottsville 0.74 0.89 0.89 0.083 40
PN1780 2,790 Pottsville 0.89 0.72 1.11 0.088 40
PN1780 3,070 Pottsvll!e 0.82 0.89 1.02 0.066 36
PN1780 3,790 Pottsville 0.99 0.84 1.14 0.072 40
PN1780 4,050 Pottsville i.12 0.93 1.36 0.099 40
PN1780 4,200 Pottsville 1.27 1.03 1.53 O.120 35
PN1780 4,630 Upper Boyles 1.17 1.00 1.40 0.084 40
PN!780 8,110 Lower 8oyles 1.14 0.93 1.33 0.096 33
PN1780 6,380 LowerBoyles 1.28 1.01 1.49 0.110 29
PN1780 5,720 UpperPerkwood 1.30 i .07 1.40 0.089 28
PN1780 6,140 UpperPsrkwood 1.22 0.96 1.83 0.132 36
PN1780 6,270 Floyd 1.89 1.20 1.89 0.180 28
PN1780 6,470 Floyd 1.44 1.22 1.70 0.121 23
PN1780 6,66o Lewis 1.61 1.27 1.86 0.148 37
PN2191 b;.O Pottsville 0.62 0.62 0.77 0.0§0 40
PN2191 670 Pottsville 0.71 0.68 0.81 0.048 40
PN2191 960 Pottsville 0.74 0.82 0.91 0,061 40
PN2191 1,020 Pottsville 0.69 0.66 0.84 0,064 40
PN2191 1,320 Pottsville 0.73 0.66 0.96 0.094 35
PN2191 1,560 Pottsville 0.86 0.69 1.06 0,090 40
PN2191 1,730 Pottsville 0.9i 0.76 1.10 0.088 40
PN2191 1,950 Pottsville 0.89 0.76 1.09 0.627 33
PN2191 2,310 Parkwood 0.91 0.72 1.18 0.110 40
PN2191 2,540 Carter 0.87 0.79 1,02 0.051 40
PN2191 2,740 Floyd 0.95 0.76 I. 14 0.087 35
PN2191 2,780 Floyd 0.92 0.80 1,09 0.067 21
PN2191 2,855 Floyd 0.98 0.77 I. 19 0,097 35
PN2181 2,920 Lewis 0.96 0.79 1.10 0.806 32
FN2191 3,180 Chattanooga, 1.12 0.88 1.33 0:!13 26

theseprofilestendto be hlsherandrangefrom Inordertoassessthethermalhis_ of ke_gen
8_;80to12_X)feef. containedwithineachunit, Lolx_n'i _n,

1971; Waples, 1982) method for computing
BURIALHISTORY Time/TemperatureIndices(I"11)was used.The ob-

ject/re wu to developa model for the historyof
BurialhistorycurvesforthePN2191andPNI780 kerogenmaturationthat wouldresultin TTI values

wells(fig. 34) arebasedon unitthicknessespicked for severalhorizonsin eachsectionthat wouldbe
fromwell lop, a_es basedon Harlandand others equivalentto actualvitrinitereflectancevaluesoh-
0982), and estimatedlost sectionfromvitdnitere. servedforthesehorizons.
fleclanceprofiles,The burialand tectonichistories Thetwovariablesthatwerevariedto producethe
of thegeologicsectionrepresentedby the twowells most reasonablemodelwere thicknessof sect/on
arequitesimilar,Theirmaindifferenceconsistsof lost to erosionand geothermalgradient.The thick-
thickerupperPennsylvanianandCretaceoussection ness of _t section used in these calculadonsis
foundin_ PNI780well. basedon the vitrtnitereflectionprofilesproduced



Figure34.-.Burialhistorycurves.(A) WellPN2191,(3) WeUPNi780.
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duringthis Itudy(fig, 33). ThMethJc_ ate wood_, in the PN2191well, ontm_ tim
somewhatlowerthanthoseusedby otherinvmtige, oil windowCTTI- 15)between240 sad 260 MA,
tees (Toile and others, 1987; Levine and Telle, butneverreachedpeekoil geaeg_tlonfTTI = 75). In
1991:RcbertsonResearchCtJ.S.),Inc., 1985), but thePNI780 well, the PaL'woodPornutionentered
do notfalloutsidethenmgeof realisticvalues, the oil windowbetween260 and 270 MA, and

The prment-daygeothennelgntcllentin theares reachedpeakoil generationbetween200 and2,50
of the wells studiednmgu from 1.1 to 2.0"F/100 MA. BuM on thesecalculateddates,geotlm_d
feet (U.S.O,S. and AAI_, 1976). A value c( maturationof the PmkwoodPomation occuned
i.6'P/IO0feet wasdmeenu anaveragevaluefor earliertothemuthinthedeeperpartof the basin.
the model.GrlldientJi_ thanthis _ unlikely,
eei_Jally duringthetimeof rapidburialand even- SOURCE.ROCKGEOCHEMISTRY
tual upliftandemalonof the PoasvllleFommion.
OeothemudIpildlentsfromthe analogotulWestern Sixteensampleshem the PN2191 well and 16
Canudim SedimentaryBasin range from 1.6 to samplesfromthePNI780 well,in additiontooth.
greaterthan2.7'P/100feet(Majomwicaand Jump, ers, weresubmittedto the U.S. GeologicalSurvey
1981; tlltchon, 1984). However,uninga IprMlent orgenic geochemimylab for analysistruingRock.
niZnlflcnntlyIprea_ than 1.6'P/100 feetwouldre- Evs]pymlytistodeteminetold orllanic¢arhonand
quirethatthethickneuof lost motionbe reduced, kemgentype(table3). All mnple41fromthue two
whichseemsunlikelytakingintoaccounttheamge wells containedtotalorphic _ values in ex.
of values fkHnother souscesthat would indicate ceu of 0.5_t indicatingthatall unitswerecapable
thatthethicknessof lostsectionis actually8lMter. of generranghydrocarbous.However,samplesfrom

The ruultaof theTTIcalcuktious(able2) sre the Floyd snd Chalxmooge typicallyhad values
pmmntedin the formof cumulativerTl-through- greaterthgn2.0 percent.
timecurvu for mvmd horizonsin esch well (fill. A plotof the HydrogenIndexOU)vem_ Oxylpm
M).Twotrandmamaqplmentftromthesecurvet The Index(O1)for themmmp_ is illummd in flllm
tint is thgtkemlpmnmturatlonoccurredfairlyrgp- 36 (aim me table3), Theplot for thePN2191well
idlywith maximummmmiou occurringbetwem shows thatorgenic matterf_m the CsrW, Pore.
290 and 200 MA.Thesecondis that,exceptforthe ville,and UpperPgrkw_ is dominatedbytypem

unitsin the PNI780well, reburblof Peleo- or ges-pame kemgen. However,kemgee in the
mic rocksby (_ mdimentationaddedlittle, PloydsndChaaanoogeshalesis prtmlu_ytypeIIor
if 8ny,to the thermalmaturationof thekemgenin oil prone.Subjectivevisualexaminationof kemgen
thePaleozotcmclrJ.Liquid-hy_ generation fromwhole-rockpolishedpellets in reflectedlight
occurabetweenTTIvaluesof 15snd 160,withpesk andkerogenconcenlratesby Iranamittedlightverity
genemion occurringat itTTIof 75 (Wuplee.1982). thattheumples fromthePottsville,and Parkwood,
In the PN2191well IMhlhudppianrocksabovethe includingthe dudes below the Carter,sre dotal.
Tu_umbb Limestone8ndbelow the upperPark- hatedby teneatrialplant materialsuch &, vitndn
woodl_ormatton,whichincludestheCartersand- and degradedwoody material(type m ket,_len).
atone,ItttalnudTTIvaluesfrom42 to 68 whichin. Ploydand OuUxanoogemnplee weredominat_ by
dicalUtheseroclulhsvebeatheatedto theextentof Ilmoq)housm3mldcmaterial,whichhasbeenattrib.
oil generation,butnot to thepointof peekgenera- uted to dagrMedmarinesomr,m (type11kemgen)
tion potential.This same intervalin the PNI780 but is mixed with varyingamounts of terrestrial
well attainedTTI valuesof between108 and 169 plantmaterial.
indicatings higher degree of maturationto the The[] versusOl plotfor thePNI780well shows
point where they 8re nearlyovennature.Shepard that all units, includingthose for the Ploydand
(1985)calculated'ITIvaluesfora well in thePla- Chattanoogashales, fall in or veryneartypeHI
teauregionof the BlackWarrior basin and found kerogen.Additionally,samplesfromthePottsville
valuesrangingfrom58 for Miuisslppbn rocks to andParkwoodwhich8retypicallytypeIT/,have,in
91 for Oz_viclan rocks.Thedatafromthem three general, lower (31 values than throe from the
wellsshowt trendof generallyincreasingTH val- PN2191well. _ -",er [] valm fromumplea that
tiesfor Mlsaisdppianrocksfromnorthtosouth,or typkallyhavetypeIIkerogeaand lowerOl values
fromtheshallowerpartof thebasintothedeeper, fromsamplesthat typicallyhave typeHI kemgen

Based on these cumulativeTTl-throullh.time indicateraisedthermalmaturation.
curves,and graphicallydepictedin figure 35, Park- The potentialfor the ChettancogeShale to pro-

duce largeamountsof hydrncarbonais limited,



Tmblo2. TTI datafor wells PN1780 andPN2101.
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Figure35.--Ttme/l,empemtmeindexvemwtimecumulativecurvu.(A) WellPN2191.(B)WellPNI780.
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(A) S.H.Gilmer#4
(PermitNo. 2191)
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Figure 36.'mPIotsof hydrogenindex versusoxygen indexbased on Rock-Evalpyrolysis. (A) Well PN2191,
03) Well PN1780.
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however, becmm it is genennlly less than 10 feet OIL GEOCHEMISTRY
thick in the study area. The FCoyd,while having
typically lower total organic content than the The dimibutiom of oil and gas l_lds in the Car-
Chaum_lga. is in excem of 200 feet in thieve,, ter malm,e and of API gravity were
In mnplN from the PN2191 well. the Floyd Shale based on inf(xmafion in Muingill (1989) and ,Aria-
had an avcnmgeTOC valueof 2.1 percent,while the beautStateOil andGas Bored files (fig. 37). Cumu-
Chattanoop Shale hada TOC value of 3.1 percenL lative oil production as of March 1990. was also
Giventherelativelhicknemesofthesetwounitsin mapped.In Jome cases,ovedagq_goiland gas
theNorthBlowhom Creekarea,thepotentialvol- fieldshavethesmp.enamebutmay nothaveidenti-
tuneefgeneratedhy_ fortheFloydShale calboundaries.Insuchcanes,theovedalzpingfields
is at least15 timesgreaterthan thatof the havebeen_ asonefiel_APIgravityofoilin
CzutmmoopShale. Cartermndztoneincreamsymunficanytoward

the southwest from 22" to 44" (fig. 3"/),This

Figure37.-APIgravitydism'outio, of oil from Cmer _ _.
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increase in AM gravity parallels an _ in hyda_c_oom with increasingdepth of the reservoir,
depthof burialof Car_ sandmoM.AM _p_vityalso which has been shown to be the case based on
parallels the rank of coal in the overlying PoUsvillo vitrinlte reflectance. However, there is s clustering
Formation (see fig. :31). One exceptkm is the of API gravity values between 22" and 34° for
Blakely Creek field which occurs in an area of low reservoirdepths between 1,500 and 3,000 feet, and
coal rankbut which has an APIipavity of 40°. between 39" and 41" for reservoir depths greater

A plot of API8rarity versusdepth (fig. 38) shows than 3,000 feet. This may be due to slight
a general increase of All gravity with increasing diffemw.es in timing, rock characteristicsand mi-
depth. Because API lravity values tend to increase graflonal pathways from source rock to resavoir
withincreasinghy_ maturation,therange betweentheshalloweranddeeperpartsofthebasin.
of API Bravityvalues can be explained solely on the Analysis of the Iposs chemical compos/tion c/'
basis of increasing thermal maturation of the Mississippianoils found in the Black Warriorbas/n

API Gravity - MississippianOils
BlackWardorBasin

, ,,, , ,, - i ,

1000
C

C

2000 u

_ 3000- u M8
4000 u

50O0

L

6000 -

' I ' ! ' I ..... " I ' I • "-

0 10 20 30 40 50 60

APIGravity

Figure 38.--Plot of API gravity versusdepth in Mississippiemoils from the Black Warriorbasin. (C = Carter
sandstone,H = Chandler sandstone,O = coats sandstone,G = Gilmersandstone, L = Lewis sandtone,M
=Millerella sandstone,S = SandersandCartersandstones.)

_,i_
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(fig. 39, table4) shows that most tend to contain a the various Mississippian oil fields in the Black
high percent saturated hydrocarbonsin relation to Warriorbasin areun_hUed.
momatic hy_ and asphaltenes.This indi. Pigure 40 is stplot of wismne/n-Cl 7 versus hep-
catu that little biodegmdattonof the oil has taken tane that compares samples of Mississtppian oils
place. Gas chromatograms from these oil samples from the Black Warriorbasin with those from the
also do not reveal evidence of extensive biodegra- Jurassicand Cretaceous of the Gulf ComM Plain.
dation. In both plots, the Miuissippian oils are shown to be

Cadxm isotope data are very consistent among less maturethan oils occurring in Jurassicor Crota.
the oil fields.813Cvalues for the saturatehydrocar- ceous reservoirs. Data used to constructfigure 40
boa fraction range from -30.1 to -31.3_ for a dif- arelisted in table5.
ferettce of 1.2_f_o.Por the aromatic hydrocarbon
fraction, 813C values range from .29.3 to -30.6_ CHARACTERIZATION OF
fora diffaesw__f 1.19t_Differencesof813Cvalues HETEROGENEITY IN CARTER AND
between_ saturateand atmtattchydnr.sfl_ MILLERELZA OIL RESERVOIRS
fractions range from 0.1 to 1.2ql_ The differences
in these values is withinthe accelmtblerangeattrib-
utable to maturity transformationonly (Wuples, Carter and MillereUa oil reset'voin make up the
1982). Therefore.based on these data. API gravity, largestoil fields with the closest well _ing and
and gross chemical composition, there are no con- thus Wovide the best basis for characterizingreser-
cimive reasmu to indicate that oil produced from voir heterogeneity in the Black Warriorbasin. This

Saturates

75

0 25 S0 75 100

NSO + Asphaltenes Aromatlcs

Figure39..-Ternarydiagramillustratinggrosschemicalcomposition of C15+ fractionof crudeoils from
the Black Warriorbasin.
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F_ 40.--Plotofprkm_Jn-Cl7vmm bepm,eforoilsfnm Mbm_ reservoirsintheBlackWarrior
bud, ar_:.:,_ic andCnnaceo_reservoirsintheGulfC,xmd Plain.

sectiondiaereseshetempne/ty in thesereservoirs modelsof sedimentattmandgmervoirhetemgene-
usingsedimemologic,petrologic,andpem_ysical ity. This sectiondiscussesfacies heterogeneityin
pmmneters. CarterandMillerellaoil reservoirsby definingres-

ervoirfithofw.ies,describingfaciesvaflaflmwithin
FACIF.3 HETEROGENEITY IN CARTER the mostprcdttctivefields,anddevelopingdsposi-
AND MILLEREI.LA OIL RESERVOIRS tlonalmodelstoexplainthatvariation.

Nine fieldsand oil unitsare presentin the area

Carterand Millerellaoil reservoirspresentthe containingthemost prtx_live Carterand Miller-
best_ty to understandfaciesheterogeneity ella oil pools,whichwerechosenfor detailedstudy
in the BlackWarriorbasinbecausethese unitsare (fig.41). A net-mndstmeisolith mapof theCarter
the most productiveand makeup the largestoil sandstoneshows markedvariationof sandstone-
fields with the closest well spacing.Furthermore, body gemneUy(fig. 42). Imltth _s inthe
coresof Cartersandstoneareavailablefromseveral southwestpartof the map areadelimita seriesof
fieldsandthusprovidethebestbasisfordeveloping .thick,Iobalesundstmebodies,whichextendinto

SouthBrushCreek,WestBrushCreek,Blowhom
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l_Igum.4l..-Indexmapshowinglocationof wells,oil fields_d str__l¢ cross_lJons in_irl_r sid
Mi,ere,_ _, northcammLanurandsouthwesternlayette Counties,Alabama.
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Rgure42.-Net.mmdstonetsolithmapoftheCartersandstone,northeMternLamerendsouthwesternFayette
Countiu,/dalxuns.

Creek,SouthPairv|ew,andCentralFalrviewoU sandstonebodiesbecomethinnerandlessconttnu-
units. These lobatebodiesrepresentthedistal_lge oustowardthenorth,,standsout_ Oil is prod.
of theconslnlctivedeltaicsysWmdiscussedearlier, ucedfromthesesmallerbodiesin Bluffoil fieldand

Northeastof the sandstonelobes, isolithpatterns Waysideoil unit.Thesoutheast-elongatesandstone
define a series of southeast-elongatesandstone bodiesrepresentbeachesof the destructive,shoal.
bodies (fig. 42). The largestof these sandstone waterdeltaic system (Kuglerand Pashin, 1992;
bodiesis in NorthBlowhornCreekoil unit,andthe PashinandKugler,1992).



TheMU_rsIMmmdstmzeismuchlessconltnuow oneof theselensespmducmoil in BlowhcmCreek
thantheCsttet andtotmss setiosct sandstone ollunit,ThecnlyotherlensthatpmduceeoUhu 8
lenseswhichm_dlspmedthfOullhOutthemaparea eutvflinezipmne_ sndlJ in Bluffoil field.The
(fiB.43). The MlUtreUawandn)neis thinnerthan Mill#rella mmdmne wm lnu_ earlieru s
40 feetin thisre'u, and _body _¢_y ssr_ of delut-domuotlvebm_ltmsnd dtc_ that
andorlmt_ vstim m_..edly. The Isqest knsu famed ss a uanqlmmin8sea inundatedtheCarter
m in the muth.calr_l Inn o( themap mu, and dellsplain.

1 _ Sandstoneal)eent 20-30ft

1 km .... 0-10ft >30ft

_ 10-20ft ContourIntervsl,,10ft

Figure43...Net._ imlithmapof theMlllerellasandstone,northeutmnL,anmrandmuthweatem
FayetteCounties,Aldmna.
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CaN ofCanermmme are_le in several The mmme boles ma/m domlnmdyot my
oil fields in Alabanmand wm deacribedf_m fine. to flne_lpminedundsm_ that is _-
North Blowhorn Cree_ Wayside, South B_h bown, _ldy bedded,andmodeme-to well-sorted
Creek,andSouthhlrview oil uniU.The oores (_L 45"o,©).Inwellloss,thiskdeetypicallyhu a
providethebat controlforcbmwterhdnSthelitho- blockypaua_andthe_ n_tivily of anyp_
li_tmof thelower_ roman, whichcon- of theCartermdaaone(_. 44)._ore, the
udnadivenemiteo(mcktypes,_limonuu7m_c- m_tone _icimconuduthemoatporousandper-
trams,and biogonicstructures.All Carterootw con- meablestratain theCarterintervaland is thugthe
taintherune _te Utho_ieasequence,tnclud- principalreservoirrock;muchof themndmneIs
ins _xn boom to up, (1) dude-ud-silmoneh- stainedwithoil.
ties, (2) udmone facies,and(3) varleptod/ken The comct of the sandstonewiththeunderlying
(_. 44), ah.de.md-Jiltatone_ is distinctbutptdatiomd,

wherau the contactwith the ovedyins variegated
S_J_v_S]LT_'r_ FAC_ fli0k_, which ill d_uMIod _0 is _ to 8rlldM"

tional(fij. 44). Pamm.solution seams,donsshale
The dude.and-siltmoneIkcle, toms thebase of laminaein the lower3 to 6 inchesof the wulmne

lowerPwkwoodPormagonandis composedo/' define the hue o( the oil.mlamtedzone. Unltu-
mediumgrty to verydarkgray,orgmlc.flch shale ratedsiltstoneand m_tone betweenptemmHo-
andlight fpzy silmtme(tiff,4_t). In wellIo88,the luflonseamscont.dn8abundantintenfltt.dclayand
boleshu lowresl_vityandanleresularsignaun; is cementedby fenmn dolomite/_te. Hence,
faciesthicknmstypically_ from20 to 75 feet thebweof them, ervokis nota simpledep_ltional
In corn,the _ coateins mvmd beddingstylm contact,buta diapmtic contactas well.
and mdimentw/muctmes. The contact with the In manycores,mlimentsrym_cturesarereadily
BangorLimestonewMnotobservedin cote, but the apparentbecausedark,clay.flchIsyersdefinei_i-
contactwiththeovedyinsCanernndstoneis slurp me. Thelowerperto(the nndstonecontainsmbun-
to8rad_on.d(fls, 44). dnntm.dl._,.detrough croesbeds,ormorempacifi.

Wavy,ientieular,andflaserbeddinllpredominate c.dly,luante.rtpplectmalaminae(fig.4_). In a
in thedude.und.gillMonefack_; dudeis gmendly core from NorthPairvlewoil unit, lunate-ripple
siltyand poorly _, whemu JdltMonemost crosslaminaearedefinedby asphaltic hydngar-
commonlyoccursin Isminmtothinbed8withsharp bona.Waveripplesalsoarepresentlocallynearthe
upperandlowercontacts(/18.45a).Slltstonebeds lowerconlacLClaydrapesarecommoninsomeof
jenarally definea thickenin8,and coarsenins-up- the ripple-laminatedsandstone. The dominant
wardsequence(fl8. 44), $1dedtlc(xxn_.,relionsare sedimentlgysulcmre8intheupp_wpartof thesand-
presentin all comJand jate_ly fore discoid to stonearegentlyinclinedlaminae(fig, 45c) thatde-
oblatemassesransin8in jize frompebblesto cob- finelow.angle(dilglO'), planarctmsbeds(fig,_).
hies.Theconcretionscommonlydisplacelaminaein Withinthe low-anglecrossbeddedsandstone,how-
thehoststrataandlocallycontainseptada.More- ever,areinterv.dsoflunate-tipplectm8laminae
over,discoidtoirregular,sand.topebble.slzepyrite and]dgh.angle(dip>10')planarandlarge.sc.de
nodulesoccurinsomecoreaLosdcastsandassoci- troughcroulx_.In mintcores,croes.stratlfied
atodconvolutelaminaeareabundantat thebaseo( u_its within low.angl_ sandstoneare
the siltstone layers,particularlythe thickestbeds thinnerthan0.5 ft. Manyof thehigh.anglecroU-
(fig.4Sa),8ndwaveripplesand horizontallaminae beds are coarsergrainedthan the adjacent low-
abound within the layers. Current-ripplecross angle-crossbeddedandripple-laminatedsandstone.
laminaeoccur in manysiltstonebede(fig. 44), and A fewthin to mediumbedsof shaleands/Itstone,
the thinnestsiltstonelaminaearecommonlygraded, someof whichresemblethe sh.de-und.siltstoneIk.
Horizontalfeedingburrowsare locallycommonin cies, arewithinthesandstonefacies.Platy,sand.to
the slltstone,andsomerestingtracesalsosre pebble.size8haleclegL8andirregularclaylaminae
present, thinnerthan0.05incharedispersedthroughoutthe

facies.Isolatedshaleclutsarepresentin mostof
the reservoir,and locally,the clam are abundant
enoughto formsandstone.supportedconglomerate.
Clay laminaeoccursinglyor in parallelto anasto-
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Rg_ 45.--$ek_ photop_hs_ cores_wing ohar_U_'_osot ll_oflcbsin NorthBlowhomCreekoil
unit.(A) Thin 0ilutonetedwithwM-rll_te crou laminaeendayndopositionsltoeda_cturo,_e.
Md-siltstonef_ios (wellPN3236,2,253ft).(13)Veryfino-ll_rBinodsandstonewithcurrent-ripplec_ro88
lomlnao,sBndstonof_tos,(wellPN3314,2,321).(C)Veryflno-f_ndnodaundstonewithgentlydippln8
laminae, sandstonefaci¢_(well PN3204,2,237 fl). (D) Rod mudstonowith _izoids and pimid_
calichonodules,variegatedfacies(wellPN3160,2_). ModifiedfromPuhin andKuglor(1992).



mod_ paapl up to 0.5 bet thickmtdhmvevJud- danttoodtnlm_desulm bunowsu wellm sid_tic
8i)1olatm_ utmtt. StyloiiteJand_-miution rldzoidLI_k f_y dudo, in _t_ is Ioadly
jemuaoommmlyare dlm_bu_l alorql laminae, lmlu_l randcominsplmmMllmel. Mm ofthe
_te.4_mented _ with alxndantclay dudeIsrootmottleda retains tbundantdt_ken-
hminmmd dub _ Ismoemlmdantmlmllthe jldee,sand.to p'jlle-i ltmemm mdubsare

of thenndmonekMes. also pment in the dude.Mediumto tickbedso(
Dismltcuintod_ mama. mainly brmchi, red(tgownidt-sray)dub havepuimtionalcontacts

opodnheila,c_old essl_lu,lw/oaans,nd luu_ withtin _ Ir_ dudesul m mo rootmottl_
pods,is mncmmmdIn huninuto _i_k bedLL_ mineredm_ Im aptsotdmltemre (fill,4sd).
tally, _dl _umul_lom areasthicku 4.0/bet.
B_ _ _ly arepoorlyorientedbut MgSERVOIMARCIII'I'gC'_lP,lg
aremoatomunonly_ convex.aideup.Con.
cenUatioNof'dgeletaldeb_ _ nonesof per. Although Ilthofncm cbar__8 vary little
vutve _ cadclte and fcgroan dolo- 8mtat8fields,ItgstJwsph_ttchltecmtmvariescon-
mt_ oomentwithin the sandstonefacies. 8Jderablyand is s pdmmyJomuDof hetmoSemity
Asidef_n Jkeleodmatm_, btosen_ Jtructuresin duttshouldbe ¢xx_tJdtgedwhendevelopin8imtte.
theundUoQeholes arefew,rive forisolmd _. 8m for improvedoil _. Tt_ section dis.
ins, reetnS,andescapebunow8, c_ues wttJptphic variationwithin and smonll

_u_ 8ridMUlarallaoil _ on thebagaof
VARIBOATBDFACIES isollthpitsm_8and mistivtty.lOll_ mk_.tlmu.In

each field, ru_oir lidno_m vary pm_tably
The vadepted fkc/u is Utholof,/_y dlvemeand with_ toreservoirmnddtectureand arereadily

is so namedbmnm these stratacontainthe met identifiedby chmc_ well-lot sipumru.
divermoolors in the _ Pukwo_ Pmmat/on
(ns.44).Theb:ie, hi, a ,ohm tobk_y k_ its- NORTHBLO_ ca]angon. vNrr
nmm withresiaivltyintermedimbetweenthatot
thedude-ml.iUmoneand mndstone_, _ TheCarternndsme in NorthBlowlxrn oil unit,
emblishthatthevmrlelPttedftciesIlenendlyor.=m themostpreducltveoilunitin thebasin,is itnorth.
in theupperpertof'theCarterm_Istme.Within wnat.wuthemmmdinsbodythatantendsnmhwest
thekm_, theMnd#_ IIt_tespadu dq_tion, of theoilunitandteminat_inthe_est put
Idlyulxlip into lenticuinrmndstone,adltutone,and of theunit(fig,42). The ae bodyhts s sub-
adude,which,in turn,Imde into mediumIPmYsilt. linear_ mnrllinand8n irrejuiarmuthwm
uone tnd dark pay to Imywnish-lnyshale and mqiin. Smncistoneis locally thickerthan 40 feet
mudatm_ alongthe uis of the body,whichis closeto tl_

l_ticollr.bedd_ sandstone,sill, anddude nocthe_mKstno( the _. Imlithpetterns
_in_ inthevarleEa_facies(fill.44).Sand. becomeinav_nsly irrelp_ towardthe muthesst,
8tomandmilUtoneo_ur _j irregular,yellowish, andthethickestaumclnmedeflnus serieso(hcok-
brown,_ ienticlu that typkally nmge in likeforms thst Wojoct_ boat themainui_
thtclmeufhun0._ to 4.0 inchesand areaqmated of them_lstmo body.
bymnestomm/Mclaylaminae,Mintof the lenticles lt_slstivity-lol_rcm_ fromNorth Biow-
mppearJlructmeJees,butson_mncbtoneand_t- horn_ oHunitestablishthatmmvoir 8rchlte_.
8tOMcontehudeformedripploctoulaminaewhich tureis internallycomplexbutVllfiesny_y
revealthatthe lentirJes_t pebble,to cobble- alon8 the lonsth o( tho m_rvoir nndstme body
tize, intnu_huecflu pebbletThelenttc_ contain (fla.46).Thetopo_theBan_ _ is_rp
lbwblolpmicm_ctures,althouahbranchinl,dark andisreadilycon'elated_xq;houttheoilunit,and
reddish.browns/derite_izolcb,or rootstructures, abovetheBansoris s dudeunitthatis mijnabb to
arelocally abundsnt. Sandstone in the vsdepted the dmle4nd.siltamm iitho_ie# and extends
facies is cemented pervasively with kaolinite, throulthouttheoil unit.Althoushthe besalcontact
tlderite,and ferrmndolomite/ankedte,which ira. of theshale is sharpandcontinuous,theupperpart
parta yeflowish,to reddish.browncolormottlingto of theshaleintectonsueswithCarter_.
muchof the facies. The NorthBlowham _ oil rem_oir corn.

Some cotw containrelativelyhomolleneousme. prises numerousnndNoee lenae#(fill. 46). The
dium-to thin.beddedshale 8ndalltstone.The silt. Ionllitudilml_ secl/m, A.A',revealsit seriesof
8tonecontainslaminaethattre dim_ptedby abun. imb_te, cltnofmmslhies thatdip depoeitiomdly
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Figure 46.--Resistivity-log cross sections of the lower Parkwood Formation and associated units, North
Blowhorn Creek oil unit. See figure 41 for location (modified from Pashin and Kugler, 1992).
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mutltelt and decrease in _ toward the terminus wood INtonationare continuous and evenly spaced
of the sandstone body. Similarly, the transverse throughoutWayside oil unit, reflecting the limited
cross sections, B-B', C4_', and D-D', depict imbri- stratigraphicrelief of the top of the Carter sand-
cate, clinofonnal lenses that dip depmiliunally stone.
northeast.Within the transversesecliom, however,
the sandstone lenses cmttaln distinctivechanges in SOUTHBRUSH CREEKOIL UNIT
log Mgnature,and hence, internal facies architec-
ture. The Carter sandstone in _uth Brush _ oil

Delmsitiomlly downdippartsof the lenses tendto unithas a distinctive, subcircularisolith patternthat
have a blocky log signature with high resistivity, conUwts nmrkediywith that of the other oH reser-
reflecting the best reservoirquality, although a set- voin (fig. 42). Like other Carter reservoin, the
rate pattern is locally _t (fig. 46). Lenses are sandstone is comlx:medof gently dipping clinofor-
typicall_ amalgamated along the sandstone-body real sandstone units that dip toward the north and
axis, framing a single, Mocky unit of reservoir east (fig. 48). A unique characteristicof the Carter
sandstone lkat is the sandstone facies. In contrast, reservoir in the South Brush Creek area is tmnca-
the delmsitionally updip parts of the lenses tend to lion of the top of the sandstonebelow the shale that
have a serrate log pattern, and resistivity decreases formsthe topof the lower ParkwoodF_.
toward the 8outhwest,reflecting decreasedreservoir Well logs in the South Brush Creek area have a
quality. Sandstone with a serratepattern includes serrate,coarsening-upwardlog sigtmune, and many
strataof the sandstoneandvariegatedflthofacies, logs contain a blocky sandstone unit at the top (fig.

The middle ParkwoodFernmlion contains many 48). Cores contain intercalatedstrata of the shale-
resistive carbonateand shale markers(fig. 46). In and-siltstone and sandstone facies. These cores
general, limestone units thin upward,and carbonate refiect intertonguing of these Hthofacies, with the
content increases slightly toward the northeastand sandstone fithofacies thickening upwardat the ex-
markedlytowardthe southeast.Moreover,limestone pease of the shale-and-sandstm_ lithofacies. The
markers tend to follow irregularities in the upper shale that seals the reservoir belongs to the
contact of the sandstone, descending depositionally variegated fithofacies and is co_ of silty,
northeastacross the reservoir, rootedmudstone.

The Millerella sandslme is preserved in the
WAYSIDEOILUNIT northeasternmostpart of ctoss-seclion I-r (fig. 48)

and has a serratelog signature. As in Wayside oil
Wayside oil unit was developed in one of the unit. the MiUereUapasses northwestwardinto lime-

smallest Ionsoid sandstone bodies in the map area stone. The sandstone is included in the Miilerella
(fig. 42). The sandstoneis generally thinner than 25 pool of Blowhom Creekoil unit. which is discussed
feet and pinches out abruptlywest of the oil unit in detail in the next section. Although considerable
(fig. 47). Toward the southeast, however, the sand- stratigraphicrelief is at the top of the Cartersand-
stone thins by intertonguing with lower PaAwood stone, the resistive limestone markersof the middle
shale siitstone, which belongs to the shale-and.silt- ParkwoodFormation are evenly spaced and have
stone lithofacles, limited suatigraphic relief. However, at the eastern

As in North Blowhom Creekoil unit, the Carter end of cross-section H-IF, markersnear the base of
reservoir in Wayside oil unit is composeAof imbri- the middle kwood diverge sharply, and the
cate, clinofonnal sandstonelenses (fig. 47). By con- Millerella limestone rests directly on the Carter
trast, depositional dip of the lenses is much gender sandstone.
in Wayside oil unit. The sandstone has the blocky
resistivity signatureof the sandstonelithofacies only BLOWHORNCREEKMILLERELZA OIL UNIT
in the northwesternpartof the reservoir.In most of
the reservoir, however, the sandstonehas the serrate Blowhom Creek oil unit contains the most pro-
signature of the sandstone and variegated lithofa- dm:tiveMillerella sandstone reservoir in the Black
cies.. Warrior basin and brings to light characteristicsof

The MiUerella sandstone is present southeastof Carterand Millerella sandstonethat are not appar.
the oil unit and is generally thinner than 10 feet ent in other fields. The isolith patternof the Carter
(figs. 43, 47). The sandstonehas a blockyto serrate sandstonein the northwestpan of Blowhom Creek
resistivity signatureand passes northwestwardinto oil unitresembles thatin South BrushCreek oil unit
limestone. Resistive markers in the middle Park-
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Figure 47.--Resist/vity-log cross sections of the Lower Par_wood Formation and associawd un/ts, Wayside
oil unit. See figure 41 for location.
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(fig. 42). In the emtem pert, by contrast, the Carter pmments have m hn_ aspect, each dipping
rem'votr is thinor ab,Jent, andsupping towardthe mutheut.

As in the South Brash Creek area, the Carter The Mlllerella mmdstme Is wemnt only in the
sandstone in Blowhem Creek oil unit has a wrrate northwesternpert of the oH field md is locally
to blocky, mmening.epward reet_vtty sllpmture tl_ker than30 feet(fig, 43). The linearnatureof
(fig, 49). Gently dipping, clinofomal _ the sandstonebodycontm_ t_u'ply with other
lenses arereadilyq)Iment in the cross sectiom, and MUlerella sandstone bodies, which have an lrregu-
the Carterreservoir is simply a continuationof that lar, patch-like geometry, The resistivity pattern o/'
in South BrushCreek Therefore, althoughcores are the sandstone is serrateto blocky and thus resem-
lack/nil,reservoirlithofaciesostonsibly are the same hies that in Blowhom Creek oil unit (fig. 50).
as those in South Brush Creek oil unit. In partsof Strattgraphically,the Miller#lla sandstmte is the
Blowltom Creekoil unit, however, the Cartersand- youngest reservoircompartment in Bluff field and
stone is mnw,ated by shale-filled scours, which lo. _ts a reversal of the mutheast.stepping trend
cally marjtte the full thicknessof the sandstone, in the Cartermmdstme (fig. 50). Middle Pmkwood

The Mill#rella sandstone is present in most of limestone unitsconformclosely to the uppersurface
BlowhornCreek oHunit and genendly mnaes from of the sandstone, and thus resemble most clmely
10 to 25 feet in thickness (fig. 43). Thickness is those in NorthBlowhom Creek oil unit. Inaddition,
fairly uniform in much of the field, but the sand- the MUlerella limmtoue thickens amdmdlyas Car-
stone b absent in a northeut-trendinl; belt. Well ter sandstone lenses step clinofmmally toward the
logs establish that the sandstonehas a hiBhlyresis- southeMt.
eve. _ to serrate los ,isnature with no evi.
dence of a consistmt vertical ffraln-s_e trend (fig. ENVIRONMENTAL INTERPRETATIONS
49). In the emtem pen of the _M. where the sand.
stone is absent, the sandstone i8 _lly trun- SHAL_AND-SILTSTONE FACIP_: STORM-
catad by a dude filled scour similar to the one trun- DOMINATEDS_
caring the _ sandstone. Resistive markers in
the middle PmkwondFommtlon have considerably The shale.and.siltstone facies is interpreted to
morestratigraphicrelief than in most other areas, rewesent a stem-dominated shelf mudblanket that
Moreover, the Mlllerella limestone is typically ab- _ across the Bangor carbonatebank (fig.
sent in wells that penetrate _tle-filled scours that 51). Presence of thin slltstone beds with wave rip-
truncatethe Mlllerella sandstone, pies indicates that mud depo4ition was interrupted

by episodic wave events. Wavy, lenticular, and
BLUFFOILFIELD flaser-beddedsiltstone with abundantload casts and

wave ripples (fig. 45a) are wideq,m,d in the Appe.
Bluff oil field contains the most hetemgeneons lachian region and have been inteq_,eted to repre-

CarterandMUlerellasandstoneremrvo_ diL'tmed sentshelfstormdeposits(Pashinand Ettensohn,
inthisreport.Furthermore,thefieldcontainsthree 1987).Similarsand-richdepositsarenow forming
oilunits,NorthBluff,CentralBluff,and South on thestonn-domimtedshelfof theNorthSea
Bluff.The CartersandstoneinBlufffieldhastwo (AignerandReineck,1982)andhavebeenrecog-
depocenters, and thickness ranges from 0 to more nized in the Lewis sandstone of the Black Warrior
than 30 feet (fig. 42). Overall, the sandstone.isolith basin (Holmes, 1981; DiGlovanni, 1984; Pashin
patternresembles thatin Wayside oil unit. and others, 1991). Graded siltstone laminae may

As in the other fields, the Carter sandstone in represent simple fallout from suspension after
Bluff field has a serrate to blocky, coersening- storms or altemttvely, river.mouth sediment
upwardresistivity pattmt and is composedof imbri, plumes that episodically extended into the shelf
care,clino_0rmalsandstone lenses. What separates area.
Bluff field from the offer oil units, however, is that Abundant load casts, some of which are synde-
together, Careerand Millerella reservoirscomprise positional (fig. 45a), indicate that the muddysub-
six uncontacted or poody contacted oil compart- strafe was soft, fluid and could be deformed with
ments (fig. 50). The lo-,ermost Cartercompertment only minimalaccumulationof quartz-richsediment.
is restrictedto a few wells in the middle of the field Lack of body fossils and presence of pyrite nodules
and locally rests directlyon the Bangor limestone, in the facies suggests thatthe substratewas too fluid
With the exception of a thin sandstone lens in the and too foul to accommodatea diverse fauna. How-
northern pan of the field, the other Carter corn- ever, feeding burrows and resting traces indicate
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Figure 49...Resistivity.log cross sections of the lower Parkwood Formation and associated units,
Blowhom Creek oil uniL See figure 41 for location.
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that the organic-rich sub=me IX_ded foodand anglepl=ur andtangentialcmJsbeds,and(3)low.
refugei'm'someorpn/sms. The generalthickening, angle,planarcrossbeds(fig, 45c), is characteristic
andcom_nhtg-upw_rdsequenceof the shale.and, of shorefac_.beachsystemsand reflectsprogressive
siltstonefaciessignifiesthatthesostrataarepmgra, deformationof wavesapproachingshm¢ (Clifton,
dattoJuland are geneticallyrelatedto the shorn. 1976).
zonedepositsof thesandstm_fades. Dominanceof lunate.tipplecress laminae(fig.

451))over wave ripples suggeststhat waves were
SANDSTONBFACIES:SHOREPACBAND mppiantedby tmldlrecflonalcurrents in the lower

POR_HORE shoreface,perhapsin responseto geos_c flows
end rip currentsthat may have at times been af.

The sandstonefaciesisinterpretedto represent fectedbyhighriver.mouthdischarge.Thinintervals
sedimentationin a spectrumof beachand shoRface of high-anglecrossbeddingm charactedsttcof,
environments(fig.51), Similarbeachandshoreface shorefacebarsandridge.and-runnelsystems,which
depositsarecommonin otherChestedanreservoirs occurin thebreakerzoneand the lowerforeshoreof
of the Black Warriorbasin (Pashin and others, modem beach systems(Davis and others, 1972;
1991).The thin zoneof gradationfromthe shale. Davidson-Arnottand Greenwood,1976). Low-
and.slltsWnefacies into the sandstonefaciesindl. angle,planarcrossbedding(fig,44), fhrthennore,is
cam that the l_ransiflonfromshelf to shorefacewas the characteristicsed/mentsrystructureof the
well defined.The generalsequmceof sedimentary breaker, surf and swash zones of beaches
structmesin the sandstonelttlmfactes,specifically (Tlmmpmn,1937;Clifton, 1976).Deviationof se-
(1) lunate-tipplecrosslaminae(fig.4Yo),(2) high- quencesin the sandstonefacies froman idealized

Flguro5l.--_ittonal modelof Cartersandstoneshowinglateralvariationof facieswithinsandstone
lensesandenvironmentalinterpretations(modifiedfromPashinandKugler,1992).



_m of sedimentarystructuresOWNtOsevend andc_ts, 1991),Analysiso: c_t_e_ suHats
sourcesincludinsmslpmtioa of mmtone lenses thatwsshoverfans,whichdeve_p u duneridzu
(fig, ,16),rewodd_ dudns strumJurses(_, Sl), aret_mchedby s suqJn8m, mo werenot dover.
multiple_.t_t symms, and inmbiiity _ oped. Instead, strictures herein destgnmedam
the bNch.shomfbcesystan csused by tides and stmm-sursespuu me interpetedto havebeenthe
vsrLationsin river-mouthdischm_, nU_ lowerbeckshmedeposit(fi8,52),

Slude.clsst conglometste lsyers indic4te _at Root ml_u_tmlsmd 8bundantintntclssttc flat
dtomfsceerosioawas a stp_t pmcms.Some pebblesimmediatelylandwardot the fomdJmeindi.
conglomenzictnte_v__tly _ epimdm careepisxlmof hilh.ener_ sedimenutttonin the
whenmuddyintervalsweremwodcedas mn_lPt- suprutkLalzone,Althoughnoclearmdop forthese
miJ_!mmclatonelensesformedth3egthereaa_oir depositshavebeenidentified,intermittentflooding
axis.Shaleclam my havealsobeenerodedfrom of thesuprattdldzoneocemson wind.tidalflats
the innermostshelf,tmmpmtedby g_ic (Miller,1975;Reineckud Singh,1980).However,
flows,linddepoelledontheduxet'ace.Isolateddude modemwind.tidalfiatsformin pnxectedlagoons
cLuts, mmeovef,rosysimplyrepresentmuddrapes andembaymentsand am thus dominatedby fine.
rewakedbornahomface,ulimont. are/neddepo_mwithlow-enalD,sedimemaS,muc.

Scarcebiotud_tonindicatesthatthesandysub- tures. In contrast,the Carterintntclamformedira.
stratewas,in conlmstto the arlPmic-dchmudof medLateiybehindan united f_ and are
theslule.mi.diUmmefmc_,a poorfoodsouscefor thuslntmpmtedto havebeendepoattedby major
sort.bodiedlntanna.Peerm4entationanddisanicu- moanmu'ges,sithoughsemmultidalviu4ationsmay
Lationof crinoidsandbrachiolxxbindicatestrams, have playedsome role in foming these deposits.
port,but it is doubtfulthat the skeletalmstedsl was Along modemshorelines,huaicane.reLatedsuqles
trans_ from the _t shelf which lacked can raise waterlevel morethan 20 feet(Hayes,
calcified_unasor _ Ix_kalmmenvironments 1967).
whichpmllblyhadreducedsldinity,Perhapsthese Althoughsedimentationin the lowerIx_luhore
organismslivedin _ m at thefootof'the was domimmi by vijorous, storm.inducedf!ow_,
shorefacewheresubgtrsteand otherenvkmnenud Iow-am_y pocesm prevailedin the upperbsck.
conditionsweremoststable, shore. Rootingand plsoldal muctures (fig. 4M)

As with shaleclasts, shellsccumulsdomappar- provideevidencefor expom_ in an evqxx_ve
enUyformedin morethanonemanner,Somethin setting.Ch_ypeleoaolsprolmblyformedin marshy
accumulations,lx_ly those in low-angle areasthat favored reductionand preasrvsttonof
c_,oBdNxkk_lsandstone,sreinterpretedtorepreaent orpnic matter,wM red pidoosolsi_ly
shellswashedup onthebeach,whereasotherac- formedontopographichighsthatfavoredoxidation
cumulations,particularlythoeein rippledsend- andnoduleformation,Depositsoflaminatedorbur.
stone,wereconcenU'al_lbyshorofacecurrents.The rowedshaleand siltstoneme interpretedto have
thickestshellaccumulationsmtensiblyformedin formedinLagoonalenvironments,andsomeofthese
rip channelsor are thick Iower-shmefacestormde- depositsmayevea representsalinepondsfilledwith
posits, siackwaterfromstormsurges.

VARIEGATEDFACIES:BACKSHORE DEPOSITIONALSYSTEMSANDFACIES
IIETEROGENErrY

Thevmtepled fkciesis interpretedto _nt a
suiteof Ixtckshm_environmentsin whichsedimen. Thebeachdepositsof theCartersandstoneindi-
rationwasdominaledby stormsurgesandsoil for- rate developmentof a muddysUandplainsystem
madon(fig, $1), The deposidonellyupdipposidon duringdestructionof"the iowe¢Parkwood deltaic
of theserrate,moderatelyresistivevarleptedfacies system.The varietyof IsolithIXattemsand strad-
relativeto the blocky,highly resistivesandstone graphicarchitecturein Carterand Millerella off
facies(figs.44, 46) indicatesthatbeachtopolpaphy reservoirs(figs,42, 46.50) damonslralesthat those
slopedgendyoffshoreandthateoILanduneridges, beachsystemswerediverse,Moreover,the change
whicharesoprevalentin modernbeach.barriersys- of sandstone.bodygeometryfromthe lobatebodies
terns(McCubbin,1982;Elliott.1986),werenotpre- in the southeastto the thin, isolatedlenses in the
sent. Somebeachsystemsin southwesternFlorida northeast records systematic evolution of the
lackeolianduneridgesandareinsteadcomposedof strandplalnand exceptionalpreservationof the pa.
low.reliefridgescontainingswashdeposits(Stapor ieogeographicframewod[of the shoal.waterdelta.
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FiBure52.--Psleopol_phk: reconstructionof the NorthBlowhom Creekspit system (modiflod fromPsshin
andKugler, 1992).

The Cram' sandstone in North Blowhorn Cr_k Similar distributary-mouthbeach systems formed
oil unit has Ixm interpretedto representa spit.type on ancient shoal.warn' lobes of the Mississippi
beach symmn(Pashln and Kugim', 1992) (fig. 52). Delta (Penland and Boyd, 1985) and may be more
Spits format lho down.driftends of beachesand are widespreadin the geologic rocordthan commonly
characterized by a fan.like arrangement of ridges thought.
that curve landwardand accrete in the direction of The sublinear northwest boundary of the sand-
geostmphic flow. Spit-style beach systems form in stone bodymarks the seaward spit margin, whereas
several dqx)siUonal settings, including tidal inlets the irregularsoutheastmargin delineates spit arms
(B(x)thtwd, 1985), estuary mouths (Fairbridge, (figs. 42, 52). The most compelling evidence for a
1980), and even chenier plains (Gould and McFar. spit complex in North Blowhorn Creek is imbrica-
_, 1959). Considering the North Blowhorn Creek tion of successively smaller sandstone lenses toward
resm, otr part of a shoal.water delta complex, the the southeast terminus of the s_dstone body (fig.
best modem analog is in southernFrance where a 46). Each sandstone lens is interpretedto include a
spit.style beachcomplex is fed directlyby the Grand spit arm, and the largest arms are in the west-ten.
Rh_ne distributary(van Andel and Curray, 1960). tral and southeasternparts of the oil unit. Evidence
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formm surpN,in • nonltem-fmoingbew,h symm u the dimdmoat_ of theconstructive,wave-
utablishm that the dominantwind had t major dominateddeludesymNt,Blowhom¢_mk oil unit
northerlyto mlmty, _ COmlgctent(tip. 51, _, however,by the wesenca of _de-fllled
52), andmtheitward spitw.cmtionindicatesthat _ thattruncatetiw full thiolmm of _ and
lecatro_ flows were directedsouthetL Blocky MiU#rtllaruervo_ (fig.49). Thesewoun differin
t_-ixotw_ undstoneoocmfartherabovethe originMantheerosionaltort'acethatmug,at• the
Banilor _ in each mgemive undetone top of' the SouthBrushCreekfesenoir, because
lena. 'Ibis oonfl_on mljjem8thatspit depoal- aandstonelensesextendtbove thestructuresin the
donoccunedassoft, fluidshelfmudcompactedand Canerundstone, l_r thisre•on, theecour4_.ffll
also providesconflnninii evidencethat delta de- structuresare lnterpetud to mpwnt eplmnml
struotionand beach formationoootm_ pertly in tidalehanneisthatwereabandonedandfilledwith
tmpmu_toanetrelglveriseofsealevel, mud.Oncefull,benchenvttmunentawere•pin es.

The localized,arctuaelleomeUyof theCartertee. td)lidu_abovethechannels,A similar IXOCeais
ervoirin Waysideoil unit conmmuwith theelon- activein modembeachsystems,whombeachsya-
gate _ of that in NorthBlowhomCreekoff temshealafterbeing incimdby inlets_ and
unit (fill. 42), The lie•tie dip of the clinofmnal Donaldmt, 1973;Davisandothers,1989).
Mndmoaelensesin thisarea(fig,47) furthertndl- In Blufffield,theCarterw_ltone is partof i
cam thatt differentstyleof buch systemformedat stringof sandstonelenses that is attachedin the
the distal edge of the dgad.waterdeltaic system, nonhwmto theaxialundatone of theNorthBlow.
Small,arcuatebendersurn••only formin afelmot horn_ reaorvoir(fig. 42). Therefore,theCarter
hightidalrange(Hay•, 1979),andntmllarlnterti, reNrvoirin Blufffieldis lnteqxetedaapartof 8
dal beachdeposilaweredooumemedin theLewis stringofbeachsystemsthatformedafter•bandou.
Mndatoneby Puhin and oti_,ml(1991),Abrupt mentof theNorthBlowhomCxt_ mpitsystem,The
pinchoutof theunclaionein tht_ncrthwestemmost southeut-stepping _ttern of tldstone bodies
partof theoilunitisnugllutiveof mmcationbyan resemblesthat in NorthBiowhornCreekoil unit
inlet of tidal channel.Indeed,the mall, arcuate (fig. 50), but aandstone-isolithimUomsreaemble
sandstonebodiesin thenortheasternpartof themap thoH in the vicinityof Waysideoil unit (fig. 42),
areaare_ byanareaI_kinil aundstonethat suflllegtingdevelepmentof• cleltlt-deiNmotivebeach
is dendrtdcin plan(fill.42). Accordingly,thisarea systemintermediatebetweenthespitandthe arcu.
is inteq)retedto rei)fuent BJnoatuadnetidal era. ate, tide.influencedIMn4en.Therexultof this con.
bayment, flpntiou wasdeve_nt of the mintheterogale.

The lobate_ unGimmlle,cmgsening-uly, otisCarter.MUl#ralMfield in the bludn, which
wardresistivitysiiimttumoftheCarterlandsionein contains8ix ulgontactedOf poorly conUtotedoH
SouthBrushCreekoilunitand_t areas(tip. compartments.
42, 48) reflectssedimentationat thedistal edlleof Extensionof MUlerellasandstonebodieslater_ly
the mnstmctivedeltidccomplex.Beach depmlts intolimestone(figs.43,47, 48) indic•teadepcaiflon
indicatethatthispartofthedeltawas• wave.doing- inthelatestmaBesof deltadestructionu Jtcarbon.
hatedeystemwith an originalcusp•reBmn_. atebankwasagainestabliahedinthemaparea.The
Truncationof the top of the sandstonebelowthe hillhlyresistive,blockyto senate log signatureof
shale of the variepted facies, however,suggests theMUlerella(figs. 49, 50), whichlacksevidence
degradationof theoonstrucdvedeltaiclobesas the for systematicverticalpain.size variation,reflects
shoal-wa_ deltaic s3_em pmsradedfarthersea- rewoddngof deltaicbya transgressingseaandfor-
ward.Hence,the truncationsurfaceis interpretedas mat/onof the least heterogeneousoil reservoirs
a Iowstandsurfaceof erosionandthe sealingshale analyzed.Preservationof Mlllerellasandstonebe.
is interpretedas 8 mmsgreuivedepositformedby low the grainatone.hearingMillerella limestone
terrestrialbackfillingof the erosionaltopography, indicatesdeix_tion in extzemelyshallow water,
Similardegradedbeachsandstonebodiesarecoin- and differingisollthpatternsindicatesdepositionin
mon in modem wave.dominateddeltaic systems diverseenvironments.
and are especiallywell documentedin the Dece The widespread,uniformlythick natureof the
Deltaof South America(DeminguezandWanless, MUlerellasandstonein Blowhom Creekoil unit
1991). (fig. 43) diffm from all beachdepcaitsdescribed

The Carterreservoirin Blowhom_ oil unit hereinand is accordinglyinterla_tedto represent
is essentially• continuationof thatin SouthBrash partof a delta-desmgtiveshoalmassif.The linear
Creekoil unit (tip. 42, 49) andis thusinterweted acour.and.flllstructurethattruncatesthesandstone



body(fl88.43,49)isinterpetedu s tidalchannel, _, the arunpmant of' lenseshal been
whichldolatedtheBlowbemCreekreservoirfnxn modifiedinpbmsby©hanneltzationrehttedtotidal
theItqlermdstmebodyin thesoutheast.In Bluff lnlm andsuhaa_ expmure,tadreservoirqualL_/
oil field,thelineariaoHthpattennmd time ,mech. ©imps f_n bestin t_ partsofthelento to
tlonwithCarterbeechdeposiusuggeststhatit is poorinthehaclrJdtorepens._ theseremora,each
essentlalIypertof thelinearstrin8 o(beechesthatis CarterreservoirJutsa unique_ of fkcleshet-
attwhadto theNorthBlowhcmCreekJplt(fill.4:3). emSuwlty,andin mbr for Improvedremvalr ep-
Pet'thisressou,thebsckmeppingmhttiouhipof the erstloas to be implemmtedmost effectively,plans
MUl#rellamndstmeto theCartermMstme bodies needto betailmedto thathet_ty mss field.
(aJ, 50) is inteqnted torepresentdevelopmentof a by.fieldtrois.
mmailbesch or shod massitd_oves tidal inletas

del_c ram@hartwasin_Ia_. _OLOGIC CHARACi1_RISTICS
To eummm'l_ Car_ sad Mgl,m,IM

nurvo_ in the m@ m mpm_t sy_ D_AL lmAMI_ORK
evolutionof s deita-desmjctivestmndplain.Initial

tamatim of a omutrucdve,wave.dominateddelta CsrW sandstonein NorthBlowhm_ Creek oil
is relresentedby C4um'reservoirsin SouthBrush unitis dominandyveryfine to flno-srained,moder-
Creek and BIow_n Creek oil units. As the s/ely weftsortedquartmudte,usin8the clsssiflcs.
strandplaincoatinuodto psosmde,the _ t/on of Polk (1980)and excluding lntmhasinally
wpe-domimmd delta was expoeed and eroded, derivedlock f_ants f_oaithe detdtalflamewotk
isolsUn8thesereservoirsfromthe nudnpertof the fer clmsiflcattoa(tip. 53, 54). Csrterand Lewis
dala system,As themaindeltawasabandoned,the rmervoirsin otherpmls of thehasinhsvea similar
NorthBlowhornCreek spit, which eompmmthe frameworkcom_ ($_ 1979; Bemlen,
mint_tive oil mmvoir in the BlackWarrior 1984; Bemlen and Mancini, 1985; Bat, 1987;
hasin, acemtedin _pmm to mutheastwmlgem. Hugltmand Meylan,1988). A morn detailedde-

flows, scriptioaof petrolosicaspect, of Cartermdatm_
Pollowingspit accretion,a string of ttde.influ, mNrvoirsin NorthBlowhomCrockoil unit is in

enced beachesdevelopedthat is attachedto the Kullbrand Puhin (1992), Despite the qumzose
NorthBlowhoatCreekbeech axis. Amoa8 these natureof theamdstoae0rme_o_ in NorthBiow-
bew_ depmitsare the _ reservoirsin Bluff hornCreekoil unit and otherfields in the Black
field, which compose multiple uncmtactedor Wsrricfbesinwe he(mojemom,owinllnotmdyto
poorlycontactedoil comlmun_ts. The finalstage the Im_c_ sands_ lensesand asmciatedinter.
of man@lain pm_on wu devolepmantef hal fn_las©hanses,butaim to thepmmce of intnt-
small,arcuatebarriers8nd associatedtidal inlets, basinalframeworkStainssnd todlapnmis,
whicharoIxemrvedin Waysideoil unit. Afterdds Quartzcomposesmore than 97 percentof the
event, the strandplainwss inundated, and the detrttalframeworko( mint Cartersandstoneiu
Mlll#reUasandstone,whichmakesupthe leasther. NorthBlowhomCreekoil unit. Morethan90 per-
eroseneoosresmvoln examined,was depositedin centof detrttalquartzis mmma_mlline,and more
shoalnm_s andponiblybeachesasplatformcar. than 95 _t of this quartz!m nonundulmeto
bonatedepeeitionbegan, slightlyundulmeextinction,Polycrymllinequartz

Beachdepositsin Cartersandstonearemagkedly gmemlly oom_ less than 10 penr_t of total
differentfromthose thathavebeentnvesepted in
termsof reservoirhelemlleneity.Previousstudies quartzand containsboth stableand unstabletex-tures(e.g., Young, 1976), lncludin8texturesin.
(Sharmaand others,1990a,b;Schatsingerandout. dicativeof a metmmphici_ovanance.Peldsparis
ers, 1992;Schatzingefsnd Shanna,1993)havefo- scarceandincludesonhoclase,micmcUne,plNlto-
cusedon widespread,interdeltakbarrier.islandde. clue, 8ndperthite;it typicallycompmmless than
posits that are much less heterogeneousthan the one percentof rock volume.The presentfeldspar
localized,muddy,delta-destructive8trandplalnde- comix3sitionof Cartersandstoneis not representa.
positsof theCarter.Imbricatesandstonelensespre. five of feldsparcompositionat the timeof depoei.
senta heterogeneitythat is common to all Carter Uon becauseof framework8rain dissolutionand
reservoirscharacterizedin thisreport.However,the replacementbykaolinite.
sizeandarrangementof throelensesdiffergreatly Reck fxNImenlaarebothexlrabasinaland lntra-
among the oil fields, reflectingthe diversebeach bastnaland togethermy w,_,ountformorethan20
systemsof an evolvingdelta-destructivestrandplain.
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_t ot _ ark volume. However, pee__ thatoccludes_ty. _ clam
ex_y derivedrock _enw are only a furtherprovidedsite, forpmsmulsolution.
minorcomponentof _ sandstoneandaccount Fossil _ents, micas, and heavy miner_,
at nmatfor onlyit few _t of the_ detritM mostlyzircon and toumudine,are minor cletrital
fmnework,ThemoatcommonextrabasinMlyde- frameworkcomponentsin Cartersandstone.
rived_ _ent, compo_llup to3 percent_ _ents Iocagyaccountfor mon_than20percent
the fnunework,i8 chert. Phylliticrock fraltments of total rock volume.1hese fragmentstypically
from low.grademetiunorphic_ surepresent havelosttheir originalinternal_ture andhave
but r.,m_. Somefollated,clay-richrockhallmenls beenreplacedby ferroancalcite, ferroan dolo-
have equivocal textures, suggestingderivation mite/ankertte,or kaolinite,somehavedissolved
either fi'mnshaleor _ slate.Intntbasinalrock completelyor _ly to form moldic pores.AI.
hagmentstypic_y _ muddyintmclasts.These thoughfossil fragmentsareabundant,theyarean
clastsrangeinsize_ theaveragelp'ldnsizec_ importantcontrolon reservoirheterogeneitybe-
thennclstcAetochutSmvald timeslargerthanav. causet/toyserveu nucl_ttionsites forpore-filling
erap _n size. Mosttntraclutsam clay,minerM carbonatecement.
richbut someconsist ofsiderl_ mud;thedominant
clay mineralin these fragmentsis kaolinite.Shale DIAGENESIS
fragmentsrichinclaymineralshaveitdetrimental
effect on the qualityof _ reservoirs_ Volumetricallyimportantnuthtgenicml_s in
theydefom plasticallyduringcompactionto form Cartersandstonearequartz,kaolinite,anditvariety



J4.--Backscattemd-eloctronmlcmBraphshowin8detritalt_'mneworkcompositionor Cartermndatone,
,kitdetdUd_ inthofieldot'viowm quem(radium_ areas).Kaol_m (darkamy)_ two
_-_ m inthe_ter o(themicroIFaph,Whllom aresuthigealcforroudolond_te and
,Ided_ B_ m m po_ (P_, 2194fi,sere iuonm_.).

of a_oomte minerals, incl--8 siderite,homer, siderim)up _o50 pm in iensth, _om and
roan and £_ calcite, and t_ dolo= sphefuUtusm most abundantin 8he _ok
mi_lkedW (fig. 5S).Thedistributionof diage, shelfandb__ _la intheNorthBlowhom
neticcomlmmntsin NorthBlowhom(3reekoil unit _ reaervok(slule-and.sll_ 8nd variegated
isdlmctlyrelatedm _Itlonalfaciesinthespit facies).Burrowlngandmotlng_ slderite
complex,Howeva,thepresentcompositionot and_ultedIncolormoullnginbeckslx_depmlts.
authl_nlcmlnmdsandtheMturoofcompactloml Deflectionofhunlnaearoundslderlteconcretions,
featmesm remits of burialdiqenests. Fora _ oJ_ fmmework-lp'ainl_king, 8rid high minus-
complotodeacrlptlonof the diasoneticc_ter of cementporosity(in e_cessof 40 percen0 establish

_tono in NorthBlowhomC_ oliunit, that sideritepre_tpitatodprim'to slsnifictmtburial
refer_oKuslarandPashJn(1992). andcompaction,

Of the autld_nic _te mi_s in Carm In reservoirmndstonoin NorthBio_harnCrook
mMstone, sideriteand nonferroancalciteprecipl, oil unit(sandstonefacies),sideritelocallyoccursas
mealtim (/t8.55). Sideriteoccm in severalforms, isqx_hous hemowork.p'aincoatsandu dispersed
includingpervasive,pore-occludingmicrocrystal- rhomblc("wheatseed")crystals.Howard(1990)do.
linemosaicsof 10to 20 pmsubhedralcrystals,con- scribed__ sideriterimssimilarto those in
cretioam_patches,andlayen up toseveralcen_e. Cartersandstonein HoloceneandPleistocene_h
_s in thickness.Sideriteaim occurs8s spherulitic or neen_ environmentson theMl_ssippA.Ala.
patch_ upto 0,5 mmin diametor,as thiniso_h- Mma-PlorktaContinentalshelf, Ultravioiet-liiht
ous cootson sm_d.simdotritalgrains,andas dis- inducedepifluoms_nceandbeckscaUomd-oloctron
prosed"flattened"rhomblccrystals("wheatmed" microscopy show that _blc crystals are
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Figure55.--Generalizedparageneticsequence forCartersandstonein NorthBlowhorn Creekoil unit.

complexly zoned, reflecting variations in dicate that calcite precipitated prior to significant
Fe/(Ca+Mg) ratios,generally with rims that are en- compaction.Intervalswithpervasive calcite cement
riched in iron relative to cores. Electron microprobe range in thickness from centimeters to decimeters.
analyses reveal the impure nature of the siderite The lateral extent of the cemented zones ranges
(fig. 56), which results from extensive substitution from less than the width of a core to more extensive
of magnesium and calcium for iron in the crystal horizons that probablydo not extend from well m
lattice. Bo_hformsof siderite in reservoirsandstone well. Thus, calcite-cemented zones form discon-
precipitatedearly in the paragenetic sequence, but tinuous baffles and barriers to vertical fluid flow
cement-stmtigraphic relationships show that the that are most abundantin shelly parts of the sand-
dispersed rhombic crystals precipitated after the stonefacies.
isopachons grain coats. Siderite precipitates in re- Ferroan dolomite/ankerite is the most abundant
ducing, anaerobic,sulfide free environments, cone- authigenic carbonate mineral in Carter sandstone
spending to zones of methanogenesis (Berner, and occupies in excess of 40 percent of total rock
1981). The methanogeniczone is located below the volume in some sandstone with concentrations of
oxic and sulfate-reductionzones. Pore water in the fossil debris and in nonreservoirsiltstone and very
methanogenic zone is sulfide-free due to sulfate- fine-grained sandstone Ferroan dolomite/ankerite
reducing bacteria and enriched in Fe+_"due to de. partially to completely replacescalcite and siderite.
composition of organicmatter. Ferroandolomite/ankeritecement formspermeabil-

Authigenic nonferronn and ferroan calcite are ity barriers within the reservoir and partially to
confined to intervals in shoreface and foreshorede- completely seals the margins of the reservoir. Fer-
posits that contain abundantfossil fragments. Both roan dolomite/ankerite is present throughout Ehe
mineralshave the same occurrenceand typically are reservoir interval, but typically accounts for less
replaced partially by ferroan dolomite/ankerite, than 5 percent of total rock volume. In reservoir
Calcite occursas mosaics of crystalsbetween detri- sandstone, ferroandolomite ankerite occurs as iso-
tal framework grains and as poiki/otopic crystals lated rhombiccrystalsor as clusters of crystals that
that encompass several grains. Loose packing of partiallyfill pores or partially to completely replace
detrital grains and high minus-cementporosity in- shale clasts and fossil fragments. Ferroan dolo-
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Figure 56.--C.a-Mg-Fetenmrydiagramshowingcomposition of authigeniccadxamw mineralsin Caner
sandstone,basedon electronmi_ analyses.

mitdankerite is a late-stage diagenetic mineral that topic values for marine and continental environ-
postdates precipitationof all other authigenic car- ments on the plot of Mozley and Wersin (1992;
bonate mineralsand quartz(fig. 55). their figure 4). However, the chemical impurityof

Stable isotopic data (table 6, fig. 57) supportthe Cartersiderite(fig. 56) also is indicative of precipi-
sequence of precipitationof carbonatemineral ce- ration in a marine environment (of. Mozley, 1989).
ments. Calcite, siderite, and ferroan delo- Although petrographicevidence indicates that Car-
mite/ankerite occur in distinct but overlapping ter siderite formed very early in the diagenetic his-
fields on a plot of 8180 versus 813C (fig. 57). tory of the sandstone, there is a large amount of
Siderite is the most depleted of the threemineralsin variationin 8180 values. Even the heaviest values
180 but is similarto calcite in carbonisotopiccom- are too depleted in 180 to be compatible with pre-
position. Calcite and ferroandolomite/ankeritehave cipitation fromseawaterat low temperature.Expla-
similar oxygen isotopic compositions,but calcite is nations for this depletion of 180 in early porewa-
more depleted in 13(3 and less depleted in 180. ters include mixing with meteoric water or water-
Most 813C values for siderite in Carter sandstone sediment interaction (cf. Mozley and Carothers,
are negative (fig. 57), which is typical of siderite 1992).
precipitated in marine environments (Mozley and Authigenic quartz occurs as euhedral, syntaxial
Wersin, 1992). The 813C and 8180 values for Car- overgrowths on detrital quartzgrains that partially
ter siderites fall within the zone of overlap for iso- fallpores in reservoirsandstone and locally occlude,
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Table 6..--Stable isotopic composition of carbonate cements in Carter sandstone.

PN3049 2348.5 -0.3 _ -8.4 1.3 -7.9
PN3049 2349.5 -3.0 -8.2 -1.1 -8.8
PN3049 2352 -1.2 -9.4
PN3049 2354.8 -1.9 -9.4 -1.9 -9.4
PN3049 2356.2 -1.6 -9.7
PN3049 2358.5 -2.0 -9.7
PN3069 2263 2.5 -6.3 8.4 -7.4
PN3069 2263 2.3 -6.3 8.1 -7.2
PN3069 2263.5 -5.0 -7.1 -8.2 -6.8
PN3069 2263.5 -4.9 -7.3 -7.9 -6.5
PN3069 2265.5 -0.7 -8.0
PN3069 2266 2.4 -7.7 -3.2 -14.1
PN3069 2267 4.6 -7.1 5.7 -9.9
PN3069 2267 4.6 -8.6
PN3069 2270 3.0 -8.9
PN3150 2356 4.7 -8.9
PN3150 2373 -0.9 -9.4
PN3150 2378 0.9 -8,6
PN3150 2378.5 3.2 -8.5
PN3160 2297.5 2.4 -9.5
PN3160 2299.2 O.1 -8.4 -5.6 -12.3
PN3160 2299.2 ' O.1 -8.3
PN3160 2302.5 0.3 -8.4 -3.8 -13.3
PN3160 2303.7 1.1 -9.0
PN3160 2304.7 1.2 -9.2
PN3160. 2312.5 3.1 -7.8 0.6 -16.1
PN3204 2213 0,3 -8.5 -0.5 -3.3
PN3204 2214 -1.8 -1.8 -0.5 -9.0
PN3204 2215 -1.9 -1.9 -0.6 -8.9
PN3204 2228 0.6 -9.7 -2.2 -8.7
PN3236 2216.3 0.7 -8.1 0.1 -9.5
PN3236 2216.3 0.7 -8.0 -6.2 -8.8
PN3236 2220.1 3.6 -7.8
PN3236 2221.5 2.0 -7.6
PN3236 2226.5 1.0 -8.3
PN3236 2229.4 0.8 -9.3 6.9
PN3236 2229.4 0.8 -9.4 -12.6
PN3236 2230 -0.9 -7.9 2.9 -9.0
PN3236 2231.5 -3.7 -6.0
PN3236 2232.5 -3.2 -6.9 0.5 -8.8
PN3236 2294.5 0.6 -9.1
PN3314 2302 1.6 -9.4
PN3314 2316 1.4 -8.6
PN3314 2325 1.8 -8.5 0.7 -13.5
PN3717 2173.3 1.0 -8.9 -19.0 -19.4
PN3717 2173.3 1.2 -8.8
PN3717 2197.1 O.1 -5.8 -2.4 -9.5
PN3717 2199.1 -2.5 -3.8 -5.2 -10.4
PN3717 2199.1 -2.6 -4.0 -5.4 -10.7
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Figure 57.--Plot of 8180 versus 813C for authigenic carbonate minerals in Carter sandstone in North
Blowhom Creek oil unit. Graysymbols are datafor individualsamples. Black symbols representthe
mean value fx each mineral. Black lines extend one standarddeviation horizontally and vertically
away fromthe mean.
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pores in nonreservoir siltstone and sandstone. In cent wells. Microporesin kaoliniteadditionallycon-
reservoir sandstone, quartz overgrowthsoccupy up rain irreducible water that affects interpretationof
to 10 percent, but typically less than 7 percent, of porosity, watersaturation,and hydrocarbonreserves
total rock volume. Although quartzovergrowthsare fromwell logs.
ubiquitousin Cartersandstonereservoirs,an effec- Mechanicaland chemical compactioncontributed
five, interconnectedpore systemremainsintact, to reservoirheterogeneityin Carter sandstone. The

Kaolinite occurs throughoutCarter sandstone in majordetrimentaleffect of mechanical compaction
minor mounts but is volumetrically significant in was loss of porosity due to ductile deformation of
some horizons within high-quality reservoirzones intrabasinal shale clasts during shallow burial to
wherealmost all intergranularspace is filled by the form pseudomatrix. Porosity lost by ducfile-grain
mineral. Kaolinite most commonly occurs as vet- deformation, moreover, cannot be regenerated by
micularstacksofpseudohexagonal platelets thatfill subsequent diagenetic events (McBride, 1984).
grain-size and grain-shal_ areas between detrital Chemical compactionoccurredby pressuresolution
quartzgrains (fig. 54). Individualplatelets common in Carter sandstone. At the scale of an individual
are less than 10 pm in diameter. Less abundant core, the most significant type of chemical compac-
kaolinite with similar morphology partially to don was developmentof stylolites or pressure solu-
completely f'dls intergmnularpores and dissolution tion seams along individual or anastomosing clay
voids within fossil fragments. Although an laminae.
authigenic origin for kaolinite in primary inter- The effectiveness of pressure-solution seams as
granular poresand in dissolutionvoids within fossil permeability barriers is demonstrated in several
fragments is evident, the origin of kaolinitein detri- wells. The base of the oil-stained interval in the
tal grain.size areas is less clear, cores is generally a wessure-solution seam formed

Some kaolinite occupies rectangularareas similar along a clay lamina. At a smaller scale, wispy mi-
in shape to delrital feldspar grains and contains crostylolites formed along disrupted clay laminae
stacks of perfectly hexagonal platelets. This kao- associated with small-scale sedimentarystructures,
linite probablyprecipitatedin areas once occupied such as ripples, and along deformed rip-up clasts.
by detrital feldspar. However, other kaolinite that Thesemicrostytlolitesrange from less than I mm to
occupies grain-size areas appears murky in plane- several millimeters in length. Thus, these microsty-
polarized lighL Scanning electron microscopy re- lolites do not form extensive barriersto fluid flow,
veals that some of this kaolinite has texture indica- but increasetonuosity. Additionally,the presenceof
five of detrital kaolinite and is intermixed with these small-scale clay laminae and microstylolites
other clay minerals, such as illite or chlorite. This contributesto reductionof permeability in intervals
kaolinite most likely is a componentof intrabasinal containing these structures. The presence of sty-
shale fragmentsor fecal pellets, lolites suggests that the maximum depth of burial

An origin for kaolinite as a component of intra- was much greater than the present burial depth of
basinal shale clasts or as fecal pellets is clear in 2,100 to 2,400 feet in North Blowhom Creek oil
many cases because of the geometry of the grains, uniL This contentionis confirmed by burial history
However, where these fragmentshave partiallydis- reconstructionspresentedelsewhere in this report.
solved, distinction between detrital and anthigenic
origins is difficulL Formation of most aullfigenic PETROPHYSICAL PROPERTIES
kaolinite in Cartersandstonepostdatesprecipitation

of quartz and fenean dolomite/ankerite, but we- PETROGRAPHIC EVIDENCE
dates migration of hydrocarbonsinto the reservoir.
Most kaolinite in Carter sandstone does not form

Petrographicevidence for the natureof the pore
Iamneability barriers but falls grain size volumes system in Cartersandstone is discussed in this sec-
that enhance micmlxa_sity and increase tortuosity fion to emphasize the importanceof integratingpet-of fluid flow. However, in intervals with concentra-
tions of clay laminae, particularlylaminae spaced rographicdata with standardpetrophysicalanalysis.

Petrographicevidence combined with petrophysical
on the orderof a centimeter apartand thicker than data indicate that the pore system in Carter sand-
one or 2 mm, kaolinite occupies all intergnmular stone consists of effective macmpo_s betwemt
space, resulting in sandstone with only microporm- framework grains and ineffective micropores be-
ity. These laminae are effective barriers to vertical tween detfital and authigenic clay particles.The ef-
fluid flow but wol_ly do not extend between adja- fectivepore systemconsists mainlyof wimary pores



modifiedby compaction and precipitationof quartz quantify the effects of clay minerals on reservoir
overgrowthsand ferroandolomlte/ankeritecement. WOl_rtiesbecause the distributionmust be known.
Although secondarypores are present, the effective The textmal distributionof clays in reservoir sand-
pore system was not enhanced significantlyby dis- stone commonly is _qcribed in terms of dis_,
solution of aiuminosilicate frameworkgrains. In- structural, and laminated types (Frost and Fertl0
stead, productsof dissolution were redistributedas 1981; Hurstand Archer, 1986) (fig. 58). Dispersed
kaolinite. Within Carter sandstone reservoirs, clay typically is authigenic and eccurs as discrete
authigenic carbonate minerals occlude all pores particles in pores, coats detrital grains, or
only in the vicinity of shell accumulations, and bridgesporethroats. Structuralclay occurs in clay-
early formed calcite is restricled to these accumula- mineralrich detritaiclasts or as authigenic clay that
floes, suggesting that carbonate-dissolutionporosity fill areas formerly occupied by detrital grains.
is notw_in thereservoirs. Laminatedclay occurs in clay-mineral rich or

Mi_ occur within clay laminae, flag- mi_ laminae. Of these three types,dispersed
mented clay drapes on ripple foresets clay has the mostdetrimentaleffecton reservoir
(micromylolites),intrabasinalshaleclam, and properti_(flg.58).
autldgenickaolinitethatoccursinvolumesformerly
occupied by detrital grains and in pores. The effects COMMERCIAL CORE ANALYSES
of both detrital and authigenic clay in Caner
quartzareniterese_oirs merit furtherconsideration. Based on all available datafromcommercial core
Methods such as X-ray diffractionare inadequateto analyses, the arithmetic mean porosity of reservoir

J_Je

DISPERSEDCLAY

_e

CLAY LAMINAE

_e

STRUCTURAL CLAY

,,,, ,, ,, i _ H, HH, ' '

CLAY MINERALS _ DETRITAL QUARTZ GRAINS

Figure 58.--Influenceof clay-mineraldistributionon effective porosity(0e) (modified from FrostandFertl,
_981).
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sandstonein NorthBlowhomCreekoil unitis 12 inreservoirsandstonewithina singlewellmayvary
percent,usinga Iowa cutoffof 6 _ent forreser- signif'w,antly.
voirpretty. The geometricmeanof permeability in one of the most productivewells in North
is 6.82 miilklarcies,usinga cutoffof 0.1 percent. Blowhom Creekoil unit (PN3314), comme_ial
MaximumlXm)sityandpermeabilityare22 percent core analysisdam indicateno relationexists be-
and 440 miHidarcies,respectively.A crossplote[ tween_ty andpermeabilityin the reservoirin-
pretty venusairpermeabilityforall damshowsa terval(Rk = 0.09) (fig. 60). Porosityvariesmini-
roughlylineartrend,buta weakcorrelationbetween mallythroughoutthereservoirinterval,butperme-
the twopan,meters(R2 = 0.52) (fig.59). Damfor abilityis an orderof magnitudeor morehigherin
individual wells have R2 ranging from 0.09 theupperpartof the intervalthanin the lowerpart
(PN3314)to 0.83 (PN2999),and mostareless than (fig. 61). Becausethe interval fromwhich me,as-
0.5 (Kuglerand Pashin, 1992). This indicatesa urementswere made is entirelywithin productive
weakrelationshipbetweenporosityand permeabil- reservoir, this permeabilitycontrastrepresentsa
ityanda widerangeof variationin therelationships heterogeneitythat could havea mm,kedeffecton
amongwellsand a widerangeof variationin these lateralsweepefficiency,throughchanneling,during
relationshipsamongwells.In additionto interwell enhancedrecoveryoperations.
variationin porosityandpermeability,permeability

1000
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Figure59.--Plotof porosityversuspermeabilityforall commercialcoreanalysesfromNorthBlowhomCreek
oil unit.Thesolidline is a linearregressionline,andthedashedlinesencasethe 95 percentconfidence
interval,Theregressionequationandcoefficientofdetermination0t2) areatthetopofthe diagram.
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In core, the change from the lower permeability mGH.PRE_URE MERCURY
zone to the higher permeability zone correRxmds POROSIMETRY
with a transition from very fine-Stained lower
shoteface deposits with ripple laminae to f'me- Pore-thrcet size is a critical control on the distri-
grained upper shereface or foreshore deposits con. bution and producibiUtyof hythecartx:msin a reser-
ta/ningwetk_tnateiy low.angle crmsbeds(fig. 44). volt. High-pressuremercurylxa_imetry is the only
Pmmity is fairly constant throughoutthe reservoir effective means of quantitatively evaluating pore
interval, so the change in pmneability is due to fac- throats (Kopeska.Megkel and Friedman, 1989).
tots other than variationin the amountof pore-fill. Capillary pressure curves derived from mercury
ing cement. Although permeabilitycontrast in well pemsimetrycan be used to determine severalpeuo-
PN3314 is discernible fromcommercial core analy- physical parameters,including pore-throatsize dis-
ses, high-pressure mercury porosimetry, which tribution, relationships between surf_ area and
measures pore-thro_ size, provides a means of volume,porosity, recovery efficiency, oil-column
documenting factors conlrolling the pmneability height, height above free water, and reservoir-seal
variation, potential (Purcell, 1949; Dullien and Dhewan,

1974; WIrdlaw, 1976; Jonnings, 1987; Wmdlaw
and others, 1988; Kopuka-Mq#Keland Friedman,
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Figure 60.--Plot of porosity versus permeability for commercial core analyses from well PN3314, North
Blowhom Creek oil unit. The solid line is a linear regression line, and the dashed lines encase the 95
percent confideage interval. The regression equation and coeWlcientof determination(R2) are at the
bottomof the diagram.
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1989; Vavra and others, 1992). In mercury pot'- The most notableaspect of pore-throatradiusver-
osimetry, the volume of mercuryintrudedat a spe- sus incrementalmercury-intrusioncurves forCarter
ciflc pressure is _isely related to the numberof reservoir sandstone in North Blowhorn Creek oil
pore throats of corresponding size. _ of this unit is the polymodal distribution of pore-throat
relationship, plots of cumulative mercury.inmmion sizes (fig. 62). Typical Caner reservoir sandstone
volume versus capillary wessure are equivalent to has a dominantpore-throatradius of 2 _ or more
cumulative me_ury intrusion versus pore-throat and several lesser modes at smaller pore-throat
size. The equatio0 used in this investigation to sizes. The dominant mode represents the size of
comp_te pore-throatsize is: (-4"icm(0))/p,where y pore throatsbetween sand-slze detrltal grains. The
is the interfaclal angle (485 dynes/cm), 8 is contact other modes represent a range of variation in
angle (130"), and p is pressure (psia). Pore-throat smaller pore throats between detrltal grains, be-
sizes determinedby this equationare effective sizes tween clay particles in intrabasinalshale cinsts, be,.
_se at cylindrical pore throat is assumed and tween dissolutionpores in mud clam, and between
surfwe irregularitiesarenot taken into account.Re- stacksof kaolinitecrystals.
fer to gugler and Pashin (1992) for furtherdiscus- The shapes of curves of pore-throatradii plotted
sion of proceduresused in this investigation, against cumulative me_ury-intrusion volume nor-
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Figure61.--Plot of permeabilityandporosityversusdepthforwell PN3314, NorthBlowhornCreekoil uniL
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Figure 62.--Plot of pore-throatradius versuscumulative-intrusion volume and incremental-intrusionvolume
showing polymodal pore-throat size distribution(well PN3150, 2,371 ft, North Blowhom Creekoil
unit).

malized to maximum intrusionvolume are directly resentative of nonreservoir siltstone, pervasively
related to the distribution of pore-throat sizes on carbonate-cementedzones, and sandstone in which
incremental intrusionplots. Four distinct shapes of all pores arefilled with matrix.
cumulative-intrusioncurves can be recognized for Cumulative mercury.intrusioncurves reveal that
Cartersandstone and associated sedimentaryrocks two factors can be related to permeabilityvariation
(fig. 63). Curve A, which is convex with the steep- in well PN3314: (1) grain size and (2) microporos-
est slope of the curve at a large pore-throat radius, ity (fig. 64). Fine grained sandstone in the upper,
is representative of the best quality reservoir in more permeable interval has median pore-throat
North Biowhom Creek oil unit. Curve B is also radii between 3 and 7 tun, in conlrast to median
convex, but the steepest slope is at a smaller pore. pore-throatradii of 0.3 to 2 wn in very fine-grained
throat radius and the overall slope is gentler (fig. sandstone of the lower, less permeable interval (fig,
63). The gentler slope indicatesa polymodal distri- 64). However, capillary-pressuredataalso show that
butionof pore-throat sizes. This curveshape also is grain-size variationis not the only factor responsi-
representative of Carter sandstone. A gradationex- ble for the l_meability contrast, because shapes of
ists between curvesA and B in the Carter reservoir cumulative-intrusioncurves differ between the two
at North Blowhom Creek, due to variationin detri- permeabilityintervals(fig. 65).
tal grain siz_ and variationin abundanceof compo- Cumulative mercury-intrusioncurves for samples
nents that contributeto microporosity.The bimodal from the higher permeability interval have steeper
shape shown in curve C (fig. 63) is rare and gen- slopes than thosefrom the lowerpermeability inter-
erally indicates partially cemented transitional val. Incremental mercury-intrusioncurves for indi-
zones between pervasively carbonate-cemented vidual samples from the two permeability zones
sandstone and porous reservoirsandstone. Curve D show that the pore-throat size distribution in the
is concave with the steepest slope at a small pore- upper, more permeable interval is unimodal (fig.
throatsize radius(fig. 63). This type of curve is rep.



94. lf_br, Patk_ Carroll,Irv_ asd Moore

100

SS S

S

A_sss
70 /t

80 ,/
I
I

50 e

I
411 i

e

I
I

I
/

1,0 /

0
10 1 0.1 0.0i

Pom-Throst Radius (_)

Figure 63..-Plot of ix_re-throatradius vm cumulativeintrusion showing typical slmpes of cumulltt/ve
intrusioncurves for Carter sandstone: (A) convexcurvewith largemaximum pore.throat-sizemode
(well PN3314, 2,297 ft); 03) convex curve with smaller maximum ixn-thtoat d_m mode (well
PN3150, 2,34.5 ft; (C) steppedcurve with bimedai pore.throatsize distribution(well PN3160, 2,303.7
ft; end (D)concave curvewith smallpme-thrmtsize mode(well PN3150, 2,350 ft).

65). In contrast, similar curves for samples from the lation between lgSOdty and permeabilityt_own in
lower, less permeablezone reflect polymodai dlstri- figure 59.
bution of pore-throat size (fig. 653. These plots Fine-grainedsandstone, such as that near the top
show that the lower zonehasmoremicroix_sity of theCarterreservoir,issceccein NorthBlowhorn
than the upperzone, but total porosity is similar be- Creek oil unit, as well as in other unitized fields in
cause cumulative mercury-intrusion volume is the the Black Warriorbasin; most shmefsce deposits in
same for the two samples, other welts consist of very fine.grained sandstone.

The difference between porosity calculated for Incremental mercury-intrusion curves for those
maximum mercury-intrusionpressure (20,000psia) other wells typically are polymodal with median
and porosity at 1,000 psia indicates that pore throat radii between0.7 and 2.0 pm (Kegler
microporesity is related to low pmneability (fig. and Pashin, 1992). Although pore.throat size distrl.

• 66). The variationis subtle,but differentialporosity bution in the North Biowhorn Creek reservoir re-
for samples from the more permeablezone is con- flecm a combination of macropomsity and micro-
sistendy less than one percent, in contrast to the porosity, petrographicdata show that much of the
lower permeabilityzone where diffaentiai porosity micropomsity is within aggregates of authigenic
is greater than one percent. The additional micro- and detrital clay (Kuglerand Pashin, 1992). These
porosity in this sandstone most likely is contained aggregates are the size of framework grains
in fragmentedclay drapeson ripple foresets, which (structuralclay of Frostand Fenl, 1981) and do not
form small-scale permeability barriersand baffles, block pore throatsas does dispersedclay.
Variationof pore-throatsize and of the abundance However, anastomosing clay laminae and flag.
of microporestogether accounts for the weak cone- mented clay drapeson ripple foresets in shereface
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64.--Plot of pore-throatradiusversuscumulativeintrusionas a percentof maximum atacur,/intrusion
volumefor all datafromwell PN3314. Darklyshadedareaencases curves fromsamples f,om the high
pmneability zone at the topof the reservoir. Lightly shadedareaencases curves for samples from the
underlyinglowerpermeabilityzone.

sandstone also contain micr(qxaosity and disrupt which typically have median pore-throatradii less
the continuity of the interconnected pore system, than 0.1 pm 0Cuglcrand Pushin, 1992) and are in-

reducing permeability.In the central and _ with reservoir sandstone in the southern
southern _ of North Blowhom Creek oil unit, part of the field, contributemuch more significantly

layers within the reservok have medianpore- to segmentationof the resavok.
throat size less than I pro. These intervals with Medianpore-throatsize in some clast/c and car-
small pine-throat sizes have a variety of origins, bonate reservoirs correlates with pc_eability
Most _ thin ferroun dolomi_te cemented (Ko_-Merkel and others, 1993; Schalzinserand
zones, but others are within sandstone with concert- Sharma, 1993). Weak to no coaelation was found
trations of intrahasinalshale clasts and thin hori- between median pore-throatsizeand permeability
zontal or anastomosingclay laminae. _ small- in the Cartersandstonereservoirin NorthBlowhorn
scale permeability barriers, most of which likely Creek oil unit. This lack of correlation is due, in
only extend a few feet away fromthe well bore,give part, to the relatively few paired pameability and
a false impression of segmentationof the reservoir, capillary-wessure analyses available. However,
Indeed, nonrescrvoirbackshorcand shelf deposits, weak ccachuion between the two parameters is



96 - £_gbr, Pa#d_ Carro//.Irvm,studMoore

(A)
0.06 0.020

0.05

0.114
> 5"

0.03 o - CumulativeIntrusion 0.010 m• - IncrefTmntalIntrusion _)..)"
_c <
up 0.02 o

l °o.oo5 3
_ •

0.01 _.,S 3
0.00 0.000

10 1 0.1 0.01

Pore-ThroatRadius(/_)

(B)
_. 0.06 " 0.007

_ o.o06_
0.05 m

_= 0.005_,
:_ 0,04

0 - Cumulative Intrusion 0.004 _• 0.03 • - IncrementalIntrusion u)
0.003

-- <
O

0.02 0.002 E"

o.o
O.00 0..I_)0_

10 1 0.1 0.01

Pore-ThroatRadius_)
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logical in fight of the distributionof clays based on throat size distributions for wells for which capil-
petrographic evidence. As descn'oed elsewhere, lary-pressuredataarenot available.
much of the detritaland authigenic kaolinite in the
Carterreservoir fills grain size volumesrather than WELL-LOG DERIVED POROSITY AND
occupying inte_granularpines and pore throats. WATER SATURATION
This structuralclay may not sigt.ificantiy alter the
effective pare system, but contains water that adds The third somce of pmosity data for this investi-
to the total water saturationin the reservoir. How- gafion was geophysical well logs. The majorsource
ever. the poorcorrelationbetween core analysispo- Of porositydata in the Black Warriorbasin must be
rosity and permeability suggests that anthigenic well logs, because of the paucity of core analyses.
clays influence the flow system in the sandstoneat a individual reservoirs, including the Carter sand-
microscopic scale by clogging some intergranular stone in North Biowhom Creek oil unit for which
poresand pore throats, thereare 10 wells with core analyses, are both are-

Althoughcapillary-pressurecurvesderived from ally and stratigraphicallyundersampledwith respect
high-pressuremercurypomsimetryprovidevaluable to porosity. North Biowhom Creek oil unit, which
information regarding microscopic-scale heteroge- has 50 productionand injection wells, is even more
neity in oil reservoirs,this type of data is not com- unders_unpledwith regard to the high-pressure
monly available and is expensive to acquire. An in- mercurypomsimetrydata, although these data pro-
expensive alternative to capillary-pressureanalysis vide valuable constraiiits on interpretation of core
was proposed by Pittman (1992), who developed a analyses. Thus, correlating log-derived porosity to
series of empirical equations for determination of commercial core analyses and high-pressure mer-
pore-throatsize distributionsfrom routine porosity cury porosimctry data provides a means of increas.
and uncorrected permeability measurements, such inS data density for petmphysical properties in
as those available as commercial core analyses. North Blowhom Creek oil unit. Indeed, this is the
These equations produce pore-throatsize distribu- only means for acquiring porositydata in most oil
tions for mercury-intrusionvolumes ranging from fields in4he Black Warriorbasin.
10 to 75 percent saturationthat areanalogous to the The arithmetic mean of one-half foot by one-half
mercury-intrusion curves presented elsewhere in foot (North Blowhorn Creek oil unit) and foot-by-
this report As an example, the equation for the foot (other fields) net pay, effective and total water
median pore throat size (50 perceht intrusion) is: saturation, and effective porosity were determined
Log r50 -- 0.778 + 0.626Log(K) - 1.205Log(O), fromdigital well logs using a dual-watermodel for
where r is pere-throat radius in wn, K is uncor- all wells in six of the most productiveCartersand-
rectedpermeability in millidarcies, and ¢Jis porosity stone fields, one Lewis field, one MiUerella field,
as percent. Additional equations for ixa_-throat size and one Gilmer field. These computationswovided
at successive 5 percent intrusion volumes are in inputdata f_ calculationof originaloil in place and
Pittman (1992). other parametersfor the TORIS database. Log-de-

Pittman'stechnique was explored as a means c/" rived effective _ty of 6 percent and effective
characterizingpore-throatsize distribution in wells watersaturationof 40 percentwere used as pay cut-
for which high-wessure mercury pon3simetrydata offs. Similar calculations were made for at least one
were not collected. Commercial core analyses data well in each of the remainingoil fields in Alabama.
from three wells for which the most high-pressure Well logs from Mississippi fields were not modeled
mercury porosimetrydata were available were used by the dual-watermethoddue to lack of appropriate
for this p_. These wells include PN3150, logs.
PN3160, and PN3314 in North BlowhornCreek oil The frequencydistributionfor log-derived efl'ec-
unit. Plots of median pore-throat size distribution five porosity for Caner sandstone with porosity
against depth for pore-throat sizes calculated from greater than 6 percent in all 50 productionand in-
Pittman's equation are remarkablysimilar to those jection wells in North Blowhom Creek oil unit is
for median pore-throat sizes derived from high- similar to that for the composite of core-analysis
pressure mercury ptwosimetry(figs. 67, 68, 69). In derived porosity for 10 cored wells (figs. 70, 71).
general, Pittman's technique results in slightly The modes for porositydata from both sources are
higher values than mercury pomsimetry values, similar and occurat 12 to 15 percent. Additionally,

, Nevertheless, results of this investigation suggest both distributionsare skewed toward low porosity.
that Pittman's technique can be used to obtainpore- Cumulative percent curves in figures 70 and 71

show that more than 20 percent of porosity
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Figure 67..-Comparison of median pore-throat size determinedby high-wessure mercury pmusimeUy(leA)
with that determined from commercial core analyses by Pittman's (1992) method (rtghO for well
PN3150. Vertical lines in the plot on the loft represent the median pore throat radius, open circles
representthe pore-throatradiusat the 16thpercentileof cumulativemercuryintrusion,and open boxes
representthe Imre-thrmtradiusat the84th percentile.

determined by both methods is between 6 and 9 Similarities between frequency distributions for
percent. This is significant becausea porositycutoff core-analysis and well-log derived porosity suggest
of 9 percent was used in past calculations of the two methodsare well calibrated.However,dif-
original oil in place in North Blowhom Creek oil faences also exist between the two distributions.
unit (Docket No, 1-20-8340, State Oil and Oas The lower threeclasses (6-9, 9-12, and 12-15 per-
Board of Alabama). It is reasonableto assume that cent) accountfor more of total core-analysisporos-
sandstone with porosity between 6 and 9 percent it), than of total well-log derivedporosity (compare
contains oil that is extractable by improved or fig. 70 to fig. 71), Additionally, the 6 to 9 and 9 to
enhanced recovery techniques. If sandstone with 12 percent classes accountfor pmlxgtionately more
porosity in this range is added to the pay section, of the porosityin the lower threeclasses in the core.
the volume of oil in place would increase. This is analysis porosity histogram (fig. 71) than in the
discussed furtherin a subsequentsection, well-log derived porosity histogram (fig. 70). The
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Figure 68.--Comparisonof median pore-throatsize detmnined by high-pressuremercuryIXgosimetry(left)
with that determinedfrom commercialcoreanalysesby Pitunan's(1992) method(righO for well
PN3160. Vertical lines in the plot on the left represent the median pore throat radius, open circles
representthe pore-throatradiusat the 16thpercentileof cumulativemercuryintrusion,and open boxes
representthe pore-throatradiusat the84th percentile.

reason for this b related to the manner in which well-log analysis to determine effective water satu.
each type of pmmity was determined. Commercial ration by subtractingout the volume of immobile
coreanalyses measurebotheffective porosityand an waterboundbetweenday particles.
unknownamountof ineffective microporosity. Pet- Relative to the pay cutoffs used in this
rographic evidence and results of high-pressure investigation, reservoir-quality effective porosity
mercury porosimetry show that microporosity occurs in Carter sandstone in all production and
within patches of detrital and authigen/c kaolinite water-injectionwells in North Blowhorn Creek off
accountsfor variableproportionsof total p3msity in unit (fig. 72). Generally, arithmetic-meanporosity
theCarterreservoir.This micropomsity,which con- for the pay interval is highest along the axis of the
rainsbound water,does not contributeto the effec- reservoirsandstone body. The highest values occur
live pore system, nor does it contain extractableoil. in two areas: (1) a narrow northernregion which
For this reason, the dual.water model was used in containsthe highest porosityand (2) a wider,south-
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Figure 69.--Comparison of median pme.thront size determinedby high-pressuremercury_try (left)
with that detmnined from commercial core analyses by Pitmum's(1992) method (righ0 for well
PN3314. Vertical lines in the plot on the left rewestatt the median pine throat radius, open circles
representthe pore.throatradius at the 16th percentileof cumulativemercuryintntsion, and open boxes
_t th-,pore-thro_ radiusat the g4th percentile.

ern region with somewl_t lowerigamity. Although tially over short _ _ _Jong the north-
variation in mean IXamity among wells is evident western margin of the northern region. Maximum
in figure 73, this two-dimensional view of It single net pay thk:knm b thesouthern region b _uiva-
parameterdoesnot adequatelydesvflbefactorsaf- lent to that in the northernregion, although vafl-
f_ting oll woducflon related to _geneity in ation in net pay thickness is greater in the southern
otherreservoirproperties.Netpaykness also region(fig.72).
varies spatially within the North Blowhorn Creek Combining mean porositywith net pay as a prod-
oil unit reservoir (fig. 73), and patterns generally uct of these two parameters (por_ty-foet)provides
follow trendsevident in the distributionof mean po- a method of assessing the fluid-storagecapacity of
resity (fig. 72). Again, two regions of maximum net the North Blowhom Creek reservoir (fig. 74). As
pay are present, a northernand a southern region, expected, general trends are similar to those dis-
Significantly, net pay thickness decreases substan- played in individual maps for the two Ixumneters.

Ill'
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Figure70..-Frequency hisWgmmandcumulaflve-per_ntcurveof well-log derivedeffective pretty for
Cartersandstonein NegthBlowhom Creekoil unit.
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Figure 71.--Frequency histo_mn andcumulative-percentcurveof core.analysis porosity forCartersandstone
. inNorth Blowhom Creek ollunit.
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Figure72.--Bubblemapof meaneffectiveporosityforCartersandstone,NorthBlowhomCreekoll unit. The
size of well symbolsis proportionalto effectiveporosity.StateOil andGas Boardof Alabamapermit
numbersareadjacenttowells.Meaneffectiveporosity,roundedto thenearestinteger,is shownin italics
below the permitnumbers.
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Maximumporevolume in the net pay section occurs smi/lest volume of oil along the axis of the reset-
in the northern regtou, ttowev_, this zone of volt. Net pay thicknms is low (fiB. 73) and water
maximum pore volume occurs in a much narrower saturation is high (fl_l. 75) in this region. The
band than is indicatedon maps for the uncombined southernpart of the unit contains a substantial,but
parameters(fip. 72, 73). The area with the highest si_cally distributed,volume of oil.
pore volume in the southernregion Is brmder and The distributionof ImmMtyand fluid saturations
variability is greater than in the northern region in the North Blowhom Creek rese_rok has been
(fig. 74). treated two dimeusimally, thus far, using average

The pore space in a _ok commonly contains value, for the pay interval In each well. However,
more than one typeof fluid, and these fluids age not straflgraphic,as well as meal, variation occurs in
evenly distributedthroughoutthe reservoir.In order the reservoir. Structuralctms sections of well.log
to assess qmtial variation in original oil mUu'ation derived effective-lxxmtty profiles, containingthe
in theCarterremrvotrin NorthBlowhornCreekoil samewellsasthoseusedtodevelopthedapmitimal
unit, total(Archin) and effective (dual-watermodel) model for North Blowhom Creek oil unit (figs. 77
watersaturationswere calculated(fig. 75). tM'ecttve through80) illtmrate stratlllraphicvariation in po-
wa,er _amration was used to determine oil saturs- fruity. Cross sect/on A-A' (fig. 77) _tes the
flon (100% - • effective watersaUgatkm) forcaku- dtmibeflon of high pmo_ty along the axis of the
lation of original oil in _ for the TORIS data- reservoirsandstonebody (fills. 72, 77). The thickest
base. The mapIn figure 75 shows the differencein vmi_ly contiguous section containing the two
water Mturation cakulated using the two tech- highest pmmity classes (12 to 15 _rcent lind >15
niques. Total water saturation Is lowest in the percent) o_urs tn welk in the northernhalf of the
northernpart of the oil unit In the same wells that field. Thick sectimmcontaining these two Ixxmity
have the highest lXn volume (comixueto fig. 72). classes also occur in the southernpart of the field.
Petmgmphlc evidence shows that clays am a less Wells with the highest pmmity in the northernhalf
important component of muhtone in these wells of the field contain few intervals with Ixxmtty be-
than elsewhere in the reservoir.Total water saturn- low 12 percent,whereas those in the southernhalf
tion is highest in two areas: (1) the entire south- containa higher_ of lowerporosity.
westernmarl0nof the reservoirand(2) the muthem The pmoslty profiles are somewhat misleading
part of the oil unit. Additionally, the ratio of effec- because thin permeability Ixtniera are not repre-
five to total water satumttou is highea within these genteclas very low IXXOsityintervals, due to the
two regiom (fig. 75). The reason for this is that resolution of well logging tools. Pot' example, the
sandstone in these regionscontains a Imller volume lower half of the reservoir in well PN3314 contains
of clay with boundwater. The distributionof water alternatingintervals of 12 to 15 percentand greater
saturationshown in figure 75 emphuizes the ira- than 15 percent _ty. Core descriptions(fig. 44)
penance of inteiPat/ng petrographic olxlervatioes show that these slightly lower pmmity (12 to 15
with well-loj analysis. If clays me not taken into percent) intervals, which are on the order of cent/.
account in log analysis, Dd Archie water satunt- meters in thickness in the core, are completely car.
tions am used, determinationof od$inal oil in place bonate.cemented shell sccumulations. These ce-
would result in lower values than those determined mented zones act as local barriersto vertical fluid
using effectivewatersaturation.Strategiesfor ex- flowandgenerallyare notonrrelativefromwell to
traeting additlomdoil through improvedor en. well.
hanced recovery techniques also could be incor- Trmsverse cross sections (figs. 77 through 80)
rectly influenced if the presence of clays is not exhibit the greatest stratigmphlcand areal variation
acknowledged, in porcMty. Cross-sectioo B.B' (fig. 78), in the

The product, e_fective pmoldty times net pay northern part of North Blowhom Creek oil unit,
times oil saturation,when combined with reservoir shows the narrow, thick htgh.pomMty zone along
area, is used to calculate original oil in place. A the reservoir axis in the northernpartof the oil unit.
map of this produ0t (fig. 76) clearly demonstratea Although reservoir thtcknm and ix3tmitydecrease
the hetemgeneom nature of the North Blowhorn to the east and west of well PN3314, ixaoalty re.

reservoir.This map Indicatesthat the largest mains relatively high In the wells adjacent to well
orl_bmlvolume of oil relddesin the northernpartof PN3314. Crms.sectlon C-C' (fig. 79) reveals that
the oil unit. This oil mostly occursalong the axis of porosityis both lower and much more variable in
the reservoir where amalgamated sandstone lenses the central part of the unit. The reservoirbecomes
are thickest. The central pert of the unit contains increasinglysegmented west of the axis. Furtherto
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Ptgum 75.-Bubble map of effecttvoand total wate_saturationfor Carter sandstone,North Blowhorn Cr_k
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the south and along the resavolr axis, well fields in the Black Warrior basin of Alabsm are
PN3796, in crou.section D-D' (fig. 80), conts/ns a. beach deposits consisting of clinofmmai sandstone
thick, continuous section of relatively high porosity, lenses similar to those in North Blowhorn Creekoff
Again, segmentation of the resa_oir increases west unit. Most of these fields either lack cores or have
of the axis. cores that were extracted from meelnsentative

Variance, standarddeviation, and the coefficient partsof theresavoir, Thus, petrophyslcalproperties
of variationare three ways to describethe variation for these fields must be detesmined by well.log
of a panuneter, such u Ixxmity, sbeut its mean. analysis,wen-los derivedeffective pmmity in these
The _mt of variation is simply standard de. fields is iow_ than that in North Blowhom Creek
viatlon divided by the mean (Size, 1987). This pa- oil unit. Poms/ty modes typically occur at 8 to i0
ramemis notcommonlyusedin stati_cal malysis, lY_ceat(figs. 83 du_gh 86), in contrast m a mode
but it provides 8 readily demmined and easily in. r_ 12 to 15 percent for North Blowhom Creek oil
terpretedview of variation in comlmflson to other _lL Purthar, water saturation is anomalously low
measures of statistical distributionbecause it takes in North Blowhorn Creek off unit comparedto that
both the mean and standarddeviation into account, in other oil fields (fig. 87). This suggeststhatsand.
A mapof coeflkient of variance of effective pores, stone in these otherfieldscontains more detritaland
it,/in the pay interval exhibits a distributionof po- authi_nic clay. These factors, combined with a
roMP/variationsimilar to that implicit in the poros, large reservoir size, explain why North Biowhorn
ity.proflle cross sections.This patWmalso is similar Creek oil unit is the most productive field in the
to that shown on the map of the product of net pay, basin. These same factors also indi_te that, despite
mean effective ImmMty,and water saturation(fill. simlladties in depmitional setting, caution should
81). That is, variation in porosity is lowest in the be exerci_l in using the North BlowlmcnCreek
northern part of the unit snd grelt_ along the reservoir u a directanalo8 for modeling heteroge-
westernmargin snd st the southern end of the ms. hetty and fluid flow in otherreservoirsin the basin.
ervoir. Apin, the resa_oir is most Immogeneous PeUophysical i_es for selected, unitized oil
where clinoformal sandstone lenses are mnalga, fields arediscussed furtherin Jtsubsequentsection
mated. Pmmity hetsmgeneity is greatest in sell- of this reima.
meritedlenses 8ndin buckshoredeposits.

In summary,North Blowhorn Creek oil unit can PROBLEMS IN PREDICTION OF
be divided areally into fourzones with differentres. PETROPHYSlCAL PROPERTEI_qIN
a'vok chamctaristics, based on the areal and marl- INTERWELL REGIONS
I_ph/c distribution of Immstty water saturation,
and pay thickness (fig. 82). Zone 1 contains the _atioa of resaTok properties,including po-
most-homo--, highest-quslityreservoir. This fruity and pmneabtltty, in unsampled, tnmwell
zone occursinthenorthern part of the unit where areasisdesirablefor delineating flowunitsandfor
clinofmmal sandstone lenses sre amalgamated, determinationof hydmmubon reserves. Estimation
Fluid flow in Zone 1 is favoredalong the resavoir of pmnatbtlity is psrticularly important becaum
axiL _ 2 is a transitional zone between hlsher this pemmeter controls fluid flow. Pumeability
qualityreservoir in Zmw8 I and 3. The pay interval cannot be determined reliably by well-log analysis
in Zone 2 is thin and has high water saturation, and typicallyis undermnpled relative to Ix3fosity.
Zone 3 contains high-quality reservoir, but its dis- Accmateprediction of undemunpled or unsampled
tributionis sporsdic. Sandstonelensesin Zone3 me peUophystcal properties is difficult to achievefor
smaller than in zone 1. Moreover, these lenses are the Carter reservoir in North Biowhorn Creek oil
Inmutsingly segmented toward the south and are unit, The main reason for this d/flkulty is the con-
relentedobliquely to the main reservoiraxis at their fllPntion of detrital and authiflenic clay in Csrter
distal ends. This results in complex fluid.flow pet- quam,amnite. The distributionof clay in the reset-
terns in Zone 3. Zone 4 contains the lowemquality vok resultsin the weak umelatlon between pmmity
and most hemogeneous rese_ok sandstoae. This and pmneability besedon commercialcore jmlysis
zone comlsts of the distal ends of sandstone lenses data. Thus, permeabilityis difficult to predict from
and backshm_ deports. The pohabllity of uncon, pmoMty. Purther,the spatial correlation of petro-
tscted or unconnected COmlmmnentsis peatest in physicalpmlmrties, such ss pemsity, within the res-
this zone. ervoir in individual wells commonly is

Depositional modeling, presented elsewhere in indeterminate.
this report, indicates that reservoirs in other oll
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Figure81...Bubblemapof coefficientof variationof effectiveporosityforCartersandstone,NorthBlowhom
Creekoil unit.Thesi= of wellsymbolsis proportionalto thecoefficientof variation.SinusOilandOas
Boadof Alabamapermitnumbersareadjacentto wells.Thecoefficientof variationis shownin italics
belowthepermitnumbers.
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EffectiveWaterSaturation(%)

lqipue 8'7...Plotof effectivem_ _ verM totalwarnummion lot'ulected Cartermndmm
nmrvo_.

Bubble_ havebeen_ forpremnmtlonInthis provento beInadequmforprovldln8Inputdatafor
reportbecausethis typeof raspdisplaysdata values reservoirsimulation.ComputerizedCohen8
at the specific site of' smnpllns, These maps, generatesreproduciblereal)l,but not 811contourtn8
however,donotprovideestim8_lof valuesbetween algorithmsm suitablefor accurateprediction
weUs.Traditionally,contourmaps_ usedtodis. pmmetersinunsampledareas.
play the areal distributionor 8 lmmmeterin OemtttisttcMmethod,(Journeland HiJbrests,
interweUresiona. Hand.drawn_toun 8enmdly 1978; Imaks and Srivutava, 1988) provide a
incorporatesome degreeof bias and may not be promlsln8meansof estlmatln8valuesof Immmeters
reproducible lunon8 different lnvesttSaton, for lnterwell regions. Geosmtistic8is 8 set of
Moreover,interpolationof damvaluesforinlerwell pmbablllstlcmethodsthatis used to estimatethe
resions hem lured.contouredmaps typicallyhu
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datadm_ forjoomllJt_ evalutkm.'rho_ _ Jmplylnjthatlittle_ay exJmbek_
undmm in _ lSlowt_ Creekoilunit.and themnalioatrumpleap_lns._ or2m12Ioet
putups in South Bmdt Creek oil trait, 5s the rely are typicalfor vadosrammthat_..kt be modeled

in the abck Waert_ basinot _ (fi8, 88). Ho_er, n_ thano_h_ o(the vad.
withappmWim datadauity _ modeltn8,In ad- osrams oomu'uctedfor weils in Not',hBk_hom
ditlonto thesnail amber o( wellJtY_ o( Black (_tk oouldnotbemodeled(flj. 89),andminell_
Warriorbasinoil fields,_ m nudy extracted, could be modeledhave atsnificanthole efrem,
_, tim_v axm thateximforflekboutside Wellawithuninteqnuble vadojnmuam_
o( NorthBlowhomOreeko4iunitamnot necuur, thnw.SboutNorthBlowhemCreek oil unit. Theme
fly mlnmlattve of' _ in Ihom fleidl, varies fro'CarW mRIsloneam dmilar in
A_.aln,only _ Blowhom_ oil unithas a m_mre m those modded by Gould and others
s_5_Jentnumbero(cam to povide inputdatafor (1993).Hmvever,modelinjwu _ pum_ further
jeoMMtstkllmodeU_, becausethevariopul8 for_ mndlloneexhibit

Ooo_ poetaltmJcalmudym of' tho 81Jn_t proportionalefrect8 (IiakJ and Srt-
pemdtydistributionin 50 wells in North vajtava,1989),whichimplymon8 local vadatimt,

SlowtmmCreekollunit,usin8Oeo.BAS(Rnj!und, ThisWe:lude8two-md thme-dimemloedmodel.
!988),a publi_-danaln_ paakap,savein. insotvmicalpamityvariationintm_ell rqdom
detmnime results,Pour_ ot datawererood. in NorthBlowhomCnmkoil unit.Therefare,addi.
eled ustns me dtmeudmd vadosraphy: (1) raw tionalconatdautoeneedsm be 81vmW thesruc.
neutronpmulty ourvm;(2) raw_ demdty turnor_ datat_ Ca_ mndsmneIn Nm'th
curves;O) caWs-plotpoa_ty; and M) dual.water BlowhomC_oekoil unit before tnterwollpo_
modelderivedeHealve _tY, Vadojluns _ din_butloncan be deteeminedaccuratelyandper-
wereprqmulfor_ welbusin8_t nuabtlt0ycanbe mtmmd by_ mobu
wnpleJw_lnj. Mintvadopamjhavenonusla _utMnl. Methodsof utimatinS_ysical
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_es in interwellresioneof NorthBlowhom fits, butit wouldtakemorethan60 yemsfromthe
Creekoil unitcontinuetobe explm_, initial show be/me commercialqtumtfdesoF oil

The week correlationbetweenpmesftyand per. wee found.In 1970, the discoveryof the EastDe-
meabitltyin Cartermndstoaeand theindeterminate troitoil fieldin Cartersandstoaeat depthsof 1,782
resultsof me.dimensionaljemat_cal analystsare to 1,798feet matted the flat oil dtzova7 in the
surwisinl for two mtmm. First, _ in BlackWsrriortrain of Alabama.As of 1990, 123
q_to commonly have Msher reservoir fieldsin _ producedconventionalhydrocar-
quality than those in more lithic or feldepathlc boasand coal-bedmethmmin thehtudn(MMinsill,
sandetoaebecausedelmedoweffectsof dlNlenesls 1991). By July i992, the BlackWmrlcrbarn in

less si_ltlesnt in qusrtzm_te owing to the Alabsn_ had ixodtged 9.2 millionbarrelsof oil
mechanicaland chemic_ stabilityof the detrial and523.9billioncubicfeetof gas.
fatmeweik.Second,hydsocadxmreservoirsin bar- Ofthehydrocmboa.Woducin8fieldsin the Black
tier and strandplainmmdstmeflmmmllyaremnonfg Warriorbasinof Alabama,26 aredesisnatm/asoil
the least haaojeneous cluttc rewvoin (Plnley fields or oil units for productiontrom 33 pools
and others,1988;Ambroseand otlmn, 1991).Car. (able 7). However,mateof the_ted oil fields
tarmmdetonemNrvoirs,however,differfromthose areno Ionllm'active.Cmvently,ninefieldscontain.
reservoirsused to establishhatmoBeneltyrankinll ink 11 oil poetshavebeenabandm_ (table7). Oil
treed on depmitionalenvironment.Indeed.delta- fieldsin/dabmnatypicallyamdevelopedmsa 40.
destructivestrandplalndqx_ts, suchas theCarter or 80-acrealpacingsnd no requirementfor themini.
mndetone,sre larllelyundocumentedIn the lltem- mumdisaace betweenwells(table7).
turn. The 26 d_ oil fieldsand unitsl_Oduced

In contnat to thewi_ beach.bmlersys. 7,478,179tmmts of oil u of July 1992.An addl.
temathatare the Imb of commonlyusedreservoir timml 932,420 barrels wine _ from iPu
hetemfl_ty models (for example, Sharmaand fieldstnd wells ou_de the26 fields thatsre now
others, 1990a, b; Ambmm and othea, 1991; aludoned. Sevea MJmdMlppian_ units
Schatztnserand othm. 1992),Carterrmavo_ are Imxluceoil in AlabmnLlncludtnsCarter,Corn,

of Ioadtzed, clinofmmal mndetme Chandler,Oilmer.Lewis, MUlertlla,and Sandms
lenw. Mmmv_, Caw bmch symmm were nndetcxws.Of dmm,CmW_ hu produced
muddies'than i3mr,h systemsused as the taiaisof motl tlum90 petccmtofthe off fromtbe delisnsted
theserelervoirmodels.Thus, more detrial clay oil fleldl and units(tip. 4, 90). ]_ishteenof the26
was Inmnt in theCarterat the timeof dqxJtiun, fieldshaveisoducedoil fromCaneramdetoae(fill.
The sbundsncoof clsy minmis fm1_ inct-mml 91), snd NorthBlowhomCreekoll unit Ms pro-
duringbudsl _. It is therelstivelyunpre- ducod$.1 million han_is, or apwoximatelytwo-
dleable distributtoaof bothdetdttl and Hddsenic thirdsof thatoil (fill.5). SouthBmahCreekoil unit
clsy within reservoirsandstoaethat_ spmial is theonlyodmr_ in theBlackWsrriortrain to
quantitlcat/onof _ystcal ixopert_ in North haveIseducedmoretiumonemillionbarrelsof oil,
BlowhomCreekoil unitdimculLProblemsmcoun- FiveCartermmdmonefieldshsve beenunitizedfor
awedin pmdicttoaof pe_ysical i_es in Inmn mtin_ and _ ot ps injec.
NorthBlowhom Creekoil unit sre furthercom- tion.Mlllcrellamutdstoneis thenextmost Im_.
poundedin otherBlackWarriorbasinoil fieldsbe- tire Mluimdpptsnreservoirin _ Mlll#reila
causeavailabledatt m feww and reservoirrand- (eil;htfields snd uniuOand lewis (three fields)
stoaein thosefieldstyptcsllyis muddierthanthat a_ Ire thenextmost productiveM/utssip.
intlM_NmshBIowlxnCr_n_, plan r_ in AI_ (fliJ,92). Msximum

laotian ft_nnMUlereIMandLewisoil fieldsisin
OVERVIEW OF BLACK WARRIOR the mnp of two to duee hundreddmunndbermls

BASIN OIL PRODUCTION of oil (fill.93). Most,q/lUertUaWoducdoais from
alowhomCreekand Mud_ oil units,bothof
whicharecumatdyunderwatufk)od.Mr.7.,leaoil

The marchfaroil andps in the BtsckWmTlor fieldImxluceethemost Lewisoil; no Lewis fields
buin of _ bqpm in the esrly 19(X}'s havebeenunldzed.
(Muinsill.1991). In 1909,Ittest well drilledfix' The Mlmdmdppiiwt of the BhtckWarriorbasin
coal in PayettoCountyeocountesedoil showsat a has17activeoil fieldsduttImXluced1,110,747bur.
depthofleas thanS00 feet,By l917, morethan40 rets of oil, as of December 1991, flora 29
wells had beendrilledin the basin,wlm_ly for Mtsstsstppianmldetoae pools.Oil is Ixoduced_in
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M_s_ppibornMiu_im Abenunhy,Csr_, __ _ prioru)__ _ _o
Evans LowJs,_ and S_ ids_. dm_ required_ tRak_ tho
Appmx/ma_ly75 per.entof oil production_ durinl thel_acmdn8lXOCeu._ acidtreat.
the17Mtutulppl_lds1,_ _ sandstone,m_t,us=_ _o2,000Ipdlonsof7.SmISImmnt
and_8 i)efr,ontof Iota]produciionis_ I sinsio hydrochlod_acid,containinlconoeJoninldbitoN,
Lewis_tono poolinMapleBranchftekL, ironsequosdantalonts,claystabilizers,and

$_ wellsdmulatlonproceduresin theBlack soalen._ soludonisdisplacedintothefomalton
Warriorbasinof Alabanminclude_idlzadonand usinSs 2 percentpomulumchloridesolution.A_
hydraulic_turins. Acidizadonis dosis_ to re. _ aplxopriaSoperiodortime,the_ isflowedto
moveblockingagents,suchas drill/its mud,ca]. C_ upthe_adon andremove_t acid,At_
ciumcarbonate,andothermaterialon thewellbore theacid treatment,welb typicallyare hydraulically
faceandin theimmediatevicinity of theweHSore, fracturedthroulhtubing,usinga two-component
Acid treatmentsare designedto eliminatenear water-_ gel system,l_turo treatmentsare

_;..... _ .... iii ii i iii ii ii lli n
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Figure90.--Bar chartof cumulative oil productioaforreservoirunits in the Black Wsrriorbasinof Alabama.
asof July 1992.

designed to initiate and _ fracuncs that are woject is planned for the southernpart of North
approximately300 feet in length witha width o/'0.3 Blowhom Creek oil unit (Gulf Coast Oil World,
inch at the wellbore. 1992). The unitized oil fields in Alabamainclude

Blowhom Creek Millerella oil unit, Central
IMPROVED-RECOVERY PROJECTS Fairview Caner sand oil unit, Mud Creek oil unit,

IN THE BLACK WARRIOR BASIN OF North Blowhorn Creek oil unit, South Fairview
Caster sand oil unit, South Brush Creek oil unit,

ALABAMA and Wayside oil uniL Five of these oil units Ix(xluc¢
fromCartersandstone, and two units _ from

As of July 1992, seven oil fields producingfrom Millerella sandstone. The Idzc of w_ pro-
Caner or Millerella sandstone have been partially jects ranges from North Blowhom Crock o_1unit,
or completely unitized for the purposeof increasing with 30 woducfion wells and 20 water injection
the ultimate recovery of oil in the Black Warrior wells, to MudCree_ oil unitwith 2 pnxh_tion wells
basin of Alabanut (table 8). These unitized fields and I water injection well. Five-spot or peripheral
currentlyare under w_ or a combinationof watcrfioodparians are used over the entirewoduc-
watedlo_ and gas injection; no tertiaryn_covery tive areain the largest units. Smaller unitshave too
projects are active in the Black Warriorbasin cf few wells for standardwatafkxxl patterns.The Io-
Alabama. However,a microbialenhanced recovery cation of water injection wells in these units is
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Figure91.--BE chartof cumulativeoil prodt_tion fromCarterssndsto_ fields in theBlack Warflorbasinof
Alab_a, m of Yuly 1992.

d_ignod to _ gecovery from specific welis, tu_ 0PVT)studyof a Rtmuff_ flukl _ple from
Total oHwod_don from these fields ranges from the discoverywell shows that the reaervok fluid ex-
64,151 to 5,100,000 barrels. Salient featm_ of the isted u a sweated liquid under original reservoir
seven unitized fields are discussed in this section, conditions of 1,192 pein and 90" P. Bubble point
Productionprior to and after unitization for each weuure for the reservoirwas 1,335 psia. Additional
unitizedfield is shown in figure 94. reservoirdataare in table 9. The trapping mecha-

nism in BlowhornCreek Millerdla oil unit is stra-

BLOWHORN CREEK MILLEREI.LA OIL tigraphicdue to pinchoutof MUlereIMsandstone.
The field was develep_ on an 80-acre spacing

UNIT and six productionwells produced 202,445 barrels
of oil and 693,435 Mff of gas priorto unitizationin

The Blowht_ Creek oil field was discovered in May 1987. The drive mechanismfor the reservoiris
1979 with the drilling of the Jones 26-3 no. 1 solution gas. Initially the gas-oil ratio was 1,000
(PN2090) well by Pmet ProductionCo., Hughes & SCF/Bbl, but the ratio im=eaw.d to over 6,000
Hughes, and WarriorDrilling and EngineeringCo. SCF/Bbl in 1982 as reservoir Weuure declined.
The discovery well was perforatedin Cmler sand- Reservoir pressuredeclined from the original 1,192
stone from 2,473 to 2,488 feet and initially tested psia in 1979 to 138 psia in 1985. Oil pmdtgtion
168 barrelsof 35.4' API oil and 135 lVlcfof gas per hadreacheda maximumof 8,000 barrelsper month
day on a 48/64 inch choke with a flowing tubing in September 1980 and declined rapidly to ap-
presmn_of 100 psig. A pressme-volume-tempera- proximately 500 barrels of oil per month prior to



Figure92.--Bmrchartof cumulativeoil i]roductionfromMUlereilasandstonefieldsintheBlackWarrior
bssk, of Alslnm, u of July 1992.

unitinem(fis.95).x _ proofwasiniti. (fis.43).Thekrj._ of l.jectio,we_doesnot
sled after the t'wldwas unitizedon h4b_y1, 1987. cotmspcmdto a standard_ood pattern,butis
Initiallythe unitizedfieldcoasted of threein_- dosipJed to inora_ _tion from these two
tion wells and 6 productionwells. From March wells (fig. 96). Well PNI0192 is a new water
1989 throughAugust1992 threeadditionalwater injectionwell thatwentonline in August i992 to
injectionwellswere completed.Waterinjectionbe- increase pmductioa ham well PN3098.
pn in September1987anda totalof 1,337,839bar. Breakthroughof injectionwaterhasoccurredonly
relsof freshwaterwereinjectedthroughJuly1992. in well PN2690(fig. 97). _ brmkthroqhdoes

Of the presentproducingwells in the unit. the notnecessarilysuggestchannelingof fluidsthrough
greatestamountof oil hasbeenextractedthrough high permeabilityzonesbecausewaterhasbeenin-
wellsPN2690andPN2933lxior to unitization(fig. jetted into the reservoirfrom wells sunotmding
96). Well PN2878(now pluggedand abandonM), well PN2690for a longerperiodof time thanfor
whichis shownasproductivein figure96, prodded wellPN2933.Thelocationof the twomostpmduc-
fromCarter,ratim thanMillerellasandstone;wells live wellsdoesnot ccrreqxmdto areaswithhighest
PN2937andPN3081penetrateMillerellalimestone net lay thkimess (fig. 98). Effective water
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Figure93.--Bar chartof cumulativeoil productionfromLewis sandstonefields in theBlack Warriorbasinof
Alabama,as of July 1992.

saturationdiffersbetweenthe two wells (fig. 99), al- flood to be 734,528 stock tank barrels. The effects
thoughlog-derivedeffective pretty is similar (fig. of waterinjection were realized in June 1990 as oil
I00). Average effective water saturationis lower productionincreasedsharply(fig. 95). This increase
and average effective porosity is higher in well in oil production also coincides with a significant
PN2690. Log-derived effective porosity cross sec- increase in water production, indicating break.
tions (figs. 101, 102) reveal that porosity generally through.Cumulativeproduction through July 1992
is lowerand water saturationis higher in Blowhom from the Blowhom Creek MUlerella oil unit is
Creek Millevella oil unit than in North Blowhoru 301,866 stock tank barrelsof oil and 819,293 Mcf
Creekoil unit. However,the vertical distributionof of gas. Currently, the unit contains 4 producing
porosityis more homogeneous. Sandstonedistribu- wells, 6 water injection wells, and 2 plugged and
tion,petrophysicalproperties,and production pat- abandonedwells.
terns indicate that Blowhom Creek MillereUa oil
unit should have fewerproductionproblems related CENTRAL AND SOUTH FAIRVIEW
to thief zones and uncontactedor unconnectedcorn- CARTERSAND OIL UNITS
partments than other units, such as South Brush
CreekandWayside oil units.

The productiveareaof the Millerella sandstoneis Two parts of the Fairview oil field have been• unitized as Central Fairview oil unit and South
approximately 436 acres. Original oil in place, Fairview oil unit. The Fairviewoil field was discov-
volumetrkall]_determinedby the operator (Docket ered in 1971 by Skelton OperatingCo., Inc., with
No. 4-2-879, State Oil and Gas Board of Alabama) the drilling of the Vista Mae Gilmer No. 1 well
is 2,448,425 stock tank barrelsof oil, using a 9 per- (PN1968). An initial test for the discovery well pro-cent porosity cutofffor pay, with estimatedprimary duced 160 barrelsof 22.8" API oil and 438 Mcf of
oil recove_ of 220,358 stock tank barrels.The op-
erator anticipates ultimate recoveryfrom the water- gas per day on a 32/64-inch choke with a flowing

i,i i I
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Figure 94,..Bar chart showing pro- and post.unitization oil production from unitized fields in the Black
Warriorbasin of Alatmnm,as of July 1992. BCM,, Blowhom _ MlUevellaoil unit. CI_ - Central
Fairview Carteroil unit. MCM _, Mud Creek MUler#lla oil unit, NBC = North Blow_ _ off
unit. SBC = South Brush_ oil unit. Sl_ = South Patrview Carteroil unit. WAY - Wayside off
unit.

tubing _uure of 540 psig. Productionwas from initial reservok conditions of 1,113 psia and 840F.
Cartersandstonethroughperforationsfrom 2,430 to A gas cap was thoughtto occur in the northernpot-
2,440 feet. As the field was developed, it became lion of this lobe and was subsequently verified by
evident that two lobes of Carter sandstone exist hish gas-oil ratios for wells completed in that area.
within the oil field boundafles. By 1981, 15 wells Additional fluid propertiesare listed in table 9. On
had been drilled in Fairview oil field, 10 penetrat. August 1, 1989, the northernlobe was unitized and
ing the northernlobe, and 5 penetratingthe south, designated as the CentralFairview CarterSand off
em lobe. A pressure.volume-temperaturestudy of a unit. Water injection began in June 1990. Three
recombined sample of separatoroil and gas indi- wells were converted towater injection wells and
catedthat fluid contained in the Cartersandstonein six wells remainedas producers.The operatorestl-
the northernlobeexisted as a saturatedliquidat the mated original oil in place for the northern lobe to
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I_-Itul_!e mp d em.iilve oll _lton _ DlowbomCreekMUlaevllaotl mlt, U d July
1993. Tim dee d wallqmlx_ m _ Io oll _tlon, Sl_ 0il md Clu Bold d _
permit num_ m _t to woUl.The volumeo( oH producedts dmavnin Italia adjilomt to
pulualoeudlL

be1,612,795Mocktankbmrrotewitheetimhed_. Thoaoudtm Iobo_ _ indmooo in the
mm__of162_ 8t_k__,u_e _w oil fieldwitsunidMdonMm_h2, 1992,
9 _1 p(iOltly _ farply (Dotal No. 12-15. lind duliuled ill the loulh Fllrvtew _ JIind
81_D,S_ OilandOu _ ot_#), Aser oUmdLI_h wWr _don bepnIn Oom_
July1993,__ _18 orh_ wm_havebee. 1990,Tide_ 1#bl_l 5ytwoeu.we_ _1_
_led lmo _ CtmnJ FllrvtowC_-_r $1ndoH thatIP,_d_ullrl,v to thestrikeo( dieremr.
unit (Oil, 103). _tl of _S have not volt, BfYeelJo( water ln._tton were _ lip-
been_z_ 1odate,and_u have_ chip. proximately_ moothl_ initiationof thewt.
polndnl,Cumulativeproduction_h Jul_1993 terfloodproiPram,u t_ I_ s |1_ increase
was175,6855lnela of oil and364,384lvlcfof Itlm; In oil productionand doc_ In die Sits-oilritlo
only6,172talmll oroHand22,2_M_I'orsu lure dudnj mldyux 1992(fiB. 104),1"he_uedvo mu
beenIx,oducedsinceunitization, of theSouthPairvlewCsrterSandoil unitis

..... _-" ' ' ' ...... Ii1111_1II Ill Ilillll -



97.-llubt_mapot_uljv, mw pmduo__omDk_hm _ MOlbrelboilunit,amofJuly
1992.Tho_ otwdl_ b i_ponkaalw _ pmluctlon.SumOilmdOu lkmdot_
_lt numbmm _t lo _ 111ovolumeot wu' _ in _ in iulk= ad_t to

_, vo__cdeuuuml _by _ CurmrSamonJr.
No. 12-1$.MIqA, SW,JMOil _ OM

or_) is2,1S0,_70m_ktankbu_re_,_ n _ _ M/__ OIL
9pc.mr_ omatorp_. _ _
recovery1_1_,_ _ _ _ o¢oll _d 'X'noMud Croakall unit wu _ by
amidpmd_ _ lu 497,079_ AndermanSmith_ Companyin19117with
tank_, Cum_vo ixeduotiee_h July thedrt_tnilof_ _ 6-7_ (PN9249).
1992was191,089_ _ oiland109,705Mcrd initialtootonthe_ weft_ 199bar.
_; 24_ _ of'oil.19,192kiteot'_ and44 rolsor'offand1_ Mot'o(pa pw dly oa a 17_d-
barrelso(vsltrhavebeen_ _ unit_, inchdrakewithd00ixdltfk)wiql_ proton,
tlon,_ ofJuly1992,167,1__ d'warnhld PmduclJonwu I_ the _/_1/_
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91k..ll_ ra_ d netpq _ ForMUl#relh8_ InBlowbom_ Mflluelhuoil_mlt.
Ib dn ofwdl_ iJlnjpo_oultom 1_ _ 8tinOJl_ (]e M of_ _il
humbertm _t towlb. TimnetI_ _, mudodtotho_ inioser,18_ tnllmil_
belowm jm.it.,mba_

_ pllfgllbl _ 4,1U Io 4,196 f_t. b. _ b I_II dovolojtdm 80-e unJtJud two
lull lolr _ i __ _ h Ii __ _ _ __ by
Mllluella_ m 1,701psia and 110'R _ 1988. _ _ doc_ _y
__, No____ study fire 1,701psJaattho_ c(_ d _e flold
wsJ pa4bmed, but bubble p_ _ is ea. to 1,2.58p_tn July 1988.._smsult, thofleld_
_ tobe_ m.e u _ _ jnm_ unltlnod_ n I_ __ pcopumw-,,n

drlvo_ fa' the_olr is Jolultee 16_ (PN$3_9)wren_on_ to8wntor_on
An_ p_ cap_ mud Jdo.jthetop wellsad in.tim helmin_ 1990(fill,109).

the_me inthe'1"_ 6-16well(PN5323) kJ _ July1992,72,782Ixmb oi'w_ hadbeen
o1'mrapidlnc_ in_e Ira.oilrntlointhe _ted into_e reurvoir.

well.
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t_ -Jnq_ormku._ In_. md_.m

MU_r.l_ mndmmw,Bk_hocnOeek_ nter smmk_ , Thedze. d db_ _ m_oatvov_mrtmmdo"

m_wmw _ m,mt _tq_,

ludic,bdowtheIx_lt numbm.

Tim Induottve am fct the m_voit in the Mud is 64,15t barrelsc/oil and 197,649 Mcf o(ps, and
Cr_ a/_lmlla oiluniti_es_msu_bytheo_s- 3,790_m_ ot wmr.

to I_ 226 _. Volmmm'iml_dmmined
erill.a oil m plce, ut_md bytheoqpem_r,i_ NORTHBLoWHOIUq CREEKOIL
6ts,,'KX)mockmk _, usm. 9_12-14-895, State Oil l_xth Blow_ Creekoil unit was discoveredby

and Oa_Bo_ of _)' _m.-,,-- primaryre- Wan4oc Dd_l andEnllneednl CompanY,Inc. in
cover/is 30,97.5sm(:ktankl_lrmlao(otl and imtict- 1979 with the drillinl of the Ooalk_ No. 1I.$ well(PN2751), which initially flowed 342 bS.,_lSOf

,_s. s,_ .._ _._, oro,.c.,,_ _ s_.s'_ _ ,.d_,_ _ orp, _.,_,yo.....,w h July lyW,;
ducdoofrom Mud C_ oil unit thfou6
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Iqlm IO0.-D_ nap_ effective_ in AtUte_l/asandstone,BlowhamCreekMU/troIMoil unit.
_ d well symbolsis paopontonalm _emlve_ty. SwJjOil andGu Brad c/'Alatnmm

pmuitnumbersneeadjscmttoworts.MeateffectiveIXXOetty,_ iothene_ inteiPr,is shownin
tmlks_ thepermitnumbm.

16164-inchchokswithatflowtr4 robin8_ oF by pinc:houtof'porous_ _tmae. Thus, the
740padi,_ _ productionin thiswoo tranppinjmechanimnf'crthecombtn_NorthBlow.
wan _ perforationsbetween2,7,85 and 2,294 _ {_ oil unit//urmstrongBrmJchipwfield is
feet. S_un] cUpor the Up or the C,trter sand. Ju'_, _ by pinchoutd' Carterund-

t8 _ So 60 fk/mi.The C_xtm'inds_ in moose(Burden°1985).
NoalhOiowhmuCreekoil unitis coo_ with Dovelopmontc4 the field be_amadmaSlya_
the _ reservoir In the _t Axmstrons compleskmdrthedtar,ovcrywell.The fieldwas
Branch_ field,m thenorlhwa__, 19_, vok_ on80.a_eunits. The orisin_ fluidin
198.5;_, 1987).The updJplimit of the oH I_ Blowhorn(_ oHunitreaervoirwasItam-
_oir lit NorthBlow_ _ oH unit is de. _ oil with an orisinal bubblepoint_ o(
finedby theoll/Su _t at-l,7_ toot._ updip 1,1IS pail _ _ drive m_ for
limitot theAxmstroniBBranchps field is d_ reservoirwas solution ps. /_klitioual ratervoir
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fluid propertiea are listed in table 9. As reservoir Further, more water has been producedin the
pressure declined, sucker rod pumping equipment southern pan of the unit (fig, 109). Only small
was installed on wefts. Productionprior to unitize, amounts of water were produced prior to unitiza-
tion and watefflood totaled 601,007 barrels of oil, tion, although water-productionrecordsare incom-
888 hOdcf of gas, and 887 barrelsof water, plete for this time. Thus, water productionshown in

North Blowhom Creek oil field was unitized on figure 109 representsinjection water producedafter
Febru_ 1, 1983, and waterfl(xxloperations were breakthrough.By January1986, breakthroughhad
initiated.WellsPN3350 and PNM37, in the north, occmmi in four wells in the northern part of the
ern part of the unit, were conveaied to water injoc, unit and eight wells in the southern part. Weft
tlon wells in June 1983 and used for a pilot injectiv. PN3314 has ixoduced the mint water in the north-
ity mt to verify compatibiflty of injectionwater ern partof the field (fig, 108). Data presented else-
with formationfluids. These wells were also used to where show that the upper partof the Carterreser-
form a water block to prevent migrationof gas and voir in well PN3314 has permeabilityan order of
oil between the adjacent Armstrong Branch _ magnitude or more higher than that in the lower
field andNorthBlowhomCreekoil unit.Waterin. part of the reservoir,This higherpermeabilityoc.
jection beganin the restof the unit in November curs in fomdtme mndetone lenses that parallel the
1983. Well PN3501 was convened to atwater injec, strikeof the reaervoirbody. Thus, athigh.penneabil.
tion well in September 1992. Injection water is tryconduit mayexist between well PN3314 and ad-
supplied by two fresh water source wells completed jacent injection wells along the reservoiraxis. The
in the Pottsville Formation. The original 80-acre existence of this conduit is sup_ by peue_yst.
development of the field facilitated conversion of cal evidence. This could result in lowering sweep
existing productionwells to injection wells and eflkiency of the waterflo(xlin the lower,lessper-
limited the necessity of additionalinflii wells. A 5- meable zone, resultinginbypassof someproducible
spot patternwas used to flood the unit. An increase oil.
in oil productionand a decreasein the ps-oil ratio Reasons for the patternof water productionin the
due to water injection occunul approximately six southern pen of the unit are less apparent than
months after initiation of injection (fig. 106). The those for well PN3314 because cores were not ex-
peak oil production rateel' 86.341 haneis of oil per tracted from welis in appropriatelocatiom. How-
month occurredin 1985, two and one.half yean af. ever, sweep eflklency of the waterfloed likely is
terthewaterfloodbegan.Althoughproductionfrom lowerin_ pan oftheunitbecauseoffractures
wells in North BlowhomCreekoil unit beganat andchannelingthroughhigh permeabilityzones.
approximatelythesametime and injectionwasin. Well PN2980wasthe firstwell to producewateras
itiatedwithin a five-monthperiod,per well cumu- a resultof Ixeakduoughof injection water,and
lative production differs significantly throughout breakthroughgenendlyoccunedearlier,with larger
the unit (fig. 107). The most productivewells are in quantitiesof lxoduced water,in the southernpartof
the northernhalf of the unit. Well PN3782 has pro. the unit. Well PN2980 has produced an anoma-
duced the mint oil, 39,2759 barrelsof oil as of Sep. lously large amount of water compared to other
tember 1992. Thispattern of IXOductionclosely cot. wells in its vicinity. This implies that water injected
realmnde to sandstone distributionpatterns defined in surrounding wells my have been captured by
in the depmltional model and also conelates well and channeled through a natural fracturenetwoA.
with the distributionof ixmunetersderived from If this is the case, producibleoil would be bylmsed
well.log analysis. Production is consistently the in the vicinity of well PN2980. Channeling of in.
highest where Cartersandstonelenses are amalp, jected water Ukelyalso occurred between other in-
mated.Although productivewells are present in the jectlon and production welts in the southernpartof
southernpart of the unit, where spit arms sefpnent, the unit. However, this fluid channeling may be re-
the distributionof themostproductive wells is scat. lated more to permeabilityconuam within the res-
tenul relative to that in the northernpart. Wells ervoirs_ds_, rela_J to depmitional
along thesouthwestern mm'ginof the unit are less and diasenesls, than to fractures.Thus, the pattern
productive, particularly well PN3385. Backshore of oil productionand water _tion and production
deposits and the distal ends of spit arms are preys, indicates a higher degree of heterogeneityin the
lentin thisarea. Canerreservoir in the southernpartof NorthBlow-

wmm'hasbeeninjectedinto theCarterms. hornCreekoil unit.The injectionradius for cumu-
ervoir in the southern partof the unit duringwater- lative water injectio_ through December 1992 era-
flood operationsthanin thenorthernlXh't(fig. 108). p_ the degreeof rem'voir heterogeneity and
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Figure107..-BubblemapofcumulativeotlproductionfromCartersandstoneIn NorthBlowhornCreekoff
unit,asof July1992.Thesizeof wellsymbolsisproportionaltooilproduction.StateOiland(]asBoard
of Alabamapermitnumbersare adjacentto all wells. The volumeof oll producedis shownIn Italics
adjacenttoproductionweUs.



Figure!08,--Bub51omapshowingcumuladvovolumeorwatertnJec_ !nm_ _ nndsmerem_oJrIn
NmshBlowhamCreekol! unit,asof July1992. Timsizeof wellsymbolsis proportionalto_ mount
ofwater_. StateOil andOasBoardofAla!xunapermitnumbersare_t toall wells.The
volumeofwslerinjectedisshowninitalicsadjacenttoln_lion woUs.
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Fl_ 109.-.Bubblemapofcumuladvowatt_laodt_tiontnNorthB_hom _ oilunit,auld ;uly 1992.
Thosizeof wellipdmbolaIs_onal towater_tion. StateOHandOas_ o(Alalxt_ _lt
numbersm _t to all wells.Thevolumeo( waiterlgOdtg,od Is lhownin italics_t Ix)
imtuctJonwells.



i_d mmoUns(J_S,In0),nudad_ tnJ_pam_NMrstob 30p0_ d _ OUJnpnw,ua.
110Man_ _lql al_ ms- _11thoqwanam'meoltmmod mtltmdoffh planco,
em_ wt_ I00immmmNp _. Bamlm m unitIm_ 32.{prom d_ _m m
mm _p_ umwtkm,m map_ _

otareclmotoimak:duroelh.'rldo,otoourm,dllYoaraJunit,calculated _vOatllatlm,dan ads-
,mid_ wimr{mm_tJa,,{mmm (t_1. nifJmt{yf_'mthatdMmimdinthopest.VJdum

109). dmmlmdinthisJudyamnewlyom andau.tult
Om noOblempa)td dmNdopmee4of North _ M idllh(21.6 million_ bimeb)ta

Blowlu3mCnnekoffunitIsthatthenUNflve-npm dmaepovtajdy_ Indeelmsonfilewiththe
inure d _ sad putuaN was used StmOflsndOss_d_Thmm
tluoqh_ _s unl_Indf_ _s _ CON_ d Nvml msms tot fldsdlfYm_, Cslo_ In
adwnmtnSrow,d In,kMSoa'sand_. TtdJ timipaathaweamumodathlshea'_ _d9
IllllOnlqlpolllldtllk 10rtholeilhen pittO(IhO _ for_ BlowhomChokollunit,U WIli
flo{dw{urol{to_ otui{djiJNMd_ MJh.{{Mobwunluuin{Nd{nthJJbvii{{}Mkw{.
brimooindduwiththomikad thommo_ A 6pe,nmmt¢mU_wm undinthh,invom{ijm.
undmm bxly.{k_. inthoamMuH pertd This{o_ vduowu d,_ bemumit{sbdJoved
the rnld, divineoatoam_onoraandmuionam thatthispamttymorospprq_a/y mooreaho
ooouraU thespitm'm minuntandcurvetoward porevolmucmuinlnlam_ oil in Black
thoa_uthwut.Thus,inlhlapaurtof'theunit,theod. WarriorIxudnfioldLAdditlmully,lomo ptat
on_ ot somaotmaudmumimsnubilltyIlkoly oadcubtlonausedpmmityandwmr ammaton
vs_ oa_Ma_y. Psm ot the ssndsu_ lento vduesdmmlned _ onlyON"nqraeaeutlvo"
amooetinuatimu,adonlthejaumomike,otthoaJoin weftinmobfield.ValuesOomthlsoeewe{{
thonmnlmupened'theunit(leofill._2).However, thenlamulinodoverthomumarmpbudmound
lho_ qmdsod'thoaupitrunsanm4mtsdobliquo onnot_y nul_ InthiainveaMptioe,dnlaforadl
crpependieul_tothiJmlko.Thepmnmdin_, wells in art, Ibld wee utilisad.Fume, oil
toa_inthiapamo(thounitmayboIouatpl_aql'ia_ MtumtionwMdolmninodfhxuweU.lo8derived
than that in tlu _ _ lnflllwells,aub_- dt_lvo watertoulon, wlnl a dual.wmr
montotthoceeflllUmtloeetoxistlnlprodmnand model,ratherU'untheArc_boqWioe.Tidj wu
In_u,n,.o,en{m,_n,mvayu,,:tu_uMmay donebmumlmmUaphi_andpmu_ysloaldm
pmvldosmomandlablo_tbr_pro, oolleolodin I1_ lnvuMlalkm_ that
duo_nortotcmu_tinjbylmmdoilinthemouth, mlempmmltyinde_Uiandau_lenicclayiaan
em_ ofNorthBiowhomCreekoilunit. importantoomponontot total _ in tho

AJ of July1992,5,111,154INu_hlof'oil and rwervotnl.Tho effect ot uainllefl_vo
2°893,093Motor_ hadbeen_ fromthe alsturltion,miller thantotal(or .4_rohie)wsw
Cartm'resarvoirinNorthBlowhomCroekoil unit. iw4umtJon,isJo_ theeatimateotthevolume
Thissc_.mmtaforll_lytwo.thirdletldloJl et the effectivepine 835ternoccupiedby oil by
podueedfhxnfloldain theBlackWamrlorbmdnof mublrnctinlloutthewaWthatis boundin ml.

examinedin this inve_im_.Oil_ _ between©lsypenicl_
duotiontel'theontimunit_ inmid.1986aJ Currently,it femtbilitymdy is beinllperfmmd
a multor5makduouShorinJocdonwmt (flj. todeterminetheeffectivan_otandc_blalflood
106).PtoductlonInauMedsll|hdyatthebqlnnlnj IntheNorthBlowhomCreekollunlt(OultCosat
of'1991(fiB.I06)owln|toInstallatlonof'new OilW_Id.1992),Thepu_ of'thisprojectlJto
pumplnllequipmentand plBln8 of production usem_ toplusthemintIXXeU_soMsin the
IlnoaJ. roamrvokinameHonto exm_tb3qnmdoilhorn

Asof July1992,13,1g0,929bemlJofwaterhave lossporousand pmnmblohorizons.Theproject
beat injectedintothe Carterrem_oir,and0.34 uses lncwsanienutrientJoureuto _mulate mi.
bmelsd oilhavebeenproducedforeachIwmlet cm_)ea,ratherthanUn_urd_ suchM mohu-
oil _ Orillinadoilinplan_,oalculmdbythe ms.A pilotprojectwillbeperfomedinthenouth.

(1)ookmNo.1-20-8340,StateOilandChu em endof thereservoirto monitormccm before
Bolud ot ,_ut), was detmnlnedto be applyinjthemethod_ldwicle.lithe pilotprojectil
15,683,5288to_ umkIxtrrelsof oil. Theopmater _ futureplanscall fordrtlliniltwoinflll
mtimml_ rocoverytobe9 percentandthe weU,poumthdlyruultinllin reeoveryot an tckii.
nnticipmdult!mte recoveryunder_ re- tlonal9pmeentottheeriilinsloil inplace.



Pisuro110.--Bu_ _ 8lu_inilwaterin, ironnidiu8inNorthBlowham_ oilunit,u o(July 1992.
idu of'waililymlxdlliljpropo_iomdlo _¢Jon Ildiuil.StittoOilMdChillBoid _ _ ponnJt

fllim_llrljin _t to811woU8.']'hedJ;jlle_r(ItwsterJ/_dOllJillidlowllJillJUdJc8_t toJl_tJofl
we_
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$OU'I_ BRUSH CRImK OILUNIT doe in the unit(flips.I15, I16_,mabcdvowaw
nmrtt/oo_/, h/sherIn the ,omlmmm

The South IJrdahCbNkoUunit was dlIxwm_ in pod5o( tim unit. Aithoujh total warn'lumtlmt hi
lg_ wiretindrillin8of ttuWeyalumse 33.3no, reledvetyhllib throujhoutthe nmwvoJr,efYeotive
1 (p_$22) wellbyA!Muu__ Co,,Inc.In. _ mmmtimvaries8ubmnttslly(fill,116).This
ttkdrutforthedisoove_wellproduced422bmmls mBmJ tluttmk:mpmudryand irreduciblewant'
(_37' AMOII_$ Mof_PJl_dsy_u _ in d_IA] _ •uthJjOldCchty Rett
openchobuwiths fbwinltut_ pum_ er 250 puat_ controlon producti_p,twnJ in SouthBrushCreekoilunitthanin NorthBJowhornCreek
pets.hudmtieewas_ CatWnndmu throqh oilunit.
pedmtl_m born2.d00to2_1 reot.Ther_Idwu
dmlopedon80-kn un/umad14welbpodwod _ _ ot JoS.da4vedent_ve paulty
621,287knubofoil, 1,167M_fo(psmd $,740 (fljs.!17, ii8) ldsoshowthe8unomldmuso in
buTel8ot waterpriorm mddutlm.Tin _ pmodtyfromtimnorthwest_ d tho unitto-
drivemechtniJmin thenNrvc_ is Jolutlonps, wsrdthesouthsndtmthesX.Thehlshestpmmity
mdfluid_nudnedinthemwvok_ u mtu. Q,pimllyocomhourthetopof thereurvoirmd-
ntt_ oil withs bubble-polmImmUreequslto the mum,butthee ares,vasl _ wherethin,
m_jl_ reservoirpumsruel'1,164psin.Additimud tdlhpmudtysinusoccurin themlddloo( thores.
rewvotrfluid_ _ SouthBnuhCreekoil erveksnd iowa'pmm/tyoccmrsnur thetop,in-
unitm listedin Table9.Theuappin8mecluniam cludinj welbPN46_ andPN7056(fil. 117).The
in South Brush_ oil unit is s eom_ deposldoulmodel,_ eiJowhumin thisre.
_ic.ttr_turld trill), reAltMiJ Jh3m_dlp port, ihows thst upper hJjh pottery sonein dmso
pCncJ_out_ ix_ rout_ C_rtemmmd_ _dlJtm t_ muc,_ed_ em_omJon.'rt_J_
m=ox_ mmJ_linmJhomo0k(o_mndJ(uSler.t_g0), in_ mu_uljrmphk_IXXdtJoeothlmhIxxo_ty.
1_emervc_rp_ decm_wtrmp4db,_ produ_, pmunud_yhJsh__. m_ inmdJmcent
_jpm.Ammmult,theflukt_ _atlmedon ix,_dminnm_d_ _ mftremtheeff'_,,Jm_l_

Jsn_ 1, 1989in cxderto inithm•w•wflood _ _ waNn_b°d'IP_ample, wellP1_275luJ
pmpun.De_t phmadledtot• S.spotwt- the_ _ et hip paudtyot the wells
Wfloodpum_ thst_ ddllinllarthreepro. donl theline8or_oe8 Jectlon(/511.117),Priorto
dwdonwelbsad thnein.don welbud theam. tnd withinthefire yet of'_, o/Ipod_-
_ o(Iovm _ _ wellJio w•W doefromthiswell w88thehishe_tin theunit (flj.
in_tion,Thiswasoompb_in Mm_ 1990,An 119),Howeva',productiondidnot_ sub-
bummiein oilproduottonooewmiappmxtnutely 8tsntisllyMtm'wsm=_oodin8bopn,relative1o
18 monthsidrWinltiaUonot waterin)_tion(fill. otherwelb in theunit.Thislowcumulativepeo-
111).Apeakoilpsuluctionra!eo(22,831_ o( ducttonisdue,inpro't,iothedu0aserperiodot time
oilpermonthooomrodinJunury1992,twoyem thiswellhasbeenlrcxlucinl;compmutIosunound-
steerwsterIn_tiun bolpm.ThemustIxodu_ve ins welb.However,oeeof'the_t waterln_-
wellinSouthBrushCreekoilunitiswellPN4322, donwells,PN4682,provide8furdmrcluu to the
in thenorthwome_pertc(the unit.Cumuletiveoil rNsunforlowerproduction,Thiswellhas lowpc>.
puiu0tion_ towudthemtbuutcomerot fruitythrouShmtthe_ withnomu_oirrock
the unit (/58, 112).Breakth_uiihof in.don wJ_r Imipnontin|theresarvoir(fiB. 113).Thehisbustpo-
hu oocunufin threewells,PN4322,PN4802,Imd fruityin thiswellis nearthemkldleottheJection,
IMT0_J(/51,113).Putot theremceforlowerpro. notnestthetop,Thus,wsmfromtheinfectionwell
ductionandthelsrk of'bmaktlurouilhin thesouth, maynotflow_ pmnet_ lntervsisincontact
eammiPeXtof'thebid isdueInthe_ at withthehijhIXXX_tyzoneinPN6275.Thelackof
injec_ionwells.Thedimll_ ot'curnuledveoil beukthnxq_ot'tnjecdoowaterinwellPN627Sfur-
production M SouthBrush Creek oil unit does not the_ imJlcsm that the upper,hiflh Ixxudty zone JJ

wellwithnetINkythiokneu(/SB,114),!_ unconnectedwithwellPN4682,In contrast,well
eumple,netlay isclou Iomaximumvaluesin PNTO_hambeenpt_ducip_formshorterperiodot
wellPN4884,whichhasbeenmuchlessproductive timethanwellPH627.5,buthasMenmorepmluc-
thanwellPH4322.WoUPN4322has• mudlernet tire becausethemiddlepmudtyumeisconnected.
psy thidumae.Ttmefom,otherfaotonintlwmce TheFroductive_ asde/shedbythooperator,is
_tion, WoUPN4322inu moN_thehishut 597 surfwem. Theopemm mdmatedvolu-
ofl_tiveixroeity•ridIoweeted'l_dvewaterntura- metrically_ edlltnaloil in placeto be

7,5_,555 _ umkbsneis, usin8a 9 pemmt
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Figure 118,-.Stngtural crou.section H-W of effective porosityprofiles, Carter sandstone, South BrushCreek
oil untL
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pretty cutoff tot pay (Docia_ No. i 1-4-8819, State producersoriginally _, cam Is now a water
Oil and OatsBc_ of Alabem). Primaryrecovery in_ctton well (PNS731) and the other has not been
was estimatedto be 680,000 stock tank Ixu_ls. UI. highly producl/ve (PN5733, fig. 121) became the
timmrecovwyfl'om muwmyopmtions wellpenom a thinCarterlay,ection(fig,122).
is estimated to be 1,360,000 stock umk barrels. As Purthennote, well PN5733 is not sssooiated with
of July1992.South Brush Cree_ oU unit produced nearbywater Injectors;there is s _ in the distri.
i,037,746 barrels of oil and 1,810,578 Mcf of gas, buaon of waterinjectorssouthof PN5733 (fig. 121).
making the unit the second largest Imxlucer of oil A totalof 411,404 bsrreisof ws_¢ and 173,032 Mcf
in the Black Warriorbasinof Alalxuna. of gill wereinjectedinto therese_'otr throughJuly

,. 1992. At insmt 0,34 barrelsof oil areproducedfar
WAYSIDE OIL UNIT everybmel of waterinjected.With the exception of

well PN4591, a respmse in wells within the oil unit

The Wayside oil field was dismveml by Charles from water and _ injection has not yet occurred
L. Cherry and Associates, Inc., in 1985 with the (fig, 123). Injectedwatermay be bypassing pans of
drilling of the Junior Atldnson 3-6 no. I well the reservoir.
(PN4465). Initial tern produced45 barrels of 34. i' The most productivewell in Wayside oil unitboth
APl gravity oil per day and a Iraco of gas on a prior to and subsequentto gas injection and water.
16/64.inch choke with a flowing tubing pressureof flood is well PN4788 (fig. 121). Cartersandstonein
50 pstg. Production wu from Carter sluglstone this well has the thickest pay section in the unit (fig.
through perforationsfrom 2,157 to 2,161 feet. The 122). Generally, the pay section in production wells

in Wayside oil unit Is thin compared to that in thetrappingmechanism in the field Is matipaphic, re-
suiting from pinchoet of Cmer sandstone. A sub. most product/veCaner oil fields. Mean effective 13o-
surface fluid sample from the discovery well indi. fruity in the pay section is relatively uniform
cared the reservoir fluid was saturatedwith a Imbble throughout much of the unit (fig. 124), but the
point equalto the originalr_rvoir pressure of highest porosity intervals are In the westernpan of
1,020 psi& The drive mechanismforthe reservoir is the unit (figs. 125, 126). As expected, total water

saturationis highest In the southernpartof the unita combination of solution gas snd gas cap expan.
sion. A free water zone Is present in the southeast. (fig. 127), nearest the oil.water contact, and de-
em part of the rese_oir but encrm_ment is negli, creases updlp toward the oil-gas contact in the
gible. Additional reservoir fluid properties are in nonhero partof the unit.
table 9. Structtnl dip on top of the Carter sand. The productiveareaof Carter sandstonein Way-
stone is I00 ft/mi toward the south-southwest. The side oll unit is aplm_xlmately691 acres. The unit
trappingmechanismfor the reservoir in Wayside oil operator volumetrically estimated original oil in
unit is stratlgraphi¢,resulting frompinehoutof Car- place to be 2,922,810 stock tankbesrels of oil, using
ter sandstone.Cumulativeproduction fromWayside a 9 pere.entporositycutoff for pay (Docket No. 3-
oil field priorto unitization was 144,271 barrelsof 10-8819, State Oil and Gas Board of Alabama).
oil and212,365 Mef ofgas. Primaryrecoverywas estimated to be 233,825 stock

The need for s secondary recovery program in tank barrels, and anticipated ultimate recovery is
Wayside field was evident because of a rapid de- 818,389 stock tank barrels.Currendy,the unit con.
crease in reservoir pressure and production (fig. rains 8 production wells, 9 injection wells, and 2

shutln wells. Cumulative production from Wayside120), The field was unitized in May 1988, and a
crestal gas flood to maintain pressure, combined oil unit through July 1992 is 282,950 st_k tank
with a peripheralwaterflood,was initiated.Casing- barrelsof oil, 423,249 Mcf of gas, and 15,748 bar-
head gas produced from the Wayside oil unit is rels of water.
mixed with gas produced from the Lewis sandstone
and is injectedinto the crest of the reservoir in well
PN4586.Theoriginalunitizationplancalledfor DISCUSSION:HETEROGENEITYIN
drilling two inflll production wells, converting an BLACK WARRIOR BASIN OIL
existing producerto a gas injection well, converting RESERVOIRS
two producing wells to water injection wells, and

driU/ngone new water injector.Ultimately, the field Reservoir heterogeneity is the spatial variability
conta/ned 7 oil-woducing wells, I0 water injection in engineering parametersin the porous rock mak-
wells, and one gas injection well. Of the two infill ing upa reservoir(Goggin, 1988). Heterogeneityin
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WAYSIDE OIL UNIT
I

:34 t
Moln UffeotlvePorosity

RllUXel_.--Bubl_ _ ofeffectivepmosLtyinCartm'mndstaie,Wlylddeoilunit.TheltZeo(well lymbob
islXOporltoultoeffectivepmudty,S_ Oiland_ Bom_of _ pemitnm_ m _t to
wells.Mun eft'ectivepmodty0_ to thenemwtinteger,is dJownIn itltliclbelowthepermit
num_.
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127..-B_ mapd all!miremidmudwmmrmmmtkmin Car_ ssndslono,Wayddeoil unit.The
_izedldmdtwell_ l_iXOl_ntm_m_ve wmr_, Tt,edl d 8nwweUmnb_ is
prqxx_md iouJ wmr_ StartOUandOu Bard ot A!aiua immit numbm m _
_oweb. _ watermmmtm,mmdedtothenemmlnteBer,isshow.in iudleJ bek)wthe immit
humbert.

hy_ mm'vo_ is thel_umul_voresulte( varioustypes_ tmwovedmoove_,he_
numm_ leo_ I_tm, lncludinldqx.ltkxud Ixcmu. lnom_lily Impommat umller
lS'OCemm(wind,wsu_,andIkdo_ activity),m. (Jacksonand otlmrs,1993),Conuolson msavok
tonic and m'u_tund pumm (rain evo!utlm, tmemSenetty,tharetae,arecti_uuedin _n see.
su_den_, faultlnll,foidinl_,andpost.depo_l_ tion in mrmj o( thok rode delxmdeace,usinlta
Focmm (comlxztion,dlajumln, tlmmalmmm. clmiticatkmJcheme_ _ _ and
don,fluidcompmition),DmilM knowledgeoffu:. Kusler(1990)(fig,6).Thishetm_neityschemeis
ton cantmllinlirmervokhemolendtyis©rucialto similarto olheroommeniyused©lmltlt_em (tor
themucceuet enhancedrecovery_ls, Lacket example,lake and otluml,1991;Hunt, 199:3),
sufficientknowledl_ o( tim spatialdistribution_ Scalesd' hetm)Zenettyincludeme_i_, n_m-
pameddllty, pm_ty, and fluidscan resultin by. scoptc,mesmc_c. _mdndamcopic fmnu_so( a
pmin8 M'hydrocarbomin uncou_mt comiwt- mmrvolr(fig.6),
menu or clumnelinllof injectedand producedflu- Inadditionto thesefourcommonlyutilized
ida,and uitlm_ly can result in pmnmm_sbM. o_ heterogeneity,sn _tiomd _toIFxry,the lii-
donmentof producingfields(Tyler8ndFinley, llucc_lcscale,wasfoundto beIxtrticuhtrlyuseful
1991). duringthecourseo( this inv_,tiimion.O_lc

Heum)seneltyis scale dependent,rm'kctin8the heteroileneityincorp(ntes those futures encore.
diverselleoioiltcal_ thatdefines hydmcar, plmlnll_vmd produeinllfieldsin a rem'vok unit
benremTok (GOililin,1988),Further,as_ld de. to entireaedimenfKybasins.Mqlascopicheter.
velopmentprogressesfrom primsry recoveryto oileneity is the reservoir, nlunely a body of



_._ble reservoirrock mmounded by reNfvoirswithinthesesystems.Lewis,Evans,_d
Impemeable mmeservolr rock (fig, 6), Hemelle madstmes are parto_ the crato,ic
i_ heumr_m_Ityrelxe_ntsfeaturesthat successionand weredepositedinbeachand shelf
remlctfieldflowand occuramo,l;twoor more (1.ewls),wave-domlnateddeltaic(Evam),and
wells.Mmr.q_ hetm)seaeltyrelxesentsfemres barrler.m_mdptm(l_:_,seile)systems.Carter,
that occur at an lnterwell to borehole scale. Millerella, Coats, and Oilmer sandstone reservoin
Mieroi¢cqptchetmogenetty occm at the scale ct' areall deltaic and arepart of the orogenic basin fill.
pomssndpmvthrmta. The Carter sandstone is part of the first major

deltaic system, and the best oil resm_oirs
GIGASCOPIC HETEROGENEITY accumulatedu pert of a desnc,Ave, shoal-water

delta system that wogta_ onto a _ bank

Pmvtom investigations of hydmcJut_ pmduci- margin. The Gilmer sandstone consists c/"
bility have emphasized micmgcpic- to megast_k:- clinofotmal sandstonebodies containing intermixed
scale heu_eaeity in single producing reservoirs, qumzamnite and lttharenite, whereas the Coats
Fields where these studies have been conducted sandstone cmsim of a wtdeswead, fating.upward,
gaterallyare largersndarem an advancedstateof quartzamnite.litha/enitesequencedepositedin
development mm_ to oil fields in the Black deltaic environments above a lowstand surface of
Warriorbasin.Furthermore,thesefieldshavea erosion,
longer h_ of data acquisition, have morecores, CarterandMlllerella sandstonewere depmitedas
and have denser weft spacing over largerareas than pan of a muddy, delta-destngtive slrandplain.
the Black Warrior basin. In basinslackingclosely Thesereservoirsdonot fit well into_xistinghetero-
spaced wells and cores, reservoirs are characterized geneity classifications, such as that used in the
moat elfcgtiv_y in terms of the regional geological TORIS database, because muddy strandplains are
framework,rJigltsc_pk investigations,therefore,are not recogniz_d in these classifications. Although
cdflcal to underswlding rmuvoir architectureand similar systemsare well known in modem settings,
predicting heterogeneity in underdeveloped oil muddymandplains are not well documentedin the
reservotn_, ancient record. Although Carter sandstone can be

At this scale, the Black Warrior basin can be classified as a barrier shoreface reservoir in the
characterizedas an intricate system of source and TORIS database, Carter sendstone bodies are
reservoirrocks, Oil-prone sourcerocks are near the smallerand muddierthan those resavoirs generelly
bese of the section in the Clmuanooga and _oyd placed in ,his category. Hme_eneip/ crucial to
shales. Lewis, Evans, and Hartselle sandstone ac- held planningand productionmy not be aplm_ri-
cumulatedmainly northof the areaof majorsotm_- ately emphasized by Igoad categodr_on in a bet-
rock deposition, whereas the Cartersandstone, the emgeaeity classification. In addition, categories
most productive oil reservoir in the basin, was used in heterogeneityclassifications are not mutu-
among rite first units depmilal above the oil-prone ally exclusive. For example, a strandplain can be
Floyd Shale. The upper PagkwoodFormation con- pan of a delta, as is the case with the Carterreset-
rains the younses/oil reservoirs in the basin and voirs, or part of an interdeltaic bight, as are the
representsa majorchange in style of the basin fill. modernchenien of theGulf Coal
UpperPmkwoodand youngerstratacontain mainly Furthermore.remarkable divm/ty exists in the
gas.prone kerogen, including coal. Whereasrest- geontetryof Carterand Millerella sandstoneboO_es
voir-quality quanzaw.nite was dominant through within the I00 square-milearea that accounts for
Carter deposition, moreover, nonreservolr most oil productionin the Black Warriorbasin. In
litharenite became increasingly abundant during effect, each field is different,reflecting evolution of
upperParkwooddepositim. the delta-destngtive sUandplain, from cuspm_

beaches to spits and, in turn, to crescmtic tidal bar-

MEGASCOPIC HETEROGENEITY rim. This div_sity limits use of individualfields as
direct analogs for determining mepscopic h_ro-

At the megmcopic scale, sandslone-bodygeome- geaeity. Thus, potential effects of megascopic her-
try and thickness varies signifkantly within and emgeneity on implementing improved recovery
among reservoirs throughout the stratigraphicsuc- projects must be detmnined on a field-by-field
cession in the basin, owing to differetr.es in deposi- basis.
tional systems and the position of individual
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MACROSCOPIC HETEROGENEITY backshoredeposits and the gas.mtumted zone is in
the highest qualityshoreface andforeshoredeposits.

A fundutenlal result of this investigation is the
recognition that Carter and Millerellc reservoirs MESOSCOPIC HETEROGENEITY
consistofimbricate, clinoformMmglstone lenses.

This resegvolrarchitecturediffers significantly from MemMcopicheterogeneity, which occurs at the
that determinedby the layer-cake strat_graphicap- interwell to wellbore scale, is mainly a productof
Woaches typically used for Black Warriorbasin res- facies _. Within individual reservoirs, the
ervoirs. Use of the layer-cake _h for Caner importanceof interweUheterogeneityvaries consid-
and Milierella reservoirs could result in incorrect erably. For example, in the northernpart of North
representationof flow units because uncontactedor Blowhom Creek oil unit facies parallel the sand-
unconnected compartments may be modeled as stone bodyaxis and generally extend between wells
connectedunits. (Zone 1, fig. 82). In this region, interwell hetemge-

The size and arrangementof sandstone lenses dif- neity is of limited cmgem. However, in the south-
fers substantially among Black Warrior basin oil ern partof the unit (Zone 3, fig. 82), where imbri-
fields, resulting in inhomogeneons rese_oirs at the caresandstonelenses decrease in size, interwellher-
macroscopic scale. In the northern pan of North erogeneity is Wonounced pandlel to the axis of the
Blowhom Creek oil unit, for example, Cartersand- sandstone body. Bedform distribution within reser-
stone contains amalgamated shoreface and fore- voir sandstone also contribute to facies anisoUopy.
shore sandstone lenses that form a s/ngle, strike- Shoreface and fcgeMmtebars rewesented by Mgh-
oriented flow unit near the depositionally downdip angle crossbedsprobablyprogradedshoreward only
margin of the reservoir. In depositionally updip a few tens of feet but may extend hundreds or even
parts of the reservoir, facies changes are pro- thousandsof feet nlong depositiomdstrike.
nounced, resulting in reduced reservok quality as Grain-size variation results in subtle heterogene-
separate lenses of reservoir sandstone merge into ity that may signifgantly affect sweep efficiency.
poorerquality backshore facies. This results in fa- Fine-grained sandstone is sparse in the reservoirs
cies anisotropythatfavors flow along the axis of the and likely is not laterally extensive. However, this
sandstonebody. sandstone is more permeableand contains less clay

In addition to the geometryof sandstone lenses, than the surrounding very fine-grained sandstone
the degree of preservationof those lenses influences and thus contains larger, better-connected pore
reservoir heterogeneity at the macroscopic scale, throats.High permeabilityin free-grainedsandstone
The Carter reservoir in North Blowhom Creek oil forms thief zones through which fluids are chart-
unit, for example, is a well-preserveddelta-destmc- neled. As a result, fluids may not be efficiently
tire spit system. In South Brush Creek oil unit, by swept from the adjacent reservoir. Production pat-
comparison, the sandstone lenses are truncatedby terns combined with core analyses indicate that
an exposure surface. In Blowhom Creekand Way- thief zones are especially well developed in North
side oil units, moreover, the lenses are truncatedby Biowhom Creek oil unit.
tidal channels and inlets. In Blowhom Creek oil Featuresresulting in heterogeneityat the wellbore
unit, truncationSelmralesCarterand Millereila res. or core scale include thin, individual to mmstomos-
ervoirsinto a series of unconnectedcompartments, ing groups of stylolitized clay laminae, cross lami-

Diagenesis and the distributionof formationflu- nae, grain-size variationswithin laminae, intrabasi.
ids furtheraffect flow characteristics within sand- hal shale chips, and kaolinite- and cadx_te-ce-
stone lenses. Diagenesis helps confine flow along mented horizons. Convergence of anastomosing
the axis of reservoirsbecausethe margins of Carter day laminae and clay drapeson ripple foresets in-
sandstone bodies typically are cemented by carbon- creases tortuosity of flow and impounds minor
ate minerals. Interstitial clay also retards flow and amountsof oil in ripple-laminatedsandstoneduring
is most common in backshoreand shelf deposits, imlwoved-recoveryoperations. Grain-size variation
Indeed, most stratigraphictraps in the Black War- within individual laminae in low-angle planar-
riot basinhave a significant diagenetic component, cross_ sandslone may result in slight differ-
The importan_ of the distribution of formation ences in permeability. However, results of high-
fluids is especially apparent in Wayside oil unit, pressure mercurypomsimeUryindicate that median
where _he oil-saturated zone is mainly in muddy pete-throatsize is relatively uniformthroughoutthe

reservoir (Kugler and Pashin, 1992), indicating



ReservoirHaerogenei_ inC_ewm _one oftheB_k W_r_r B_In - 167

these diffmmw,es have limited effect on recovery, on the distributionand pmducibilityof oil from het.
Shell accumulations _mented with ferroan dole- emgeneous Carboniferous reservoirs in the Black
mite/ankerite form discontinuousbaffles and barri- Warrior basin of Alabama. This is the final sum-
ers to fluid flow. Detrital grain-size clay and larger mary report for DOE contract number FG22-
shale rip-up clasts dispersed throughoutthe reset'- 90BC14448, entitled "Characterizationof Sand-
vok decrease permeability disproportionately to stone He_neity in CarboniferousReservoirsfor
theirabundancein the reservoirs, l_reased Recove_ of Oil and Gas from Foreland

Basins."
MICROSCOPIC HETEROGENEITY The fL_ pert of the reportsummarizes the struc-

tural and depesitional evolution of the Black War-

Mic_ heterogeneityoccurs at the scale of rior basin and establishes the geochemical charac-
pores and pore throats. Although Carter and teristics of hydrocarbonsource rocks and oil in the
Millerella sandstone is quanzarenite depmited in basin. This second pan characterizes facies heter-
high-onergy environments, the quality of the reser, ogeneity andpetrologicand petrophysical_es
vok is affected by detrital and authigenic clays, of Carterand MiUerella sandstone reservoirs.This
mainly kaolinite. Clays are present throughout the is followed by a summary of oil production in the
reservoir and con_bute to polymodal pore and Black Warriorbasin andan evaluationof seven im.
pore-throatsize distributions, proved-recoveryprojects in Alabama. In the final

The pore system consists of di_enet/cally modi- pan, controls on the producibilityof oil from sand-
fled, effective, interconnectedmacmpm_s between stone reservoirsare discussed in terms of a scale-
detritai framework grains and ineffective micro- dependentheterogeneityclassification.
pores among detrital and anthigenic clays. Secon- The Black Warrior basin is a foreland basin that
dary pores formed by _te-cment dissolution formedby tectonic loading of the Alabamapmmon-
did not enhance the effective pore system signifl- tory during late Paleozoic Appainchian-Ouachita
canfly. Dissolution of aluminosilicate framework omgenesis. The sedimentarysequence in the basin
grains also contributed little to the effective pore records the tectonic evolution of the Alabama
system because reaction lsoducts of dissolution of promontoryas well as major climatic changes. Hy-
detrital feldspar were redistributedas anthigenic drocarbonsource and reservoirrocks in the basin
kaolinite. The distribution of clays in Carter and range in age from Devonian through Pmmsyiva-
Millerella reservoirs results in lower permeability nian. From Late Devonian through Middle Missis-
than is characteristicof the largerb_ch-barrier de- sippian time, the Black Warriorbasin was pan of
posits used as the basis of reservoir heterogeneity the passive margin of the Ouachita embayment.
models. Duringthis time, organic-rich Chattanooga Shale,

Clay minerals in Carter sandstonehave high sur- phosplmtic and giauconitic Maury Shale, siliceous
face area to volume ratios and contain immobile micrite of the Fort Payne Chert, and skeletal cal-
water, which affects calculation of effective porosity carenite of the Tuscumbia Limestone were
and watersaturationfrom well logs. Well-log inter- deposited.
prorationsshould acknowledgethepresence of both Foreland-basindevelopment beganat the startof
structuraland dispersed clay in the reservoirsin or- the Chesterian epoch. As an orogenic forebulge
der to avoid misinterlm_tationof pay thickness, re- formed,the Iowstandwedge of the Lewis cycle was
serve volume, andconnectivity of flow units, deposited. Deposition of the Lewis was followed by

the Evans and HanseIle cycles. These cycles com-

SUMMARY AND CONCLUSIONS prise southwest-dippingclinofonnal sequences that
contain shelf, deltaic, and beach.barrier deposits
derived fromcratonic sources. The Evans and Hart-

Although oil production in th_ Black Warrior selle cycles represent the onset of load-related sub-
basin of Alabamais declining, additionaloil maybe sidence adjacentto the Ouachitaorogen. Deposition
produced through improved recovery strategies, of cltnoformal parasequencescontinued after depo-
such as waterfloo_ng, chemical injection, strategic sition of these cycles, culminating with formationof
well placement, and infill drilling. High-quality the pmgrading Bangor _ platform.ramp
characterizationof reservoirs in the Black Warrior system. During deposition of the Bangor, starved.
basin is necessary to utilize advanced technology to basin conditions persisted in the southwesternpart
recover additionaloil and to avoid prematureaban- of the basin and are representedby the organic-rich
donment of fields. This report documents controls Floyd Shale, the majorsource rock in the basin. The
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Bangor platform-ramp system sii_dy influ, platform, shale beneath the Carter sandstone /s
encecllocal_ o/the most prolific oil reservoirs within the liqu/d hydrocarbon window but below
intheBlack Warriorbasin, peakgeneration potential.Deeperinthebasin,the
As Bangordqmsitionended,deep.waterdeltaic same unitsare neartheupperlimitof liquid

sediment of the lower Parkwood Formation filled hydrocarbon pneration.
the starved basin. This deltaic _ystem ultimately Resultsof total organiccarbonand Reck.Eval py-
prograded onto the _ bank, resulting In roiyslsanalyses indicaWthat mdlklent quantities
depositionof a destructive, shoal water deltaic sys- type II kerogm occur in Chattanooga and Floyd
tem, representedby the Cartersandstone. The most shales for these units to serve as oil source rocks.
productive hydngartmn reservoirs in the basin are Because of volume consickm_ons and proximity to
part of tl_ shoal-waterdelta system,which formed the most woductive Carterand Mlllerella sandstone
as d_ receiving basin shallowed along the bank reservoirs,the lqoyd Shale is considered to be the
margin. The lower PerkwoodFornmtion records a pr/mary som_ for oll in the basin. API gravlty of
reversal of the southwest _ that wevailed oil in Carter sandstone increases systematically
earlier in basin evolution and thus represents the fromnortheastto southwest from 22" to 44', petal-
first sugcession to enter the basin from sources in leling an increase in depth of burial. Chemical
theOuachitaorogen, analysesofoil show thatmostcontaina highper-

Marine transgression occurred in middle Park- centof saturatedhydrcgadxmsrelative to aromatic
wood time, following deposition of Carter sand- hydrecarbons and asphaltenes, indicating that
stone,asMUlerellalimestonew.xumulatedinacar. minimMblodegradationhasoccugre_
bonateplatform.rampsystem,Delx_itionofMiller. Carterand MUlereUaoilreservoirspresentthe
ella sandstone markedcontinued destructionof the best oppommity for understandingreservoir heter-
Carterdelta plain. After this plume,the remaining ogeneity in the Black Warriorbasin became these
parts of the stwved basin filled with deltaic sod/- units are the most productivein the basin, have the
menL Subsidenceand continuedfilling of the fore- closest well spacing, and have the mint available
land basin with deltaic sediment continued as the cotes. All Carter cores contain the same tripartite
upper ParkwoodFormationwasdeposited. Cllno- sequenceof lithofa¢les,includingfrom bottomto
formal Gilmer sandstone represents Idghstandpro- top: (I) shale.and.slltstone facies; (2) sandstone
gradation of deltaic sediment at the start of upper facies; and (3) variegated facies. These facies are
Parkwood deposition, whereas the aggradational interpreted to represent storm.dominated shelf de-
Coats sandstone relxeSents transgressivemodiflca- posits, shoreface and foreshoredeposits, and back-
tion of the deltaic system. The Pottsville Formation shore deposits, reslZgtively.Beach deposits of Car-
unconformablyoverties the Parkwoodand Bangor ter sandstone developed on a muddy strandphdn
Formationsand signals the onset of the Alleglumlan during destruction of the lower Parkwood deltaic
orogeny. Pottsville deposition was characterizedby system.Although Uthofactesvary little among Car-
fluvial and 4eltedcsedimentation adjacent to the ter and Millerella fields, stratigraphic architecture
orogenic belts and by mesotidel shelf and beach varies considerablyand is a primarysource of bet-
sedimentation seaward of the fluvial-deltaic sys- emgeneity. This diversity in geontetryof beach sys-
tems. tems from Iobme bodies in the southwestto thin,

Vitrinlte reXIectanceof the Mary.Lee coal group isolated lenses In the _ recordssystematic
in the lower Pottsville Fornmtion reveats that ther- evolution of the strandplalnand exceptional preser-
mid maturityin the Black Warriorbasin Incre_,, vation of the paleoseographic framework of the
from northwestto southea_ Vitrinite reflectance shoal.waterdelta.
valuesincreasefrom 0.62 percentnear the top of Carter sandstonein North BlowhornCreek oil
thePottsvilleFormationto 1.12percentin theChat- unitrepresentsa wit-type beachsystem,com_
tanoop Shale in a well nearthe margin of the Ban- of Imbricate,cllnofcrmal sandstone lensesthat de-
gor _te platform. Deeper in the basin, to the creese In slze and seBment towardthe southeastern
southwest, vitrinite reflectance values also show an terminusof the reservoir.In contrastto the elongate
increasewith depth, from0.74 percent in the upper gemnetry of the North Blowhom Creek spit com.
Pottsville Fornmtionto 1.61 percent in Lewis shale, plex, Cartersandstonein Wayside oil unit occursas
Burialhistory and time/temperatureindexmodeling a localized, arcuatebodythat accumulatedat the
indicate that conditions suitable for liquid hydro, distal edge of the shoal.water delta system. The lo-
carbon generationoccurredbetween 290 and 200 bate,coarseningupward Carter sandstone in South
MA. Near the margin of the Bangor carbonate BrushCreek oil unit reflects depositionat the distal



edge of a constngtive, wave-dominateddelta com. Further,authigenic cat.re minerals occlude all
plex. The Outer reservoir in Blowhorn Creek oil pores only in the vicinity of shell accumulations,
unit is a continuationof that in South Brush Creek suggesting that secomlaW poro_ty formedby diuo.
oil unit and was depositedat the distalmost edge of lutlon of carbonatecement is not widespread, Dis.
the constructive, wnve-domin_ delta system. The persed and laminatedclay have the most detrimen.
Carterreservoir in Bluff oil field is part of a string tal effects on reservoirWoperties.
of beach systems that formed after abandonmentof Owing to the Wesage of detrttal and anthigenic
the North Blowhorn Creek spit complex and is the clays, only a weak c_lation exists between pores-
most heterogeneousCsr_-Mlllerella oil field in the ity and petmeabil/ty (R2 =0.52) in the Carterreser-
basin, containing several uncontsctedor goody con- volt in North Blowhom Creek oil unit. Moreover,
tatted oil compartments, becauseCartersandstone was depositedon a muddy

MUlerella sandstone bodies were deposited dur. strandpluin, porosity and permeability are lower
lng the latest mile of delta _tlon as carbonate than that in beach.barriersequences that have been
deposition was reestablished. The MUlerella reset', used as models for reservoir heterogeneity. Capri-
volt in Blowhom Creek oil unit differs from the lary_e data indicate that ixn-thront size dis.
other beach systems and relacsents part of a delta- trlbutions typicaily are polymodel, refitting the
destructiveshoal numlf. In Bluff oil unit, Mlllerella mixture of macropores and microixacs in Carter
sandstone exhibits a beckste_ing relation relat/ve sandstone.Pore-throa sized/stributionsdetennlned
to Cartersandstone bodies and reWesents develop, by empirical methods that utilize commercial core
ment of a small beach above a tidal inlet as the del. analysis dataare similar to distributionsdetermined
talc strundplainwas inundated, by high.pressuremercury porosimetc=y,suggesting

Carter sandstone in North Blowhom Creek oil that caplilary.preuur¢ data can be derived from
unit is dominantlyvery fine to fine.grained, moder, tontine core analyses of Carter and other Black
ately weH-lggted quartzarenlte. Despite the Warder basin reurvotn. Local, ord_-of-mqgnitude
quartzoN nature of Camr sandstone, reservoirs In variation In permeability occurs In some wellj in
North Blowhorn Creek and other fields are betem, upper shorefw.o and foreshore sandstone due to
gencous, owing not only to imbricate, ¢linoformai grain size differences. Those grain size v&lations
sandstone lenses 8nd assoc.'latedf_les changes, but affect sweep ofl_tency during watedkmd because
also to the _ of intrahasinal framework fluids are clumneledthrough the high.permeability
grains and to diagenesls. Volumetrlcaily important zones.

anthigeni¢mineralsin Cartersandstoneare quartz, Becm_ of the soarcltyof coresin the Black
kaolinite,and a varietyof carbonateminerals,in. Warrior I_sin, porosityandotherpewophysicalpa-
eluding nonfenoan and ferman calcite, ferroan rameters must be determined by well.log analysis.
dolomite/ankedte, and sider/te. The d/m/but/on of The d/stdbution well.log derived pmateters, in-
diagenetic components in NorthBIowhornCreek oil cluding mean effect/ve porosity, porosity-feet, total
unit is directlyrelatedto depositional facies, but the and effective water satm'at/on,and the product,ef-
present composition of authigenic minerals, and the fective porositytimes net pey thickness times effec-
natureof compactional features, resulted from bur. tlve water saturat/on,demonstmu that the Caner
ial dlqgenesis. Carbonat_cemented zones along the sandstone reservoir in North BIowham Creek oil
marginsof the reservoirand in the vicinity of shell unit is hatemgeneous. However, wediction of the
w,cumulationsform hdfles and burders to fluid distributionof thesereservoirWopertiesin interwell
flow, Plmsure-solution seams also form effective regions by routine geostatistical metlmdsIs difficult
barriers to flow and mark tim lower limit of oil becanm of the relatively unwedictable dl|lrlbutlon
stained sandstone in several cores. Wispy mlcrmty, of both detdtaland authl|lenl¢ clay.
Iolltes asso¢lat_ with small.gale sedimentary Based on ovalnatlon of la_uphysicai Ixtrameters,
structuresand deformed alp-upchugs increase tot. North Blowhorn Creek oil unit _m be d/vlded
tumltyof fiuid flow. areslly into four zones with different rese_oir

The pore system in Carter sandstone consists of characteristics. The q_,tal dimtbution of tbem
effective nu_ between frameworkgrains and zones clomly cotToq0o_ to the depotitional
lneffe_ive mlc_ between delrital and &rchitectureof the roservoir.The highestquadlty
Hthlgentc clay particles. The effective pore _/_an reservoir o¢cum in the northern part of the unit,
was not enlmnced significantly by dbmlution of where ©linofornud mmdstone lensel lee
aiuminoallkatto frmowct,k wains because products amslpmwd. Fluid flow in tlds northern zone Is

of dissolution are redistdbuUxl locally knolinite, favored along the mm'voir 8xla. The muthont pen
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of the unit also containshigh quality reservoir, enhancedrecoveryoperationscurrentlyfire _dve in
Sandstonelenses in this zone, however, tire thebasin.Unitizedfields,u of july 1992,include
segmentedendsmellerthemthosein the northern BlowhomCreekMUlerella, CentredPaJrvtewCar-
zone.In addition,the lensesere odenledobliquely tot, North BlowhomCreek,Mud CreekMUlerella,
to the axis of the sandstone body. Plow patternsare South Brush Creek, South Pairview Carter, end
more irregular in this zone than in the northern Wayside oll units. The success of these projects has
zone, A transitional zone with lower quality beenvariable.
reservoir occursalong the reservoir axis between Oil and waterproductionpatterns in North Blow-
the northern and muthern zones. A fourth zone, hornCreekoil unitcorrelate well with the zones de-
with the lowest quality reservoir, occurs in the termined by depositioral modeling and evaluation
deposiflonally updip areas. This zone is dominated of petrophysicai per_eters. Most oil has been ex-
by backshore deposits, The probability of tracted along the axis of the reservoir in the north-
uncontactedor unconnectedcompartmentsis great, ern zone. Patternsof oil productionin the southern
est in this zone. zone are more variable reflecting both segmentation

Although depositionai modeling indicates that of sandstone lenses and changes in orientation of
Carterend MlUerella sandstone reservoirs in other the lenses. Although water injection began at ap-
fields also are beach deposits consisting of similar proximately the same dine throughout the unit,
clinofonnal sandstone lenses similar to those in breakthroughis more widespread in the southern
North Blowbom Creek oil unit, these reservoirs zone. Channelingof fluids throughhigh.permeabil-
were deposited in smaller, muddier, less well-lYre- tty thief zones or through fracturesis likely to have
servedbeach systemsand contain more detrttaiand resulted in bypassing of some producible oil in
authigenic clay. These differences explain why North Blowhorn Creek oil unit, particularlyin the
North Blowborn Creekoil unit is the most produc- southern zone. Similar factors affect the efficiency
tire field in the basin. These same factorsalso sug- of improved-recovery projects in other unitized
gust that, despite similarities in depositionaisetting, fields. In addition, erosional truncation of part of
caution should be used in application of the North the upper Carter sandstone in South Brush Creek
Blowhom Creek reservoir as a direct analog for oil unit resultedin segmentation of the reservoir.
modeling fluid flow and heterogeneity in other res. Because the geological processes that form a
ervoirs of the D_sin. sandstone reservoir operate at a variety of scales,

Oil production in the Black Warriorbasinof Ala- heterogeneity in petmphysical and other engineer-
bamadeclined afterreaching a peak in 1985. As of tng properties in the reservoir also is scale-
July 1992, the basinproduced9.2 million barrelsof dependent. Knowledge of controls on reservoirbet-
oil; 7.5 million barrels of this oil have been ex- erogeneity at smaller scales becomes increasingly
tractedfrom the 26 designated oil fields and units, important as field development progresses. Beret-
Seven Missisalpplan sandstone units produce oil in ogeneity in the Black Warriorbasin is discussed in
Alabama, including Carter, Coats, Chandler, Oil. terms of a scale.dependent classification that ac-
mer, Lewis, MUlerella, and Sanders sandstones. Of knowledges gigascopic, megascopic, macroscopic,
these units, the Carter sandstone has producedmore mesoscopic, and microscopic features of reservoirs.
than 90 percent of the oil extracted from designated Carterand MUlerella reservoirsdo not fit well into
oil fields and units. Two.thkds of that oil has been existing heterogeneity classifications, such as that
extracted from the Carter sandstone reservoir in used in the TORISdatabase,or into commonly used
North Blowborn Creekoil unit. South BrushCreek reservoirmodels for beach.barrier systems. Mo_e-
oil unit is the only other Carter field that has pro- over, Carter reservoirs represent diverse beach sys-
duced more than one million barrelsof oil. The sec. terns in a small area, so each field needs to be char-
ond and third most productivereservoirunits in the actertzed individually. For these reasons,
Alabama part of the Black Warrior basin are the investigators of reservoir heterogeneity need to
M[llerel!a and Lewis sandstones, evaluate carefully the se_nentologic, structural,

In order to sustain or increase oil production in and diagenetic characteristics of individual
the Alabama part of the Black Warriorbasin, five sandstone bodies to gain the fullest understanding
Carterand two MU!erella sandstone oll fields have of controls on oil production and the methods th_t
been unitized for waterflood, gas injection, or a canbest be appliedto improve recovery.
combination of the two processes. No tertiaryor
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