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EXECUTIVE SUMMARY the Evans and Hanselle cycles. These cycles
comprise southwest-dipping clinoformal sequences

Although oil production in the Black Warrior that contain shelf, deltaic, and beach-barrier
basinof Alabamais declining, additionaloil maybe deposits derived from cratonic sources. The Evans
produced through improved recovery strategies, and Hartselle cycles represent the onset of load-
such as waterflooding, chemical injection, strategic related subsidenceadjacentto the Ouachita orogen.
well placement, and infill arilling. High.quality Deposition of clinoformal parasequencescontinued
characterizationof reservoirs in the Black Warrior after deposition of these cycles, culminating with
basin is necessary to utilize advancedtechnology 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 distribution and producibilityof oil southwestern part of the basin and are represented
from heterogeneousCarboniferousreservoirs in the by the organic-rich Floyd Shale, the major source
Black Warrior basin of Alabama. This is the final rock in the basin. The Bangor platform-ramp
summary report for DOE contract number FG22- system significantly influenced localization of the
90BC14448, entitled "Characterization of most prolific oil reservoirs in the Black Warrior
Sandstone Heterogeneity in Carboniferous basin.
Reservoirs for Increased Recovery of Oil and Gas As Bangor deposition ended, deep-waterdeltaic
fromForelandBasins." sediment of the lower Parkwood Formation filled

The first part of the report summarizes the the starved basin. This deltaic system ultimately
structuraland delx_itional evolution of the Black pmgraded onto the carbonate bank, resulting in
Warrior basin and establishes the geochemical deposition of a destructive, shoal water deltaic
characteristics of hydrocmbonsourcerocks and oil system, represented by the Carter sandstone. The
in the basin. This second part characterizesfacies most productivehydrocarbonreservoirs in the basin
heterogeneity and petrologic and petrophysical are part of this shoal-water della system, which
properties of Carter and Millerella sandstone formedas the receiving basin shallowed along the
reservoirs. This is followed by a summary of oil bank margin. The lower PaAwood Formation
production in the Black Warrior basin and an records a 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 reservoirs are dis- from sources 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
formed by tectonic loading of the Alabama prom- carbonate platform-ramp system. Deposition of
ontory during late Paleozoic _hian-Ouachita MillereUa sandstone marked continued destruction
omgenesis. The sedimentary sequence in the basin of theCarter delta plain. After this phase, the
records the tectonic evolution of the Alabama remaining parts of the starved basin filled with
promontory as well as major climatic changes, deltaic sediment. Subsidence and continued filling
Hydrtr.mbonsourceand reservoirrocks in the basin of the foreland basin with deltaic sediment con-
range in age from Devonian through tinued as the upper Parkwood Formation was de-
Pennsylvanian. From Late Devonian through posited. Clinoformal Gilmer sandstone represents
Middle Mississippian time, the Black Warriorbasin highstand wogradation of 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 Parkwood and Bangor Formations and signals the
Limestqnewere deposited, onset of the Alleghanian orogeny. Pottsville

Foreland-basin development began at the start of deposition was characterized by fluvial and deltaic
the Chesterian epoch. As an orogenic forebulge sedimentation adjacent to the orogenic belts and by
formed, the lowstand wedge of the Lewis cycle was mesotidal shelf andbeach sedimentation seawardof
deposited.Deposition of the Lewis was followed by the fluvial-deltaic systems.

ix



Vitrinite reflectanceof the MaryLee coal group southwest to thin, isolated lenses in the northeast
in the lower PousviUe Formation reveals that recordssystematic evolution of the strandplainand
thermal maturity in the Black Warrior basin in- exceptional preservation of the paleogeographic
creases from northwest to southeast. Vitrinite re. frameworkof the shoal-waterdelta.
flectancevalues increasefrom 0.62 percent near the Carter sandstone in North Blowhorn Creek oil
top of the Pottsville Formation to 1.12 percent in unit represents a spit-typebeach system, composed
the ChattanoogaShale in a well near the margin of of imbricate, clinoformal sandstone lenses that
the Bangor carbonate platform. Deeper in the decrease in size and segment towarrl the
basin, to the southwest, vitrinite reflectance values southeasternterminusof the reservoir. In contrastto
also show an increasewith depth, from0.74 percent the elongate geometryof the North Blowhom Creek
in the upperPottsvilleFormationto 1.61 percent in spit complex, Cartersandstone in Wayside oil unit
Lewis shale. Burial history and time/temperature occursas a localized, arcnate body that accumulated
index modeling indicate that conditions suitable for at the distal edge of the shoal-water delta system.
liquid hydrocarbon generation occurred between The lobate, coarsening upwardCartersandstone in
290 and 200 MA. Near the margin of the Bangor South BrushCre_ oil unit reflects deposition at the
carbonate platform, shale beneath the Carter distal edge of a constructive,wave-dominateddelta
sandstone is _,,ithinthe liquid hydroc_ window c_rnplex. The Carterreservoir in Blowhom Creek
but belowpeak generation potential. 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
pyrolysisanalyses indicate that sufficient quantities of a string of beach systems that formed after
of type II kerogen occur in Chattanooga and 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 proximity to Miilerella oil field in the basin, containing several
the most productiveCarterand Millerella sandstone uncontactedor poorlycontacted oil compartments.
reservoirs, the Floyd Shale is considered to be the Millerella sandstone bodies were deposited
primarysour_ for oil in the basin. API gravity of during the latest stage of delta destruction as car-
oil in Carter sandstone increases systematically bonate deposition was reestablished. The Millerella
from northeast to southwest from 22" to 44", reservoir in Blowhom 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 hydrocadxms relative to Miilerella sandstone exhibits a backstepping
aromatichydrocarbonsand asphaltenes, indicating relation relative to Carter sandstone bodies and
that minimalbiodegradationhas occurred, represents development of a small beach above a

Carter and Millerella oil reservoirs present the tidal inlet as thedeltaic strandplainwas inundated.
best opportunity for understanding reservoir her- Carter sandstone in North Blowhom Creek oil
erogeneity in the Black Warriorbasin because these unit is dominantly very fine to fine-grained, mod-
units are the most productivein the basin, have the etately well-sorted quartzarenite. Despite the
closest well spacing, and have the most available quartzose nature of Carter sandstone, reservoirs in
cores. All Carter cores contain the same tripartite North Blowhom Creek and other fields are bet-
sequence of lithofacies, including fi'om bottom to etog_, owing not only to imbricate, clino-
top: (1) shale-and-siltstone facies; (2) sandstone formal sandstone lenses and associated facies
facies; and (3) variegaled facies. 33w_e facies are changes, but also to the presence of inu'abasinal
interpreted to repre._nt slzfm-dominated shelf frameworkgrains and to diagenesis. Volumetrically
deposits, shoreface and foreshore deposits, and importantauthigenic minerals in Cartersandstone
backshore deposits, respectively. Beth deposits of are quartz, kaolinite, and a variety of carbonate
Carter_ndstone developed on a muddyswandplain minerals, including nonferroanand ferroancalcite,
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 MiUcrella fields, stratigraphic Blowhorn Creek oil unit is directly related to
architecturevaries considerably and is a primary depositional facies, but the present composition of
sourceof heterogeneity. This diversity in geometry authigenic minerals, and the nature of compactional
of beach systems from lobate bodies in the features, resulted from burial diagenesis, Carbonate



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 barriers to fluid flow. Pressure-solution properties in interwell regions by routine
seams also formeffective barriers to flow and mark geostatistical metl_3ds is difficultbecauseof the
the lower limit of oil stained sandstone in several relatively unpredictabledistributionof both detrital
cores. Wispy microstyiolites associated with small- and authigenic clay.
scale sedimentary structures and deformed rip-up Based on evaluation of petrophysicalparameters,
clasts increase t(xtt_sity of fluidflow. North Blowhorn Creek oil unit can be divided

The pore system in Carter sandstone consists of areally into four zones with different reservoir
effective macropores between frameworkgrains and characteristics. The spatial distribution of these
ineffective micropores between detrital and zones closely corresponds to the depositional
authigenic clay particles. The effective pore system architecture of the reservoir. The highest quality
was not enhanced signif'w.,anflyby dissolution of reservoir occurs in the northern part of the unit,
aluminosilicate frameworkgrains becauseproducts where clinoformalsandstone lenses are amalga-
of dissolution are redistributed locally kaolinite, mated. Fluid flow in this northern zone is favored
Further,authigenic carbonate minerals occlude all along the reservoir axis. The southern part of the
pores only in the vicinity of shell accumulations, unit also contains high quality reservoir. 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,
Dispersed and laminated clay have the most the lenses are oriented obliquely to the axis of the
detrimentaleffects on reservoirproperties, sandstone body. Flow patterns aremore irregular in

Owing to the presence of detritaland authigenic this zone than in the northern zone. A transitional
clays, only a weak correlation exists between 13o- zone with lower quality reservoiroccurs along the
rosity and permeability (R2 = 0.52) in the Caner reservoir axis between the northern and southern
reservoir in North Biowhorn Creek oil unit. zones. A fourth zone, with the lowest quality
Moreover, because Carter sandstone was deposited reservoir, occurs in depositionally updipareas. This
on a muddy strandplain,porosity and permeabilityzone 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 greatest in this zone.
ogeneity. Capillary pressuredata indicate that pore- Although depositional modeling indicates that
throat size distributions typically are polymodal, Carterand Millerella sandstone reservoirs in other
reflecting the mixture of mac_ and fields also are beach deposits consisting of similar
micmpores in Carter sandstone. Pore-throat size clinoformal sandstone lenses similar to those in
distributionsdetermined by 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-
distributionsdetermined by high-pressure mercury preserved beach systems and contain more detrital
porosimetery, suggesting that capillary-pressure and authigenic clay. These diff_eau:es explain why
data can be derived from routine core analyses of North Blowhom Creek oil unit is the most
Carter and other Black Warrior basin reservoirs, productive field in the basin. These same factors
Local, order-of-magnitudevariationin permeability also suggest that, despite similarities in depositional
occurs in some wells in upper sho_face and setting, caution should be used in application of the
f_ sandstone due to grain size diff--. North Blowhom Creek reservoir as a direct analog

grain size variations affect sweep efficiency for modeling fluid flow and heterogeneityin other
during watedkxxl because fluids are channeled reservoirsof thebasin.
throughthe high-permeabilityzones. Oil production in the Black Warrior basin of

of the scarcity of cotes in the Black Alabamadeclined after reaching a peak in 1985. As
Warrior basin, porosity and other petrophysical of July 1992, the basin produced 9.2 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
totalandeffective water saturation,and the product, oil in Alabama, including Carter, Coats, Chandler,
effective porosity times net pay thickness times Gilmer, Lewis, Miilerella, and Sanders sandstones.
effective water saturation, demonstrates that the Of these units, the Carter sandstone has produced
Carter sandstone reservoir in North Biowhom more than 90 percent of the, oil extractedfrom

xi



designated oil fields and units. Two-thirdsof that likely to have resulted in bypassing of some
oil has been extracted fzom the Carter sandstone producibleoil in North Blowhorn Creek oil unit,
reservoir in North Blowhom Creekoil unit. South particularlyin the southern zone. Similar factors
BrushCreek oil unit is the onlyCarterfield that has affect the efficiency of improved-recoveryprojects
producedmore than one million barrelsof oil. The in other unitized fields. In addition, erosional
second and third most productivereservoirunits in truncationof part of the upper Carter sandstonein
the Alabamapartof the BlackWarriorbasin are the South BrushCreekoil unit resulted in segmentation
Millerella and Lewis sandstones, of the reservoir.

In order to sustain or increaseoil production in Because the geological processes that form a
the Alabama part of the Black Warriorbasin, five sandstone reservoiroperate at a variety of scales,
Carter and two Millerella sandstoneoil fields have heterogeneity in petrophysicaland other engineer-
been unitized for waterflood, gas injection, or a ing properties in the reservoir also is scale-de-
combination of the two wocesses. No tertiary or pendent. Knowledge of controls on reservoir bet-
enhancedrecovery operationsctmenfly areactive in erogeneity at smaller scales becomes increasingly
the basin. Unitizeodfields, as of July 1992, include important as field development progresses. Heter-
Blowhorn C_ klillerella, Central Fairview ogeneity in the Black Warriorbasin is discussed in
Carter, North Blowhorn Creek, Mud Creek terms of a scale-dependent classification that
Millerella, South Brush Creek, South Fairview acknowkdgesgigascopic, megascopic, macrcscor_ic,
Carter,and Wayside oil units. The success of these mesoscopic, and microscopic features of reservoirs.
projectshas been variable. Carter andMillerella reservoirsdo not fit well into

Oil and water production pattems in North existing heterogeneityclassifications, such as that
Blowhom Creek oil unit correlate well with the used in theTOP.ISdatabase,or into commonly used
zones determined by depositional modeling and reservoir models for beach-barrier systems.
evaluationof petrophysicalparameters.Most oil has Moreover,Carterreservoirsrepresent diverse beach
been extractedalong 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 sedimentologic, structural,
orientation of the lenses. Although water injection and diagenefic characteristics of individual
began at approximatelythe same time throughout sandstone bodies to gain the fullest understanding
the unit, breakthroughis more widespread in the of controls on oil production and the methods that
southern zone. Channeling of fluids through high- can best be appliedto improverecovery.
permeability thief zones or through fractures is

xii



ReservoirHeterogeneityinCarboniferousSandstoneoftheBlackWarriorBasin-I

ABSTRACT character of Carter reservoirs is the result of late-
stage events during burial diagenesis, the

The Mississippian System of the Black Warrior distributionof diagenetic featuresis directly related
basin can be characterizedas an intricate systemof to depositional components of the reservoirs.
sourceand reservoirrocks related to foreland-basin Patternsof oil productionfrom individualreservoirs
tectonism, climate change, and burial history. Oil- also closely correspondto depositional architecture.
prone source rocks accumulated in deep, starved- Characterization of heterogeneity in Carter
basin environmentsunder a density-stratifiedwater reservoirs through integrated sedimentologic,
column. Reservoir sandstone was deposited in del- petrologic, and petrophysical modeling provides a
talc, beach, and shelf environments, and the distri- valuable supplement to engineering analysis of
bufion and internal characteristicsof those deposits reservoir performance during planning and
reflect interacting siliciclasfic depositional systems evaluationof improved-recoveryoperations.
and carbonatebanks 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 humidequatorial belt during OBJECTIVES
Pennsylvaniantime, developmentof a majorcoastal
plain favored accumulation of gas-prone 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 Alabamawas extractedfrom reached a peak in 1985 (Masingill, 1991) and has
Cartersandstone. Most of thatproductionis froma declined in recent years although much additional
beltof lensoid, quartzareniticbeach deposits, which oil may be producible using improved recovery
were part of a shoal-waterdeltaic complex develo- strategies, such as waterflooding, chemical injec-
ped along a carbonatebank margin. The remaining tion, strategic well placement, and inf'dl drilling.
Carterproductionis from lobateandelongate sand- High-qualityreservoircharacterizationand reliable
stone bodies deposited in constructive deltaic lobes criteriaforrecognitionof the types and scale of res-
to the southwest. Reservoirswithin the shoal-water ervoir heterogeneity are crucial to development of

_anced recovery strategies, because reservo_deltaic complex consist of imbricate sandstone
lenses with variablegeometryand distribution. For typically contain numerous featuresat megascopic,
example, sandstone in North Blowhorn Creek oil macroscopic, mesoscopic, and microscopic levels
unit, which accounts for two-thirdsof total oil pro- that affect fluid flow (Weber, 1986; Haldorsen and
ducfion was deposited in a spit complex consisting Damsleth, 1993). Previous investigations concern-
of a seriesof clinoformal lenses thatdecrease in size ing the Black Warriorbasin have been regional in
toward the southeastern terminus of the reservoir, scope, addressing the large-scale depositional set-

ring of reservoirunits (for example, Cleaves and
Smaller, less productive reservoirsrepresent a spec- Broussard, 1980; Cleaves, 1983; Thomas, 1988).
trumof delta-destructivebeachsystems.

Shoreface and foreshoredeposits contain the best Bearden and Mancini (1985) and Epsman (1987)
establishedsalient featurespertinentto hydrocarbon

interconnectedpore system, whereas backshorede-
posits have abundant depositional and diagenetic production at the field scale, such as trapping

mechanism. Because oil production in the basin is
bafflesand barriersto fluid flow, lower effective po- declining, secondary recovery projects have been
msity, and higher water saturation. Pore and pore- initiatedin severaloil fields, and improved recoverythroat size distributions in reservoir sandstone are
polymodal owing to a mixture of effective inter- utilizing advanced technology is being considered,
granular mac_ty and ineffective microporos- this report, which documentscontrols on the occur-
ity in authigenic and detrital clay. The combined rence and producibilityof oil from heterogeneous
effects of variation in grain size and in the abun- Carboniferousreservoirs in the Black Warrior ha-
dance of clays result in local order-of-magnitude sin, is timely.

Reservoir sandstone evaluated in this mvestiga-scale permeability contrasts within shoreface and
tion was deposited in beach systems that were pre-beach deposits that affect sweep efficiency. Zones
served as partof a muddy, destructive, sboal-watercemented with ferroan dolomite formed around
delta complex. This type of reservoir, whichshell accumulations are discontinuous barriers to
consists dominantly of clinoformal sandstone

fluid flow. Although the present diagenetic
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EXPLANATION

Intracratonic arch

Normal basement fault of lapetan rift

Frontal structures of Appalachian-Ouachita orogen

//" Early Paleozoic continental margin
(after Sloss, 1988; not palinspastically restored)

Figure2.--Locationandtectonicsettingof theBlackWarriorbasinof Alabama(modifiedfromThomas,
1988,1991).
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lenses, is poc_y documented in the literature and evaluation of seven improved-recoveryprojects in
differsgreatly from the beach-barrierdeposits that Alabama.
serve as the basis for commonly used reservoir The final section of the report discusses controls
models (Sharma and others, 1990a,b; Szpakiewicz on reservoirheterogeneity,using a modification of
and others, 1991; Schatzinger and others, 1992; the scale-dependent classification of Moore and
Jacksonand others, 1993). Thus, results of this in- Kugler (1990) (fig. 6). Scales of heterogeneity
vestigation are pertinent not only to reservoirs in include microscopic, macroscopic,mesoscopic, and
the Black Warrior basin but to those in other basins megascopic features of a reservoir. Microscopic
as well. heterogeneity occurs at the scale of pores and pore

Of 123 fields that produce conventional hydro- throats. M_opi¢ heterogeneity represents
carbonsand coal-bed methane fromPaleozoic sand- featuresthat occurat an interwellto borehole scale.

stone reservoirs in the Black Warriorbasin of Ala- Macroscopic heterogeneity represents 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 Carboniferousstrata(fig. wells. Megascopic heterogeneity is the reservoir,
3). The basin primarily is a gas basin. Cumulative namely a body of permeable reservoir rock
oil production, as of July 1992, from the 26 surrounded by impermeable nonreservoir rock. In
designated oil fields and units in the Alabamapan addition to these four commonly utilized scales of
of the basin is 8,305,741 stock tank barrels. An twJexogeneity(for example, see Lake and others,
additional 932,420 stock tank barrels have been 1991), an additional category, the gigascopic scale,
produced from gas fields and from wells that are was found to be particularlyuseful for explaining
now abandoned. The Mississippi part of the basin variation among reservoirsin the basin. This scale
has 17 active oil fields that produced 1,110,747 of heterogeneity incoq3orates those features
barrels of oil, as of December 1991, from 29 encompassing several producing fields in a
Mississippian sandstonepools (fig. 3). In Alabama, reservoir unit to entire sedimentarybasins.
six Mississippian sandstone units produceoil. The This is the final summary relxm on DOE contract
Cartersandstone is the most prolific of these units number FG22-90BCI4448, entitled "Character-
and has produced 91 percent of the oil extracted ization of Sandstone Heterogeneity in Carbon-
from the 26 designated oil fields and units in iferousReservoirs for Increats_Recoveryof Oil and
Alabama (fig. 4). A single unitized field, North Gas From Foreland Basins." This volume consists
Blowhom Creekoil unit, has producedtwo-thirds of of the final report for the entire project except for
that oil (fig. 5). Seven oil fields in Alabama have Subtask4 which will be completedin June of 1993
been unitized for waterflood projects. No tertiary with the submittalof a computertape for the TORIS
recoveryprojects are active in the Alabama part of databaseforoil fields in the Black Warriorbasinof
the basin, although a pilot project using microbial Alabamaand Mississippi. This report incorporates,
recovery in the southern part 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 Subtask 3
1992). Waterflood projects in some unitized oil (characterizationof North Blowhom Creek oil unit;
fields, such as North Blowhom Creek oil unit, have Kugler and Pashin, 1992). In addition to this
been successful. However, others have encountered volume, digital map data and digital well logs used
problemsor have had disappointingperformance, in this investigation are available at the Geological

This report characterizesheterogeneity in Carter Survey of Alabama for use with a petroleum-
and Miilerella sandstone oil reservoirs in the Black orientedgeographicinformationsystem(GIS).
Warriorbasin of Alabama. The firstpan of the re-
port is a regional synthesis of the strucun'al and METHODS
stratigraphic setting of the Black Warrior basin, as

well as of the geochemical characteristics of hydro- In order to characterizeheterogeneity in Carbon-
carbonsourcerocksand of oil in the reservoirs.The iferous reservoirs in the Black Warriorbasin, this
second part of the report describes depositional fa- investigation employed a multidisciplinary ap-
cies, petrologic character, and petmphysical prop- proach that in--ted stratigraphic, sedimen-
erties of reservoirs in North Biowhom Creek oil tologic, petrologic, geochemical, petrophysical, and
unitand other off fields in order to characterizeres. engineering data. Characterizationof oil rese_oirs
ervoir heterogeneity.This is followed by a summary in the Black Warrior basin requires collection and
of oil production in the Black Warriorbasin and an analysis of data ranging from basin- to pore-scale.
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Basin-wide (gigascopic-scale) modeling establishes depositionalhistory and identify the controls on the
the spatialdistributionof depositional environments distributionand characteristicsof Carboniferousoil
and tectonic setting. Organic geochemical datacol- reservoirsin Alabama.
lected for characterizationof oil source rocks also Having completed regional facies analysis, a de-
requiresintegration of information at a gigascopic tailedsedimentologicstudy of Carterand Millerella
scale. Field-scale (megascopic-scale) data are re- sandstoneoil reservoirswas conductedin northeast-
quired to determine the overall architectureof the ern Lamarand northwesternFayette Counties, Ala-
reservoir.These megascopic scale data also are used bama,where more than 80 percent of the oil from
to determine the geometry of smaUer-scale hereto- the Black Warrior basin is produced. Lithology,
geneities that affect fluid flow and production, grain-size trends, stratification type, and sedimen-
Mesoscopic-scaledata are collected to characterize tar), structureswere described from 11 cores, and
spatialvariationin properties within reservoirunits, lithofacieswere defined. To determine the distribu-
including bedding type, sedimentary structures, lion and internal architectureof Carterand Miller-
sandstone frameworkcomposition, and diagenetic ella reservoirs, a net-sandstone isolith map was
character. Microscopic-scale data characterizeas- made for each reservoir, and several cross sections
pects of the reservoirimportant to fluid storageand using the closest well spacing possible were made.
movement,such as pore geometry, pore-throatsize, Well-log and core data were then integrated to de-
and clay mineralcomposition and morphology.The velopa depositional model forCarterand Millerella
diverse scales of reservoir heterogeneity influence oil reservoirs.
production differentlyat various stages of field de- Two wells, one from near the North Blowhom
velopment. In general, heterogeneities important_ CreekOil Unit (PN2191) and the other from north-
production decrease in size as field development em Pickens County (PNI780), were selected for
progresses from primary to tertiary recovery studyin orderto assess differencesin thermal matu-
(Jacksonand others, 1993). Methodologies used in ration and history in shallow (PN2191) and in deep
this investigation reflect these differences in the (PN1780) parts of the Black Warrior Basin. Sam-
type of data required for the diverse stages of field pies of cuttings sets from these wells were used in
development, vitrinitereflectance and Rock-Evalpyrolysis.

Stratigraphicand sedimenmlogic characterization Samples for vitrinite reflectance were crushed to
of Carboniferousoil reservoirsin the Black Warrior minus 20 mesh size and then embedded in epoxy to
basin of Alabama employed subsurfacetechniques, create a pellet. After polishing, the pellets were al-
Geophysical well logs are numerous in the Black lowed to dry in a desiccator for at least 24 hours.
Warriorbasin and, along with cores and cuttings, Reflectancemeasurementswere made with a Nikon
providethe principalbasis for understandingfacies Pl photometermountedon a Nikon Microphot-FX
heterogeneity.Five major rock types that have dis- compound microscope. Data were collected using
tinctive geophysical signatures were identif'tedin PHOSCAN 3, a PC compatible programdeveloped
the well logs on the basis of bulk density, density by Nikon. Typically, 40 measurements were made
porosity, neutronporosity, gamma count, resistivity, for each sample. However, many samples had low
and spontaneous potential. These rock typesare: (1) organic content which made attaining this level
coal, (2) shale, (3) limestone, (4) porous (reservoir) difficult. Vitrinite particles that could 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 either the counts or the histograms. Materialidenti-
basis of crossing of the neutron- and density-poros- fled asreworkedvitrinite was not positively encoun-
it), curves. A detailed discussion of log interpreta- tered.This is probablybecause the parent rock was
tions used in this study is available in Pashin and most likely either crystalline in nature o¢ was of an
others(1991). age prior to the development of plants with woody

To wovide regional perspective, a network of tissue.
cross sections based on sample descriptions and Lopatin's(Lopatin, 1971; Waples, 1982) method
interpretedgeophysical well logs was made to de- forcomputing Time/TemperatureIndices CI'I'I)was
termine facies patterns and stratal geometry. Log used to assess the thermal and burial history for the
patternswere interpretedand used to makea sOuc. stratigraphic sequence of each of the two wells
tural contour map of the lop of the Tuscumbia studied. Decompactedburial curves were generated
Limestone. Isopach maps and net-sandstone isolith using compaction constants based on studies by
mapsof each major stratigraphicinterval and reser- Sclaterand Cristie (1980) and Schmokerand Halley
volt sandstone unit were made to determine (1982).
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Sixteen samples from the PN2191 and PNI780 law-pressure dataobtainedfrom high-pressure mer-
weds, were collected andsentto the U.S. Geological cur), lXgosimetry were used to characterize pore-
Sm-veyOrganic Geochemistry Laboratory in Den- throat size distributionsand their relationships to
ver, Col_ado, where the samples were analyzed for pore types. A Micromeritics Autopore 119200 was
total organic carbon and kerogen type using Rock- used for these analyses, following the proceduresof
Eval pyrolysis. Twenty-threesamples of oil fields Kopaska-Mezkel(1991). Mercury intrusion volume
also were analyzed by this laboratory for gross was monitored from 1.5 to 20,000 psia. Thin sec-
chemical composition. API gravity data were lions were made from the ends of plugs used for po-
compiled from Alabama State Oil and Gas Board rosily measurement. All porosimetry samples were
records, cleaned by refluxing toluene in a Soxhlet extractor.

Framework-grain composition and diagenetic Samples were also cleaned with chloroform as
characterof Cartersandstonefrom North Blowhorn necessary.
Creek oil unit was determined by modal analysis A geographic information system (GIS) that in-
with a standardpetrographicmicroscope. Approxi- cotporates all wells in the Black Warrior basin of
mately300 points were identified in each of 75 thin Alabama was prepared for this investigation using
sections. Generally, the composition of more than Geographix ExplorationSystem version "1software.
200 framework grains in each sample was deter- This GIS system contains a digital land grid en-
mined using this procedure. Three-hundred thin compassing 15 counties and the locations of more
sections of Carterand Lewis sandstone were exam- than 2,500 conventional oil and gas wells and ap-
ined qualitatively, Particularattention was given to proximately5000 coalhed-methane wells, as well as
relationships b_tween authigenic minerals and oil and gas field boundaries.Basic header informa-
pores. All thin :Jectionswere back-pressureimpreg- lion for each well, including State Oil and Gas
hated with blue-dyed epoxy to facilitate identifica- Board of Alabama permit number, API number,
lion of pore types. Thin sections were stained also well name, well status, operator, field name, pro-
with alizarin red-S and potassium fetricyanide, ac- ductive unit, total depth, and available cores, was
cording toe the method of Evamy (1963) to aid placed in a databaseassociatedwith the digital map.
identification of carbonateminerals. X-ray diffrac- Additional information was added to the database

lion analysis of selected, unoriented whole-rock for fields examined in more detail in this investiga-
powders _ mineral identification. The lion. These data include fluid productionand injec-
morphology, distribution, and composition of lion volumes, core analyses, well-log derivedporos-
authigenic minerals and pores were evaluated with ity and fluid saturations, initial production tests,
a scanning electron microscope, using secondary- depths of unit boundaries, and digital well logs.
electron images of gold-palladium coated, freshly Contour and bubble maps, cross sections, and
broken rock surfaces and backscattered-electron volumetric determinations utilized information in
images of carbon-coated, polished thin sections, the GISdatabase.
Qualitative energy-dispersiveX-ray analysis aided Spontaneouspotential, gamma ray, caliper, deep,
mineral identification. Concentrations_ calcium, medium, and shallow resistivity, neutron porosity,
iron, magnesium, manganese, and strontium in and density porosity logs were digitized through the
authigenic carbonate minerals _¢xe determined by appropriatereservoir intervals in approximately300
electron-pmhe microanalysis, vsing Bence-Albee wells usin_ Schlumherget/OeographixQLA2 well-
routines for data reduction.StP.L,le carbonand oxy- log analysis software.Porosityand water saturation
gen isotopic analyses were performedon authigenic were computed using a dual-water model (Clavier
siderite, calcite, and ferroandolomite/ankeriteby a and others, 1984; Asquith, 1989). Clay volumes
commercial laboratory,using sumdardprocedures (Vcl) were determined fromgamma ray curves. Rw
and multiple-extraction metheds for samples con- values for each field wc_e obtained from Schlum.
mining more than one carbonate phase. Replicate bergm'and cross checked with wawr chemical data
analyses were runforseveralsamples, on file at the State Oil and Gas Board of Alabama

Porosity and permeabilitydata from all available and by the method of Elphick (1990). Although it
commercial core analyses for wells 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, andhigh-pressuremercury Sharmaand others, 1993), a single Rw value was
porosimetry. Selected data from North Blowborn used in computationsfor all wells in each field be-
Creek oil unit are discussed in this report. Capil- cause of limiteddamavailability.
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REGIONAL GEOLOGIC been interpreted as detached structures related to
)FRAMEWORK decoUementsthat rampblindly upward from Cam-

brianshale (Rodgers, 1950;Thomas, 1985b).
Southwest of the homocline, structural dip in-Carboniferousstrataof the Black Warriorbasin

creases markedly, and strata are displaced by as
have long been understoodto represent interaction much as 1,000 feet along normal faults striking
of siliciclastic and carbonate depositional sysmns northwest to west (fig. 7). Most faults dip and are
during an early phase of the Ouachita orogeny downthrown to the southwest, but several faults
(Thomas, 1972a, b, 1974). This Ouachita phase with displacement larger than 300 feet have an an-
continued into Pennsylvanian time, when Appala- tithetic complement that defines long, narrow
chiau orogenesis also began affecting the basin grabens. Fault length and displacement generally
(Thomas, 1988; Pashin, 1991). Recent investigators increase southwestward, and major faults contain
have built on this general theme and have found a fault-boundanticlines, or roliover structures, in the
distinctive relationship between the characteristics hanging wall. These faults generally parallel the
of Carboniferousreservoirs and the evolving tec- Ouachita orogenic belt and are thus interpreted as
tonic and sedimentologic frameworkof the basin the result of flexural extension (Bradley, 1991)
(Cleaves and B_d, 1980; Higginbotham, caused by deformational loading near the southwest
1986; Pashin and Kugler, 1992). The following margin oftheAlabamapromontory.
sections review the basic characteristicsof Carbon. The we-orogenic continental margin affected
iferous strata and establish the setting of the princi, profoundlythe evolution of the Black Warriorbasin
pal oil _oirs with respect to tectonic and (Thomas, 1988)(fig. 2). The southwest edge of the
sedimentologicevents. Alabamapromontory has been interpretedas a pas-

sive margin formed by transformfaulting (Thomas,
STRUCTURE AND TECTONICS 1991). In Mississippian time, oblique convergence

of a micrcgontinental island arc with the promon-
The Black Warriorbasin is a late Paloozoic fore- toryclosed the eastern partof the Ouachita trough,

land basin formed by tectonic loading of the Ala- thus forming an active margin (Thomas, 1976;
bama continentalpromontory during Appalachian- Viele and Thomas, 1989). Closure and concomitant
Ouachitaorogenesis O'homas, 1977; Beaumontand collision thrustan accretionaryprism onto the for-
others, 1987, 1988; Hines, 1988) (fig. 2). Paleozoic mer transform margin, thereby helping provide the
rocks are exposed in the easternpart of the basin, tectonic load that formed the Black Warrior
and the westernpan is below as much as 6,000 feet forelandbasin.
of Mesozoic and Cenozoic overburdenof the Mis- Tectonism proceededdifferentlyalong the south- !

, sissippi Embayment and the Gulf Coastal Plain. east side of the Alabamapromontory.The Birming-
The Black Warriorbasin is _angular in plan and ham graben (fig. 2) is a riftedhalf graben that local-
formed alongthejuncture of the Appalachian and ized thrustramps in the Appalachianorogenicbelt
Ouachita orogenic belts (Thomas, 1973, 1985a; (Thomas, 1985b, 1991). The cratonic character of
Hale-Ehrlich and Coleman, 1993). EarlyCambrian strata in the Appalachian thrust belt contrasts
rifts, which strike northeast, help define the strongly with the oceanic characterofthose in the
boundariesof the basin (Thomas, 1991). Northwest Ouachitabelt, reflecting the maturityof the Appala-
of the basin is the Mississippi Valley graben, which chiau omgen. Convergence east of the promontmT
strikes perpendicularto the Ouachita orogen, and began in Middle Otdoviciantime duringthe Bloun-
southeast of the basin is the Birmingham graben, rain phase of the Taconian orogeny (E_hn,
which is below and parallels the frontal structures 1990). Basement faults remained active through
of the Appalachianomgen. Mississippian time (Thomas, 1968; Thomas and

A structuralcontour map of the top of the Tus- Neathery, 1982), and during the Early Pennsyiva-
cumbia Linw.slme establishes the major structural nian Lackawanna phase of the Alleghanian oro-
relationships in Alabama (fig. 7). The Tu_umbia gcny, blind thrusts evidently propagated into the
Limestonedips uniformly southwest in the northern sedimentarycover above the rift structures(Pashin,
part of the study area, forming a homocline that is 1991; Pashin and Carroll, 1993). The Black War-
transitional from the Nashville dome to the Black riot basinhadeffectively beenprotectedfrom Appa-
Warriorbasin. Appalachian folds arepresent along lachian tectonism by the graben (Thomas, 1974),
the southeast marginof the homocline. These folds but during Pennsylvanian time, the Appalachian
formed during the Alleghanian orogenyand have flexural moat impinged on the basin, and orogenic
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sediment finally entered the basin from the east tic rocks (Conantand Swanson, 1961; Rheams and
(Pashin, 1991). Neathery, 1988). The shale is easily identified in

After the Alleghanian orogeny, the basin was un- gamma-ray logs because of extremely high radioac-
roofed until the Late Cretaceous, when strata of the tivity. The radioactive signature of the Chattanooga
Gulf Coastal Plain and the Mississippi embayment and equivalent strata has provided a basis for sub-

began to accumulate. Development of the coastal dividing and correlating homogeneous black shale
plain and embayment signal a transition to an ex- throughout the Appalachian region (Ettensohn and
tensional tectonic regime related to rifting and others, 1979), but a detailed internal radioactive
opening of the Gulf of Mexico. As Mesozoic and stratigraphy has yet to be developed for the Black
Cenozoic sediment was deposited, the Black War- Warrior basin.
rior basin was tilted southwestward (Thomas, An isopach map of the Chattanooga Shale in

1988). An important result of basin tilting was loss Alabama is available in Rheams and Neathery
of closure within the fault-bound anticlines (fig. 7). (1988). The shale is generally thinner than 40 feet
Instead, most of these stractures now close against and is locally absent (fig. 9). In the northern part of
faults. Throughout the E,lack Warrior basin, fault the study area, howevea', the shale is locally thicker
closure acts in concert with stratigraphic and diage- than 40 feet, and in southern Tuscaloosa County the
netic factors to make the grincipal hydrocarbon shale reaches a maximum thickness of more than 80

traps (Bearden and Mancini, 1985). feet. Nearly all oil from the Black Warrior basin is
produced from areas where the shale is thinner than

STRATIGRAPHY AND 15 feeL

SEDIMENTATION The Brooks core is the only available continuous
core of the Chattanooga Shale in the Black Warrior
basin (fig. 8). The shale overlies disconformably an

The major hydrocarbon source and reservoir unnamed Middle Silurian carbonate unit containing

rocks in the Black Warrior basin range in age from abundant specimens of the pentamerid brachiopod,
Devonian through Pennsylvanian and are parts of Chonchidium sp. The Chattanooga consists of
the Kaskaskia and Absaroka cratonic sequences of black, fmsile shale with wavy, graded siltstone beds
Sloss (1963). These sequences record the tectonic containing current ripples, horizontal laminae, and
evolution of the Alabama promontory as well as feeding burrows. Fossils in black shale are domi-
major climatic changes. According to paleogeog- hated by the alga, Tasmanites, and some siltstone
raphic reconstructions, the Black Warrior basin was beds contain sand-size crinoid ossicles.

in the southern tradewind belt at an approximate Rich (1951a, b) recognized the continuity of

paleolatitude of 30" S. during Upper Devonian 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 supercontinent was assembling, to Arizona 01eckel and Witzke, 1979). He was

and the Appalachian region had drifted northward among the first to argue cogently in favor of a deep-
into the equatorial belt as causing a shift from arid water origin for the shale and recognized that
carbonate banks and coastal plains to humid coastal coarse clastic sediment in the Appalachian basin
plains with major coal-forming peat swamps (Cecil, prograded into the black-shale environment. Indeed,
1990). The following section discusses the basic the shale was deposited on an euxinic foreland ba-
characteristics of Devonian through Pennsylvanian sin floor that formed in response to the Acadianrocks in the Black Warrior basin of Alabama and

orogeny (Byets, 197"];Ettensohn and Barton, 1981;
shows how interwoven tectonic and climatic vari- F._tensohn, 1985a, b).
ables produced an intricate system of source and Anoxin and low sedimentation rate are considered

reservoir rocks, the principal factors that favored preservation of
black, fissile shale that is enriched in oil-prone

CHATI'ANOOGA SHALE kerogen, including Ta.smanites. In the Black War-

rior basin, the Chattanooga represents accumulation
The Upper Devonian (Chataquan) Chattanooga of less than 80 feet of black shale in approximately

Shale (fig. 8) forms the base of the Kaskaskia so- 7 million years. The graded siltstone beds are typi-
quence in the Black Warrior basin and is composed cal of storm-generated turbidites in Devonian black
mainly of black, fissile, pyritic shale. The Chat- shale (Ettensohn and Barton, 1981; Pashin and Et-
tanooga disconfonnably overlies Upper Ordovician tensohn, 1987), and feeding burrows suggest that
through Middle Devonian carbonate and siliciclas- most of the shale was deposited in the dysaerobic



Reservoir He_rogeneiOt_ Carbo_fero_ Sa.,_rto_ of t_ B_ck Warrior ao_in =13

6moka Core Shenandoah Oil Corp.
S,E. I/4, N,W. I/4, #I Cleveland Lumber Comport4 25-1

Se¢. 26, T. 15 S., R. 9 W. 570 FNL, 360 FEL, Sec. 25, I". 15 _,, R. 9 W.
Permit no. 1636

<--hJlII o (API) lu 1 to lao _OOd_.,,2_

, i i j I I
x--__.[ Pdde Mountain Fm. _ _ n

!- -=-, e_.._.9 ............................................................
2750 tt Lewis oyole of ,., ,.

J__ PrideMountldnFm. _.._ s-'ro...oo.

i__!._;_:-,q--_=,.:....:.-..--_ _ _ i [--.-j Grayshale

]';_:_ Tulmumbll

I>'*_ ,.,m,-,. , • s,,.,°,.,,,.

,__]" >j._,._.............................._......?............................_...._....~2850

:_ • Pyril noduis74"I ,
/i _ Anhydritenodules

Fort Payne 3200
Chert Fossils

• Crinoids

q_ 6ra_iol:_Js

Feneslellid
a_- Ixyozoan_

2950 _ _ Gastropods

i 3250

_;70stmcodes

/ Spongespicules

_ MaSh'_'_':'"'""'""'' '_'" Ij ,............................

300O
......... . ............... ._. Disconforrni_y _ - 3300

-I>_:'_,_I un,,,_..........._ ..............f..........

Figure 8.--Measured section of Silurian through basal Chestorian rocks in the Black Warrior basin.



•ola_las!_a_I agl qSno_ almI$ sSoouml_ aql woaj Sdnl.suo.rlmlaas_.av.l3w.Aloqsuo.rla_ ssoJa :).,ldm_.minS--'6am_.d

0

i !-_r'_"t ---''"'"+.
tWgl. O_ S 0 g f" ,_m 0

o_ .._. _ ;
umlomuraduo.jIomR :wnmo ..-" '". ; M i

om _.a.o._J_ ._ ._,,._ ..._. mmmm _ ';, .5 _.,-- ;

p.,,-_ om....,oo j .,JOmm,_-
kpole [ 'mJommm'q_lS ........ _ I----] "---K. -. m._w, a

]og_ summfl_kI_N_I ium_w um.,aNuuoo retaiL41_ .: -•.f .

dVll ; i I
NOLLVNV'IdX31 NOliVOO'I . I i

luOllllll i mlOIMI .II 00_ '.- ............



ReservoirHeterogeneityinCarboniferousSandstoneof theBlackWarriorBasin - 15

zone. The sand-size echinoderm ossicles in some oxygenation of the basin floor is interpretedto have
siltstone beds may represent stunted crinoid faunas been the preliminary stage in developing substrates
reworkedby storm-inducedflows, suitable for habitation by the calcareous benthos

A dysphotic to aphotic depth favors preservation that built the Mississippian carbonate 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 Maury 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 vonian, but the major collision took place near the
sedimentationwithin 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 Ouachita trough during Late Devonian 1971). Cratonward bulge migration or continental
time. braking (Dickinson, 1977) may have been respon-

sible for the unconformities during Maury deposi-
MAURY SHALE fion. Hence, the Maury Shale signifies far-field

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

tanoogaShale and is the basal Mississippianunit in FORT PAYNE CHERT AND TUSCUMBIA
the Black Warriorbasin. The Maurycontains a late LIMESTONE
Kinderhookian to early Osagian conodont fauna
(Drahovzal, 1967); early Kinderhookianstrata have The Fort PayneChert is composed dominantlyof
notbeen identified definitively in the BlackWarrior dark brownish-gray siliceous micrite and bluish-
basin. Indeed, the Chattanooga-Maurycontact may gray nodular chert containing abundant fenestrate
bedisconformableinplaces(ConantandSwanson, bryozoans,crinoidossicles,and articulatebrachi-
1961), and disconformities have been identified on opods (Butts, 1926; Thomas, 1972a; Thomas and
,_e basis of biostratigraphicdata within the Maury others, 1979) (fig. 8). Siliceous sponge spicules also
Shale as well as equivalent strata in the southern ate common in FortPayne micrite. Conodonts indi-
midcontinent(Ham and Wilson, 1967). cate that the Fort Payne is Osagian in age (Ruppel,

MauryShale is composed of greenish-gray,glau- 1979). The Tuscumbia Limestone gradationally
conitic shale with phosphate nodulesand separates overlies the FortPayne, is composed dominantly of
the Chattanooga Shale from the Fort 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. g, 9). The shale is generally 2 to Fisher, 1987). Caliche zones have also been identi-
3 feet thick, is locally absent (Thomas, 1972a: fled 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, bryozoans, and brachiopods.
core (fig. 8), the MauryShale contains 12 inches of Conodonts indicate a Meramecian age for the
poorly fissile, medium gray shale with sharp con- Tuscumbia(Ruppel, 1979).
tacts and abundantfeeding burrows.Some burrows Fort Payne Chert and Tuscumbia Limestone are
are f'dledwith phosphate, and the contact with the difficult to separate using geophysical well logs and
FortPayneChertis glauconitic, were thus mapped together in the subsurface (figs.

The MauryShale represents a transitionfromthe 8, 9, 10). In the _ternmost part of the study
euxinic basin of the Chauanooga 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 thickness of

organic-poor Maury shale above the black Chat- more than 450 feet in the northeastand thin south-
tanooga Shale 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 traversed the basin floor. Concen- distinguished from the Fort Payne Formation
tration of phosphate and glauconite in the Mauty (Thomas, 1972a; 1988; Thomas and others, 1979).
also indicates slow sedimentation. Regional Spacing of isopach contours northeastof the 250-
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FigurelO.--Isopachmapof thecombinedFortPayneChertandTuscumbiaLimestone.
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foot contour is generallyuniform (fig. 10). 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 100-foot contour follows the trace of a The Pride Mountain Formation and Hartselle
major fault,and southwest of that fault, contour pat- Sandstone are Chesterian (Genevievian-Homber-
terns are irregular.Across the northwest partof the gian) in age (Drahovzal, 1967; Burdickand Strim-
fault trace, the combined FortPayne and Tuscumbia pie, 1982) and comprise three coarsening-upward
Formationsthin by more than 75 feet. shale-sandstone-limestonecycles 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 cle, and (3)Hartselle cycle (figs. 11, 12). Southwest
parts. The principal region of calcarenite accumu- of where the HartselleSandstone pinches out, strata
lation is northeast of the 200-feet contour and is equivalent to the Pride Mountain and Hartselle
thus considered the upper ramp, and wide spacing Formations are included in the Floyd Shale. The
of the 200- through 250-feet contours suggests that shale, sandstone, and limestone of the Lewis cycle
the base of the upperramp formeda ledge (fig. 10). are extremely widespread, whereas the two upper
Calcarenite interfingers with micritic rocks in the cycles comprise clinoformal parasequence sets that
belt where the formations thin from 200 to 100 feet, pass southwestward from more than 350 feet of
thereby defining the middle ramp, whereas pre- shale, sandstone, and limestone into less than 50
dominance of micritic rocks in the fault-boundarea feet of black shale that is included in the Floyd
southwest of the 100-ft contour defines the lower (Neal) Shale and contains radioactive zones (fig.
ramp. 12).

Skeletal calcarenite with some caliche in the

northeast indicates that the upper ramp was an ex- LEWISCYCLE
tensive carbonatesand bank with islands (Thomas,
1972a, 1974, 1988; Fisher, 1987). By contrast, sili- The Lewis cycle contains the Lewis sandstone,
ceous micrite with sponge spicules in the southwest one of the principal hydrocarbonreservoirs in the
indicates the lower ramp was characterized by Black Warrior basin (Epsman, 1987), and is as-
deeper, open-marine environmentswhere coo_ signedto the Genevievlanand Gasperianstagesof
water prevailed throughout Fort Payne-Tuscumbia the Chesterian Series (Drahovzal, 1967; Thomas
deposition ('I'lamlas, 1976; Pashin and others, and others, 1979; Maples and Waters, 1987). The
1991). The abundant crinoids, bryozmns, and vertical sequence of the Lewis cycle is typical of
brachiopods in the chert-rich facies, moreover, indi- Chesterian rocks in northwest Alabama, but car-
care thatthe lower rampwas rich in oxygen and nu- bonateand sandstone units in the cycle are unusu-
trients. Upwelling of oceanic water from the ally widespread, forming a veneer of sedimentary
Ouachita troughis thoughttobe a primarysourceof rock less than 150 feet thick that extends across the
silica in the Fort Payne Formation (Gutschick and studyarea(figs. 9, 13, 14). Internally,that veneeris
Sandberg, 1983) and fostered nutrient-richhabitats quite he4emgeneous (figs. 9, 13) and contains di-
across the ramp. verse carbonateand siliciclastic lithofacies, which

Uniform spacing of contours in the northernpart have been discussed in detail by Pashin and others
of the studyarea (fig. 10) indicates that, by the end (1991).
of Tuacumbia deposition, the upper ramp dipped Thicknessof the Lewis cycleis related to the Fort
homoclinally southwest and that depositional topog- Payne-Tascumbiaramp in three major ways. In the
raphy waslargelytheproductof sedimentaryrather easternpartof the studyarea,thecycle is lessthan
than tectonic processes.Conversely,theirregular50feetthick,andtheLewisisopachpattern has no
isopachpattern southwest of a major fault trace relationship to the FortPayne-Tuscumbia pattern
suggests that faultingwas a key factor that differen- (figs. 10, 14). The Lewis cycle thickens to more
tiated the middle and lower ramp at that time. OI- than 75 feet in the northwestpart of the study area,
iver (1988) suggested that, although most normal where isopach contours cut squarelyacross those on
faults in the Black Warrior basin formed during the Fort Payne-Tuscumbiamap. In the southwest
Ouachita orogenesis, some major faults may have part of the study area, the Lewis cycle thickens to
been inherited from Early Cambrian extension, more than 100 feet across the upper part of the
Evidence for local fault control in l_re-omgenic middle ramp(figs. 9, 10, 14). However, thickness of
strata of the Fort Payne Chert and the Tuscumbla the Lewis cycle is not related to the majorfaulttrace
Limesto_ supportsthis hypothesis, thataffectedFortPayne-Tuscumbia sedimentation.
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Figure I l.--Idealized geophysical well log showing stratigraphy of the Pride Mountain Formation and the
HartseUe Sandstone.

Although the Lewis cycle is widespread, sand- the middle and lower ramp (fig. 9), and the elongate
stone is present only in the western part of the study sandstone bodies parallel strike of the ramp (figs.
area (fig. 15). In Alabama, the sandstone is quartz- 10, 15).
arenite and is restrictedto two main areas. The first The transition from the upwelling-dominated

corre_ with thickening of the Lewis cycle in ramp of the Fort Payne Chert and Tuscumbia Lime-
the northwest part of the study area (figs. 14, 15), stone to the cyclic succession of the Pride Mountain
where Lewis sandstone is thinner than 25 feet. The Formation represents a major change in deposi-

second is in the western part of the map area, where tional style. Predominance of black shale with ra-

the sandstone is typically 25 to 75 feet thick and is dioactive zones in the southwesternpart of the study
locally thicker than 100 feet. Isolith contours define area (fig. 12) indicates that circulation had tccon¢
irregular, lobate patterns of sandstonedistribution restrictedfrom the ocean and that tectonic closure
in western Marion and northern I.,amar Counties along the southwestern part of the Alabama prom-
and define increasingly elongate patterns as the ontory, and perhaps obduction of the accretionary
sandstone thins toward the sou_ In the south- wism, had begun. The widespread nature of Lewis
east, the Lewis sandstone is developed mainly on sandstone and cartxxmte contrasts sharply with the



Figure12.-SIz'atigrapldccrosssectionshowingfaciesrelationshipsfromtheTuscumbiaLimestonetlm3ughthebaseoftheupperPazkwood _',
_l¢llUllil_o "



20 - Ku_lcr, Paal_a, Carroll,irvin, and Moore

8oulhwesl Northeast

E E'
3074 2528 5621 5321 4305 2416 2046

.IIIL=

,.1 | l I.I J_.,'.h _ ':" - L_. ,,,_.to,_
)',e _m "sT"'x'" ' : iJ_',_,, ._ , ,,,!,,?',, : : mL'i'Hu _------

J.,.mQ\ ti ' =.T'b \ ! i -.._,, _q ---t ! :

.: . ! ., ; ! :

/i!

i : i i /
: i ,,ea : i

., i .¥e,'.]1.9, i 0owe,'o_lo ' :, t _,,_

I//lault i --1:_1o i i i

Ioworshale ! : _mJ w i _ !

TuscumblaLimestone
TuscumbtnLimestone

EXPLANATION

Rlx_ktypi 8tru_uru Foeetlo

_ ; LOCAI1ON _ Gmyshsle ..___./Ter_en_aJcros_0eds A Chert nodules • Crinoids

_um t ' _ _/_ Pkmlr cro_d_eds S_derttenodules Brachlopods

, ,_. _. _ wum _,. _ Black_ado

S' I - i, ."_"-',lm_sox• ' " "_, _ Sandstone ..u Horizontal laminae • Pyrito nodules _ bryozotmsFenoslillid
r _ "" Current ripples .,. Calcite cen_t

. o,3 _'. Micdtk: limestone -" WlvO flpplos • A_ohldt

.... J T (,, ..,-. ) Burrow_ ,_. _k_lltml II Bivedves
s"

i _..,.).,, SOsrry lim@smr_ ,k Pools | Stickensid_s c_' OsVacodes

a Pl_n_,_ .-."";m'ms_ n_c_.oo_{-' Arermceouslimestone,',..Nodularbedding . In_clu_m
• Oolds

Figure 13.--Selecled graphic logs of the Lewis cycle in southern Lamar County, Alabama.
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clinoformalparasequencesetsofoverlying strata, contains the bulk of the state's tar-sandstone
which indicate wogressive development of a pro- resources(Wilson, 1987).
grading _te bank in the northeast(Bangor The EvansandHartsellecycleshavea combined
Limestone)and a starvedbasinin the southwest thicknessof more than 375 feet in the northwest
(Floyd Shale)(Scott, 1978: Pashln and Kugler, partof thestudyareaandarethickestin anelongate
1992). area that trends sou_t from Colbert County to

Developmentof slrtke-parallelsandstonebodies Jeffem_nCounty(fig. 16) alongthebaseof theup
and thickeningof theLewiscycleacrossthe middle per rampof the Fort Payne-Tuscumbiacarbonate
ramp in FayetteCounty(fillS. 10, 14, 15) indicates bank.Thetsolxchinterval is generallythickerthan
that sometopographydevelop_duringFortPayne- 200 feetin thenorthernPan of the studyareaand
Tuacumbladelx_tlon remainedeffectiveinto CI_- thins gradually towardthe east to less than 50 feet
terismlime. As discussedby StalXX and Cleaves where it overlaps the _teagle Limestone. South-
(1992), the Lewis sandstone resembles pan of a west of where the isolxtch interval is thickest, the
lowstandwedgethat isonlappedbytheLewis lime. Evansand ltartsellecyclesthin in a distanceof ap-
stone(fig. 9). Flexuralupwmplng by formationof a proximately20 miles to less than 25 feetas _y
forebulgein theBlackWarflm'basinmayhavebeen pus intoFloydblackshale(figs.12, 16).
effectiveas a forcingagentthat favored accumula- The Evanssandstoneconsistsmainly of fine- to
Uon of the Lewis lowstand wedge on the lower medium.gralned quanzarenite and is most wide-
nunp. Carbonateunits of the Lewis cyclehavebeen spread in Mississippi(Cleaves, 1983: Higgin.
intmlX_tedas transgressiveunits spanning interti- boUmm,1986; Cleaves and Bat, 1988). Butts (1926)
dal to deeper, open.marine environments suggestedthat strumassign_ to the Evans cycle
(DiGiovannJ, 1984;Pashin and others, 1991). The included in the Gaspedan stage. Evans sandstoneis
Lewis sandstone, by contrast, has been interpreted distincUve in well logs because it typkally has a
to include regge_ve deltaic (Cleaves and Brotts- _ing-upward resistivitysignature(figs. 11,
sard, 198_, Cleaves and BL 1988; Thomas, i988), 12). Sandstone and limestone bodies assignable to
shelf (Holmes, 1981: DiGiovannt, 1984), and beach theEvans cycledescendslratigraphically toward the
deposits (Pashinand others, 1991). southeast where they sit less than 20 feet above the

Although the southwest margin of the Alabama Lewis limemone.
promontoryhad changed from a Ixmsivemarginto In Mississippi, the Evans sandstone is Ioc_y
an active margin, pre-orogenicsea-floor topography thicker than 150 feet and has a dominant northeast
remained an effective controlon facies distribution, trend Oiigginbotham, 1986; Cleaves and Bat,
Pashin and others (1991) found that Ixti_- 1988), whereas in Ahlbsma, the sandstone is thin,
phy atop the FortPayne-Tuscumbiacarbonate bank discontinuous, and has a generalized northwest-
had a strong effect on Lewis sedimentation and southeast trend (Cleaves and Bat. 1988). In Ale-
regulated the distribution of unconformities, tama, Evans sandstone bodies are distributed spo-
beaches, and cadx_te shoals. On the lower ramp radic,a_y along the bsse of the upper ramp of the
of southwest LamarCounty, by contrast, the Lewis Fort Payne.Tuscumbia carbonate bank. Cores of
cycle lacks expomue features (fig. 13) and was de- Evans sandstone are lacking in Alabama, but in
posited in exclus/vely subtidalenvironments. Main- Mississippi, Bat (1987) established that the sand-
tenance of a southwestwardpakoslope favors trans- stone is dominantly medium grained quanzarenite.
port of siliciclastic Lewis sediment into the Black Sedimentary structures in the sandstone include
Warrior Ixminfrom a cratonic source, as _ currentripples, horizontal laminae, and low-angle,
by Cleaves and Bmussm_ (1980). planarcnxkqbeds.Nero'the topof the cycle are sand-

stone and mudswne units containing plant fossils
EVANS AND HARTSELLE CYCLES androotstructures.

According to Butts (1926), the Hartselle sand-
The EvansandHartsellecyclescontaintwores- stoneseparatesbedscontainingC.msperianand

ervoirsandstone units, the Evans sandstone and the Hombergian faunas. Fossils in the Hartselle are
Hamelle Sandstone (fig. 10), which have produced similar to those in the overlyingHombergianstrata,
primarily gas. The Evans sandstone is productive so the Gasperian.Hombergianboundary indeed ap-
primarily in Mississippi,where modest oil produc- pears to he near the bsse of the sandstone 0Pashin
tion also has been reported. By contrast,theHart- and others, 1991). In the northwestern part of the
seUeSandstone b productive only in Alabama and studyarea, where the Evanscycle is thick, the Hart-

selle typically forms a single sandstone unit with a
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finlng-upward resistivitysignature(fig. 12). As the hypothesis by documentinga coarsening-upward
Evanscycle thins eastward,however,theHat.lie sequencewith sandstonecontaining horizontal
typicallycontainstwo stackedsandstonebodies, laminae and low.angle,planar croubeds in the
eachcommonlyhavinga coarsening.upwardresis- lower pan andcontainingplantsand rootsin the
flvitysignature.The Hamelle sandstoneis thickest upper pan. However,the orientationof the beach
in the northwest pen of the study area and is We- systems and the source of the coarse siliciclastic
sent in a series of elongate bodies that, westward sediment is a matterof controversy. Higginbotham
from the Monteagle carbonate bank, extend pro- (1986) andThomas (1988) suggested that the Evans
gressively fmher southeast(fig. 17). The sandstone cycle contains deltaic deposits and associated beach
thins northeastwardas it overlaps the Monteagle and sbelf-bm' deposits that were fed from the
Limestone. Southeast o( the elongate sandstone Ouachitaomgen. Altemnatively,Cleaves (1983) and

sandstone thickness is irregular. The Hart- Cleaves and Bat (1988) suggested that the Evans
selle Sandstonepinches outtowardthe southwestas rewe_nts a wave-dmninated deltaic system that
the Evans and Hartselle cycles pass into Floyd _ southeast and was fed from a cratonic
Shale. source.

The _le Sandstone is well exposed in Thomas and Mack (1982) recognized beach de-
northwest Alabanm and contains distinctive litho- posits in the Hamelle Sandstone on the basis of
facies that have been described by Thomas and horizontal laminae and low-angle, wedge-planar
Mack (1982) and Pashin and others (1991). The _. They also intmlgeted the wavy-bedded
baseof the sandstoneis sharp in the western pan of sandstone and shale to represent backshore and
the outcrop belt and is typically grsdat/onal in the offshore deposits. Pashin and others (199i) noted
eastern pen. Near the base of the sandstone, hori- that bec_ and offshore deposits can be distin.
zontal laminae and low.angle, wedge-planarcross- guished readily on the basis of fossil content and
beds are common. Where the sandsuxte is thickest, further suggested that wavy-bedded sandstone with
horizontal laminae we wx,ompuied by scour fdis rever_-reactivatim structuresindicatesdevelop-
with troughto planar-tabular_. The middle meritof Hartsellebeach systems in an area with a
partof the Hartselle is dominatedby sandstone and significant tidal range. Burrowing in most of the
shale with wavy bedding,currentripples, and soft- Hartselle Sandstme in the Brooks core (fig. 18)
tary _, many with reverse.reactivatiou suggests that the sandstoneaccumulatedalongthe
structures.Wavy-beddedsandstone generally crops distal fringe of the shefeface.
out between the elongate isopach maxima (fig. 17). As with the Evans cycle, virtually all workers
Biogenic structuresin wavy_ sandstone and agree that beach deposits are present, but contro-
shale include invertebrate traces, plants,and roots, versy exists regardingthe natureof Hartselle beach
The upperpan of the sandstoneis calcareousand is systems and the location of sediment sources.
abundantly fossiliferotm with brachiopt_, fenes- Thomas and Mack (1982) and Higginbotham
Irate bryozmns, and crinoids. Eastward, horizon- (1986) interpretedthe Hartselle as a series of shelf
tally laminated sandstone becomes less common, bars and barrier islands that wograded northeast
and marine fossils become increasingly abundantin from the Ouachita orogen onto the carbonatebank
all partsof the sandstone, representedby the Monteagle Limestone. By

TheBrooks core providesthe only detailed record contrast, Cleavesand Broussard (1980), Cleaves
of the HanselleSandstonein the subsurface(fig. (1983), and StaporandCleaves(1992) interpreted
18). The core peneuated the Harlselle near the the Hat,lie as an elongate, wave-dominated
southwest fringe of the formation and consists of deltaic complex that, like the Evans cycle, was fed
very fme- to fine-grained sandstone that coarums fromcratonic sources.
upwardfrom Pride MountainShale. The lower part TheclinofonnalnatureoftheEvans and Hanselle
of the sandstone contains wavy. and flaser=_dded cycles, which pass southwestwardinto fondofonnal
sandstone and shale with ripple-driftcross laminae, black shale (fig. 12), indicates development of pro-
feeding bunows,andsiderite.Theupperpartofthe grading beach systems in the northern pan of the
sandstoneresembles the lower part but lacks shale, study area and establishmentof a starved basinin
At the top of the sandstone is 3 inches of biupel, the southernpart. Therefore, regional facies rela-
sparite with abundant crinoid ossicles and pyrite tionships support a crstonicsourcefor Evansand
nodules. Han_lle sandstone,and development of a starved

Thomas (1972a) was first to recognize beachde- basin reflects loading of the continentalmargin be-
posits in the Evans cycle. Bat (1987)confumed this fore the orogen gained relief sufficient to supply
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Figure 18.--Measuredsection of the HartselleSandstone throughthe BangorLimestone.
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sediment to the basin. The coarsening-upward sig- fairly uniform in the nertlw_tern part of the study
nature of the Evans sandstone has been interpreted area, typically ranging from 350 to 400 feet (fig.
to represent highstand I_radation of a wave- 19). A depocenter outlined by the 450-foot contour
dominated delta (Cleaves and Bat, 1988; Staper and is in the northwest part of the study area and is de-
Cleaves, 1992). One possibility is that the Evans veloped just basinward of the Evans-_ile de-

represents the eastern half of a cuspate delta system poaxis (figs. 12, 19). Thomas (1972a) and Thomas
that was fed through the Mississippi Valley graben, and others (1979) indicated that major accumula-

In the northwest part of the study area, the fining- tions of oolitic grainstone are present in the north-
upward signature of the Hartselle Sandstone, not to ern part of the study area. According to Scou
mention a vertical transition from beach to open- (1978), gminstme-dominated facies pass laterally
marine facies, _ a tnmgressive origin, as into wac_ and shale-dominated facies as the

proposed by Stsper and Cleaves (1992). A south- limestone thins. Well logs and sample sets further
eastward transition to coarsening-upward succes- indicate that limestone is absent south of the 150-
sions,however,indicatesthatas relativesea level footcontour.

rose,the Hartsellestrandplain-barr_systempro- The FloydShaleisdistinctive_ itisdark

gradedbasinwardand extended_ively far- incolor,brittle,and isrichinorganicmatter,in-

ther southeast.An unusualaspectof Hartselle cludingmarinealgaeand otheroil-wonekerogen.

depositionisformationofbarrierazes_u- The shaleisalsodistinctivebecauseitishighlyre-

tar to those in the Evans cycle and parallel to strike sisfive and maintains the signature of the Bangor
of the Fort Payne-Tuscumbis carbonate bank. One Limestone throughout the study area (fig. 12).

interpretation is that the Hartselle represents a Fossils are few in the resistive black-shale facies but
delta-de.qrtg.tive strandplain that formed by trans- include pecfinids, brachi_, and microgastro-
gressive reworking of the Evans deltaic system. As pods. A tongue of the Floyd Shale extends into
the deltaic system was rewcrked, sediment uppar- north Alabama and separates the Hartselle cycle
eatly was tran_ along strike of the Fort Payne- from the Banger Limestone; this shale has been
Tuscumbia ramp, thereby forming a siliciclastic rim mapped with the Banger Limestone in outcrop
that skirted the southern end of tl-.e Montcagle (Szabo and others, 1988). This Floyd tongue crops

bank. out as pcody fissile, gray shale that contains a di-
verse assemblageof Hombergian fossils including

BANGOR L_ONE AND FLOYD SHALE colonial corals, crinoids, brachiopeds, and Igyozo-
arts (Bum, 1926; Drahovzai, 196T). In the subsur-

The Banger _ contains a spectrum of face of Franklin and Marion Counties, the shale is
carbonate rock types ranging from oolitic cal- commonly thicke_ ,ban 200 feet. but the shale thins
carenite to calcilutite (Thomas, 1972g Scott, 1978: eastward and is locally absent.

Andronaco, 1986) but has produced only a modest As with other Mississippian units in the Black
amount of hychecarl_ns. In this study, the Bangor Warrior basin, the Brooks core contains the only
Limestone is synonyr_ous with that of Welch (1958, detailed record of the FloydShale and theBangor

1959) and with the lower Bangor of Thomas (1988). Limestone (fig. 18). The Floyd is composed mainly
A rich echinoderm fauna indicates that the lower of biounbated gray shale with intervais of black

part of the Bangor Limestonecorrelates with the shale that are fissile, resistive, and radioactive. The
Glen Dean Limestone of the Illinois basin and thus contact with the Bangor Limestone is gradational,

is near the top of the Hombergian stage (Butts, and fissile black-shale beds are present in the lower
1926; Drahovzal, 1967; Burdick and Strimple, 20 feet of the fi_. The lower part of the Ban-
1982). Foraminifera confmn thh interpretation and ger iscomposedmainly of dark gray, argillaceous
establish that the limestone extends into the Elviran micrite interbeddedwith gray shale; graded beds,
stage OZich, 1982). current ripples, and burrows are common. The

The Banger Limestone is composed of numerous middle part of the limestone is composed largely of

shoaling-upward cycles (_, 1986), or medium-gray, bioturbated biomicrite, or more spe-
parasequence sees, with a distinctive Wogradational cifk',ally, wackeslone and pac_. The biomicrite
stacking pattern (fig. 12). The parasequence sets forms stacked shoaling-upward cycles up to 40 feet

containlimesloaeand grayshalein the northern thickandcontainsabundantcrinoidsand some pro-

part of the studyarea and, h'lr,e the Evans and Hart- ductid brach_. In addition to biomicrite, the
seUe cycles,pass southwestwardintothe black upper 50 feet oft he limestone includesfossiliferous
FloydShale. Thickness of the Bangor _ is biosparite and fight gray micrite.



Reservoir Heh_rogeneity in Carboniferous Samtsto_ of lke Black Warrior B_rin - 29

10 0

Figure 19.--lsopachmapof the Bangor Limestoneand equivalentstratain the Floyd Shale.

The Bangor Limestone represents establishment environmentsof the platformwere bordered on the
of a cadx)nat¢ platform in the Black Warrior basin southwest by a carbonateramp where deposition of
(Thomas, 1972a; Scott, 1978; Miesfeidt, 1985; An- lower-energybiomicrite and shale prevailed (Scott,
_, 1986). Southwestward thinning of the 1978). Major accumulationsof ooid grainstonenear
Bangor and passage of oolitic grainstone into the southwest edge of the platform facies (Thomas,
wacke.stone and shale suggests that agitated 1972a; Thomas and othen, 1979) indicate



30 - Kugler.Pastdn,Carroll,Irvin,andMoore

development of a shoaled bank rim like that which reservoirs. The upper Parkwood Formation is a
exists todayon the leeward side of the Bahama thick,siliciclastic-dominatedintervalthat spans the
Platform (l-lineandothers,1981). Mississippian-Pennsylvanianboundaryandcontains

Tic resistivefaciesof theFloydhasbeeninter- two important petroleumreservoirscalled the
preted as a deep-water, basinal facieson the basis of Gilmersandstone andthe Coats sandstone.
darkcolor and fondoformal stratalgeometry(Scott,
1978; Pashin and Kugler, 1992). High organic con- LOWERPARKWOODFORMATION
tent and limited biotas suggest development of an
oxygen-deficient basin. Indeed, equivalence of the The lower ParkwoodFormation is a thick, pro-
resistive black shale to the Evans cycle through the gradationalinterval that has been identified only in
top of the Bangor Limestone (fig. 12) indicates that the subsurface of the Black Warrior basin. In the
starved-basin conditions persisted in the southern northern part of the basin, the lower Parkwood
part of the study area from Gasperian to Elviran Formation overliesthe Bangor Limestone, whereas
time. The richly fossilifemus 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 clinoformaland undaformal out the Black Warrior basin, the lower Parkwood
deposits. Clinoformal shale accumulated on the Formation is overlain by limestone and shale of the
lower ramp. By contrast, undaformal shale in the middle ParkwoodFormation.Biostratigraphicdata
northernpart of the study areais interpretedto rep- arenot available for the lower ParkwoodFormation,
resenta muddy shelf transitionalbetweenthe beach but the position between the Bangor Limestone and
deposits of the Hartselle cycle and the _ the middle Parkwood Formation places it in the
platform deposits of the Bangor Limestone. Elviranstage.

The clinoformal nature of stratafrom the Evans In Alabama, the lower ParkwoodFormationhas a
cycle through the Bangor limestone (fig. 12) sug- maximum thickness of nearly 400 feet and thins
gests that the dliciclastic and carbonateunits are markedly toward the northeast (figs. 12, 22). In
more closely related than generally realized. More- Mississippi, the lower Pad[wood is locally thicker
over, the Evans and Hartselle cycles apparentlyrep- than 1,000 feet (Mellen, 1947; Cleaves, 1981,
resent units of rank equal to the shoaling-upward 1983). Reservoir sandstoneis absent in the northern
cycles of the Bangor Lincstone and Floyd Shale, part of the study area, where the lower Parkwood
which are interpreted as third-order_uence was identified as a shale markerthat is commonly
sets. Progradation of the Bangor carbonate bank thinner than 10 feel The Brookscore penetratedthe
established a clinoformal slope well southwest of lower ParkwoodFormation northeastof the limit oi'
that which persisted from Fort Payne deposition reservoir sandstone and contains calcareous shale
through Hartselledeposition (figs. 10, 16, 19). This that is bioturbated and contains brachiopods (fig.
progradation furtheraccentuated that slope as the 21).
starved basin was differentiated from the Bangor The lower Parkwoodcontains four named reser-
carbonate bank. Development of the Bangor bank voir sandstone units; these are, in ascending order,
had a profoundeffect on subsequent sedimentation (1) Rea, (2) Abernathy, (3) Sanders, and (4) Carter
and determined the distribution and qualityof sand- (Cleaves, 1981, 1983; Nix, 1986; Thomas, 1988).
stone reservoirs in the ParkwoodFormation, which Rea and Abernathy sandstone is present only in
account for more than 85 percent of the oil Mississippi and is equivalent to the shale forming
produced to date from the Black Warriorbasin, the base of the uppertwo shoaling-upwardcycles of

the Bangor Limestone (Nix, 1991). Carter and
PARKWOOD FORMATION Sanders reservoirsare widespread in Mississippi

and Alabama (fig. 1), and because these units are
The ParkwoodFormationis a thick _on of closely related, they aredesignatedonly as Carter in

shale, sandstone, and limestone that is divided into regional cross sections. A net-sandstone isolith map
three major partscalled the lower, middle, and up- of the lower _oed Formationshows that, in the
per Parkwood (f_gs. 12, 20, 21). The lower Park- former starved basin, the sandstone forms lobate to
wood Formationcontains the Cartersandstone, the donSate bodiesup to 200 feet thick that trend
most prolific hydmcar'oon reservoir in the Black _ (fig. 23). Along the margin of the carbon-
Warrior basin. The middle Parkwood Formation ate bank, however, the sandstone is generally less
contains the MillereUa limestone, an important sub- than 50 feet thick and forms elongate bodies that
surface marker, but lacks major petroleum trendsoutheast.
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Rgun_2l.--Measuredsectionof fl_eParkwoodFormation.
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Figure22.--Isopachmapof thelowerParkwoodFormation(modifiedfromPashinandKugLer,1992).

In well logs,characteristicsof the lower Park- east- to northeast-t_ndinglobatetoelongatebodies
wood Formationchange markedlywith respectto oudinedby the 25-footcontour(fig. 23). Atopthe
the Floydstarvedbasinandthe Bangorcarbonate carbonatebank,theCartersandstonecommonlyhas
bank(fig. 12). In thebasinalareato the southwest, a blockysignatureand is thinner than 50 feet.
Cartersandstonetypicallyhasan irregular,coarsen- Isolithcontoursestablishthatmost sandstonebodies
ing-upwardresistivitysignature.In this area, the in thisareaareelongatetowardthesoutheast;many
sandstoneis locallythickerthan250 feetand forms are connectedto east- to northeast-orientedlobate
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Figure23.--Net-sandstoneisolithmapof lh¢lowerParkwoodFormation(modifiedfromPashinand
Kugler,1992).

and elongatebodies.MostCarteroil productionis (Shel_rd,1979; Cleaves and Broussard,1980,
from sandstonewith a blocky well-log signature Cleaves,1981, 1983;Be.ardenand Mancini,1985;
(PashinandKugl¢_,1992).Numerouscoresof this Nix, 1986, 1991; Thomas, 1988), but sediment
sandstoneare availableandarede_n'bedin a later sourcesare controversial.One school of thought
section on facies heterogeneityin the Caner favorsa southwesternsourceintheOua_hitaorogen
sandstone. (Thomas,1988;Nix, 1986,1991).Theotherschool,

The lowerPadnvoodFormationhas been inter- alternatively,favorsa cratonicsourcein thenorth
preted to include delta,beach, and shelf deposils ornorthwest(Welch,1978;Shepard,1979;Cleaves



andB_, 1980;Cleaves,1981,1983;Bearden shalewithinandabovethemiddlehrkwood and
andMancini,1985).Mostresearchershaveempha- thuscorrelatedthelimestonewithsimilarlimestone
sizeddepositionalsystemsand sedimentsource andredshaleinthePenningtonFormationwhich
areas, but the importance of pre-Parkwood deposi- crops out above the Bangor in northeastern AM.
tional mpooaphy on Carter sedimentation and bamaand extends into Virginia. Foraminiferain the
reservoircharacteristicshas been overlooked. Millerella limestone are similar to those identified

Following progradationof the Bangor carbonate by Rich (1980) in the Pennington Formation, thus
bank, siliciclastic sediment of the lower Parkwood supportingthis interpretation.
Formation began prograding.The lower Parkwood The MUlerella limestone marker is near the base
Formation represents partial filling of the starved of the middle Pmkwoed and is associated with nu-
basin and wogradation of deltaic clastics onto the merous other limestone markers less than 20 feet
Bangor cat2gamteIxmkfrom the southwest, tha_y thick(figs. 12, 20, 21). Among these markersare
reversingregionalpalemlope(Pashinand Kugler, localized sandstone bodies that are significant oil
1992), suggesting that the lower Parkwoed repre, reservoirsin AMhanm (Cleaves, 1983; Nix, 1991).
sents the earliest Lqfillingof the basin with orogenic The.,e limestone and sandstone units have an ag-
sediment. The isopach map demonstratesthat part gradational stacking pattern and are overlain by a
of the starved basin remained unfilled after lower widespreadshale unit that has a coarsening-upward
Parkwood_tion (fig. 22). An elongate body log signatureand passes northeastwardinto a lime.
of sediment thicker than 100 feet extends into stone facies(fig. 12).The Coopersandstone(fig. 1),
northern Tuscalcosa County and is interpreted to which has producedonly a minor amount of gas, is
represent distal deltaic sediment that accumulated within this shale unit and is present only in Pickens
along the bank margin, and Tuscaloosa Counties. "l-ne top of the middle

The major lobate and elongate sandstone bodies ParkwoodFormation is markedby thin, widespread
in Lamar and Pickens Counties are interpreted to limestone beds that form distinctive resistivity
_nt constructive,deep-waterdelta lobes on the markers. These limestone markers have a weak,
basis of thickness,geonw.try,log signature, and lo- wogradational stacking pattern, reflecting interton-
cation in the formerstarvedbasin. Previous investi- guingwith the upperPmkwood Formation (fig. 12).
gators established that much of the blocky sand- The middle emkwoed Formation is thicker than
stone is quartzarenite that accumulated in beach 700 feet in the southernpart of the studyareaand is
environments(Nix, 1986, 1991; Kuglerand Pashin, locallyabsent in the northern part (fig. 24). Thick-
1992; Pashin and Kugler, 1992). The apparent ness of the middle Parkwood is generally uniform
downlappingrelationshipof blocky beach sandstone northeastof the 100-foot contour and is less than
to the coarsening-upward,deep-waterdelta deposits 250 feet where it overlies the Bangor Limestoneand
(fig. 12) indicates that beaches formed by delta de- the Carter sandstone (fig. 7A). The middle Park-
struction during or shortly after relative lowstand, woodthickens dramaticallysouth of this areaand is
Another factorcontributingto delta destruction was thicker than _ feet where it overlies the Floyd
simply Wogradationonto the carbonate bank where Shale. The Millerella sandstone is present only in
a shallow receiving basin contributedto marine re- the west-central pan of the study area where the
working and beach formation. In short, the best Cartersandstonealso is present (figs. 23, 25). The
Caner oil reservoirsare interpreted as a pan of a Millerella sandstone is generally thinner than 25
destructive, wave-influenced, shoal-water delta feet but is locally thicker than 50 feet. The sand-
complex, stone is thickest and most widespread in the area

containing thick, lobate sandstone bodies in the
MIDDLEPARKWOOD FORMATION lowerParkwoodFormation.Farthernonheut, the

Millerellasandstoneformselongatebodiesthat
IncontrasttothelowerParkwoodFormation,the parallelthoseintheCartersandstone.

middleParkwoodiscomposedmainlyoflimestone Inthenorthernpartofthestudyarea,theMiller-
and shalewitha lesseramountofsandstone(figs. ellalimestoneincludesgrainstonewithabundant
12,20,21).WiththeexceptionoftheFortPayne endothyridforaminifera(Welch,1958)and also
ChertandTuacumbiaLimestone,limestoneunitsin containsooliticgrainstonesimilartothatin the
themiddlePmkwo_ Formationarethemostwide- BangorLimestone(Miesfeldt,1985).As themiddle
spreadcarbonatemarkersintheIvlississippianSys- Parkwoodthickenssouthward,theMillerellalime.
tentof Alabama(Welch,1958;Miesfeldt,1985; stonecontainsdominantlymicriticcarbonateand
Thomas,1988).Welch(1958,1959)recognizedred alsocontainsradioactiveblackshale.No coresof
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Figure 24.--Isopach mapof the middle ParkwoodFormation.

Millerella sandstone are available, but the Brooks shale above the Millerella limestone contains nu-
core contains s complete section of the middle merous ddedle nodulesand is fossiliferous and bio.
Parkwood Formation (fig. 21). At the base of the tin'bated,whereas the limestone _ that mark the
middle Patkwood,theMillerella limestonecontains top of the Middle Pmkwood Formation are corn-
mostly laminated micrite and fossiliferons biomi- poseA of biomicriteresembling that in the Bangor
crite, or wackestone andpackstone. Also within the Limestone.
limestone is a brecciatedlayer containing hematitic The onlapping relationship of the middle Park.
fracture f'dls and clam with bleached cutans. The wood Formation to the lower Parkwood Formation
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Figure25.--Net.sandstoneisolith mapof the Millerella sandstone.

and the ag_tiotal atom of _ Millerella lime- precise dqx)sitio_ environment of the Millerella
stone (fig. 12) indicate deposition during marine i_e is unclear because of a lack of coR, but
transgress/on. The close relationship of the Miller- the close relationship to the Caner sandstone sug-
ella sandstone to the Cartersandstone suggests that gem that the MUlerella represents beach and
the Millerella formed duringthe late stages of della shallow-shelf sandstonebodies.
demuctlon, recording inundationand rewoddng of Thickening of the middle Padrwood Formation
much of the Caner deltaplain, as alreadysuggested south of the Bangor carbonatebank and the Caner
by Cleaves (1983) and Nix (1986, 1991). The deltaic system (figs. 19, 22, 24) indicates that mid-
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die Paa_wo_ sediment filled the remaining post ¢d' sandstone). These sandstone units can be distin.
the starved tmaln. Oolitic grainstone indicates that g_shed readily in geophysical well lolls on the basis
shailow-water, platformal cartm_te depmiti_ we. of strattgraphi¢position ud resistivity signature
vailed in the northernpertof the studyarea, and the (fig. 20). The Chandler mndetune, which ia typi-
brecciazone with bleachedcutmu(fig. 21) indicates tally included in the Pottsvillel_rmafion (fig. 1), is
that pens of the platform were exposed. Predomi- in realityequivalentto the Coats sandstone and was
nanceof mtcrtflclimestoneandblackshalein the accordinglym_ withtheCoats.
southernpen of the studyarea suuests develop- The Oilmer sandstonehasa characterisdccoars-
ment of a lower-energy _te ramp in the ening-upward io8 signatureand is interpretedto be
formerstarved b_in. a clinoformai unit that thins _ and merges

The shaleintervalcmudning the Ceq_ sand- with the limestenefacies(fig.20).The undetoneis
stoneis In_ to representhighmnd pmgm- locallythickertlum 100feet, and isolith contours
dation of deludc systemsthat providedsediment outlinenumerouslobmeto elonpte sandstoneIxxl-
sufficient to finally fill the starved bmdn.The on- ies that trend northeast(fig. 27). The Coats sand-
lapping relationship of the limestonemarkenat the stone, by cmtrast, has a characteristic fining-
top of the middle Pukwood Formationto the under- upwardto blocky loll signatureand is equivalent to
lying shaleindicatesthat,asthebeninwasfilled, a clinofonmdpenuequenceaetsthatstepbackward
minor transgression interrupted deltaic pmgrada- relative to those associated with the Oilmer (fig.
don, resulting in renewed carbonate depmidon 20). Like the Costs sandstone, the Oilmer has a
across the study area. Howeve¢, the weakly clino- noahe.ast-trending,Iobale to elongate gmmeu_ (fig.
formal nature of the carbonate markers (fig. 12) 28). In Pickens County, the Coats sandstone is
signifiesrenewedpmgradatim of siliciclastic sedi- thickest in two linearaxes where Oilmer sandstone
ment into the Black Warrior basin during is absent (figs. 27, 28). Above the Coats sandstone,
deposition of the upperParkwoodPonnadoe. theupperPwkweod formation contains dominantly

tight sandstoneand shalethat arenot productiveof
PARKWOODPORMATION hydrecarbom(fig. 20). This uppermmtsiU¢iclasti¢

interval extendsnortheastabovethe upperPark-
The upper_ Formation(fills.20, 21) is a woodlimestoneunitsand is tnmcatedbelow the

thick siliciclastic _en that contains shale, Pottsville l_ematimt.
sandstone, and thin, discontinuouscoal beds (Butts, Gilmer and Coats sandstone are present in the
1926, Thomas, 1972_ Miesfeldt, 1985) and forms Brooks core and are com_ of litharenite and
the top of the Kaskaskia sequence in the Black shale with siderite nodules (fig. 21). The Gilmer is
Warrior basin. Red shale and discontinuous lime- representedby 18 fee/of in_ sandstone and
stone beds are mint abundantnear the baaeof the shale with wavy, flaser, and lenticular bedding as
upper _. In outcropl of the Appaiachian well as feeding and dwelling burrows. The Coats
fold-and-thrust belt in Alabama. invertebratefossils sandstone, by contrast, comwises throe stacked,
indicate that the lowermostpertof the succession is fining-upwardcycles with intrac_ amgleanerate
of Elviran age, whereasforaminifera,plantfossils nearthehue andin_ sandstoneand shale
and pelynomoq3hs indicate thatthe upperParkwood wavy, flaser, and lenticular beddingnearthetop.
isof Pocahonlasian(earliestPennsylvanian)aga The conglomeratebedscontainmainlyshaleand
(Butts, 1926; Moore, 1944; Wanless, 1975; Rich, siderite pebbles, andone layer conudns crinoids and
1980; Jenninga and Thomas, 1987). Hence, the brachiopeds. Unfortunately,cores are not available
Mississippian-Pennsylvanian boundary has been where the Oiimer and Coats are producing rear-
interpretedto be conformable in these outcrops, voirs.

The upper Parkwood Formation is thicker than Most invesfigators have characterized the upper
950 feet in the southwest pan of the study area and Parkwood as a major deltaic sequence that pro-
thins markedly toward the northeast where it is Io- graded northeastward (Thomas, 1972a, 1988;
cally absent (figs. 20, 26). As the _ Parkwood Cleaves, 1983; Miesfeldt, 1985), and the immature,
thins, silictclastic rocks become finer grained and lithic nature of upperParkwoed sandstone has been
interfinger with carbonate recks. Two reservoir interpretedto represent unroofing of volcanic and
sandstone units, the Gilmer sandstoneandthe Cmts metamorphicmlanes in the Ouachila orogen
sandstone, are thickest in the southwestern pen c( (Mackand others, 1981, 1983). Because the starved
tl'e study area and range in composition from basin was full with sediment prior to upper Park.
qtmrtzamnite(IXX'OUSsamislme) to litharenite (fight wood deposition, southwestward thickening of the
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Figure 26.--Isopach map of the upper Parkwood Formation.

upper Pmkwood is interpreted to be more the prod- as the Appalachian region drifted toward the equa-
uct of lectonic subsidence than depositional topog- torial rainy bell
raphy and diffaential compaction, which controUed The lobate to elongate geometry _ Gi]mer and
sedimmt thickness and facies distribution so Coats sandstone and the association of these units

strongly during Ct_terian time. Furthermore, the with clinofotmal strata (figs. 20, 27, 28) support a
transition from carbonate recks to siliciclastic, coal- deltaic origin. The stacked, fining-upward cycles in

beating rocks during upper Pmtwood deposition the Brooks cote (fig. 21) are typical of tidal-flat de-

signifies development of a more humid coastal plain posits (van Beck and goster, 1972), and similar cy-
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Figure27.--Net-sandstone isolithmap oftheGilmersandstone.

cle8 are common in other Pennsylvanian rocks in hewed highstand pmgvadation of a constructive
Alabama (Pashin and Carroll, 1993). In the absence delta system following regional marine tnmsgres-
of othercores,however,classifyingupperParkwood sionat thecloseof'middlePad(wooddeposition.
deltas in termsol"wave,tide,andfluvialenergyis Thesharpbaseof theCoeu sandstone(figs.20,21),
difficult, and most intapretatioauhave to be treat by contour,is interpretedu a iowstandsurfacec/
on geophysical well logs. erosion. This interpretation is supported by the ab-
The coarsening-upwardsignatureof theGilmer scnceofGilmersandstonebelow the thick,axial

sandstone(fig.20) isinw.r_ to representre- CoatssandstonebodiesinPickensCounty(figs.27,



Figure28.--Net-sandstoneisolith mapof the Coatssandstone.

28). The backstepping nature of correlative clino- POTTSVILLE FORMATION
formal Imraseqnencesets (fig. 20) indicatesmarine
transgression and formationof a destructivedeltaic The Lower Pennsylvanian Pousville Formation
complex late in upper PaAwo(xl deposition. How- comp(xtesall of the Absatoka sequence in the Black
ever, high sediment flux from the evolving Warriorbasin and is cx)mposedofshale, sandstone,
Ouachita orogenic belt apparentlycaused siliciclas- and coal (figs. 29, 30). The Peusville has been di-
tic sedimenttooverslcptheremnants of the carbon- vided intotwo parts, the lower Pottsville and the
ate bank in the northeast, setting the stage for the upperPottsville (McCalley, 1900) and contains nu-
coal-bearingPottsville Formation. menxts coarsening-upwardcycles (Pashin, 1991).
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Figure 29.--Measured section of the Pousville Formation.
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The lower Pottsville contains the lower Boyles 1991). Hence, _e cycles have a net lm3grada-
throughFayettecycles, whereas the upperPottsville tional stacking pattern. Thickness patterns in the
includes the Black Creekand MaryLee cycles. Cy- Pottsville Formation vary considerably from those
des above the Mary Lee lack reservoir sandstone in the Mississippian System. Cycles generally
and are therefore not considexed in this investiga- thicken toward the southeast, forming an arcuate
tion. Palynomorphsindicate that the Pottsville For- depoaxis adjacent to the Appalachian-Ouachita
marion is mainly Newriverian in age and that the orogen.
Pocathontasian-Newriverianboundaryis at the base Pottsville sedimentation represents a major
or within the lowermost part of the Pottsville For- change in the configuration of the Black Warrior
marion (Eble and Gillespie, 1989; Eble and others, basin, reflecting the effects of Appalachian tecton-
199I). ism 0'ashin, 199I). The combined effect of Appala-

The lower Pottsville Formation is dominated by chian tectonsimwas a near doubling of subsidence
quartznreniteand sublitharenite containing quartz rate throughout the basin (Thomas and others,
pebbles _ sandstone) and containssubordi- 1991). Moreover, deposition of major coal-bearing
hate litharenite (tight sandstone), shale, and thin, sequences indicates fully equatorial, ever-wet con-
discontinuouscoal beds (figs. 29, 30). In contrast, ditions.Quartzarenite(lmmus sandstone),which
the upper Pottsville is dominatedby iitharenite and forms the majorconventional petroleum reservoirs
shale and contains less quartzarenitethan the lower in the Pottsville, has been interpreted to represent
Pottsville;most ruinablecoal bodies are in the upper mesotidal barrier-island,shelf, and tidal-flat depos-
Pottsville (Fenn and others, 1967; Weisenfluh, its 0tobday, 1974; Pashin, 1991; Pashin and Car-
1979; Horsey, 1981; Mack and others, 1981, 1983). roll, 1993). Sequences dominated by coal and
Each Pottsville cycle from the lower Boyles through litharenite(tight sandstone), by contrast, have been
the Mary Lee contains quartzarenitic reservoir interpreted to represent fluvial, deltaic, and estu-
sandstone, and most named reservoirs (fig. 1) are aline deposits (Penn and others, 1967; Ferm and
localized sandstone bodies in the Boyles Member. Weisenfluh, 1989; Gastaldo and others, 1991;
Althougha significant amountof gas has been pro- Pashin, 1991).
duced born Pottsville sandstone,oil production has Existence of a majorunconformity separatingthe
been minimal. In addition to reservoir sandstone, _ and Absaroka sequences is one of the
the Mary Lee cycle contains the most important most contentioustopics in Appalachian stratigraphy
coalbed-methanereservoirs in the Black Warrior (Ettensohn, 1980. 1986; Fenn and Weisenfluh,
basin. 1989). Early investigators favoredan unconformity

The Pottsville Formation sharplyoverlies the up- at the base of the Pottsville Formation in Alabama
per Parkwood Formation throughout most of the (Butts, 1926; Welch, 1958, 1959), whereas recent
studyarea(figs. 29. 30). Earlydefinition of the base investigators favored a conformable basal contact
of the Pottsville was based on the lowest conglom- (l%rm and others, 1967; Thomas, 1972a, 1988;
eratic quartzarenite (McCalley, 1896; Butts, 1926), Fenn and Weisenfluh, 1989). Cross sections dent-
but Engman (1985) _ that resistivity signa- onstrate wogressive mmcation of the _ood
tures can be used to distinguish Pm,wille from up- Formationtoward the northeast(figs. 20, 30), con-
per Parkwoed strata in many places (figs. 20, 30). firming developmentof a sub-Absarokaunconform-
The base of the Pottsville is sharp in the northeast- ity. This unconformity is most pronounced in the
ern pan of the study areaand is marked by an ex- northeasternpan of the study area, where locally.
tensive quartzareniteunit that locally truncatesthe the full thickness of the ParkwoodFormationhas
upper and middle Pm'kwood __on. The I_ of been tnmcated. By contrast, the unconformity that
the sandstone rises stratigmphically toward the rises southwestwardinto the Po_villeFormationis
southwest where it is within the Pottsville (figs. 20. absent near the Ouachila orogen, reflecting con-
30). tinuation of an upperParkwood-style coastal plain

The continuous, stacked cycles, or parasequence into Pottsville time.
sets, of the Pottsville Formationstand out in strong The unconformityapsmrentlyhad limited relief
contrast to the steep, clinoformal parasequence sets (approximately200 feet)at the time of formationas
of the _ Series. However, stacking patterns demonstratedby the continuity of the lower Boyles
areapparentin vertical trendsin the distribution of cycle (fig. 30). This configuration _ulds out in
quartzarenite,litharenite, and coal. Upwardin sec- strong contrast to the high-relief unconformity in
tion, quanzarenite units migratenorthwestwardand the Appalachianbasin that reflects incision of deep
arereplacedbycoal, litharenite,and shale (Pashin, alluvial valleys (Rice, 1984; Chesnut, 1988).
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Therefore, low relief and wideswead mesotidal The initial stage of foreland-basin development
beach, shelf, and tidal.flat deposits in the lower followed deposition of the Tuscumbia Limestone
Pottsville indicate that the unconformityformedin and reflects loading of the westernmost part of the

to transgressive shoreface erosion rather Alabama twomontoryat the start of the _terian
than alluvial valley incision. Indeed, Pashin and epoch. The basin apparently became isolated from
Carroll (1993) characteriz_ the unconformity in upwelling, oceanic water at this time, and as an
the Appalachian fold-and-thnmt belt as a orogenic forebulge formed, the Fort Payne-Tus-
transgressive surface of erosien with limited time cumbia ramp was uplifted,and the Iowstandwedge
value, of the Lewis cycle was deposited. The Evans and

As Pottsville deposition began, fluvial-deltaicde- Hagtsellecycles comprise southwest-dipping, clino-
posits were restricted to the southwest part of the formal parasequencesets containing shelf, deltaic,
Black Warrior basin near the Ouachita orogen, and beach-barrierdeposits. These cycles record dif-
where the Kaskaskia-Absar¢_ boundary is con- ferentiation of a coastal plain in the northeastern
formable. At this time, beach, shelf, and tidal-flat part of the basin from an oxygen-deficient starved
deposits were widespreadin the _tern partof basin in the southwestern part. Differentiation of
the basin, where carbonatebanks prevailed during the coastal plain and starvedbasin is interpreted to
Mississippiantime (Engman, 1985; Thomas, 1988). represent the onset of load.related subsidence adja-
As Pottsville sedimentation progressed, however, cent to the Ouachita orogen. Sediment apparently
fluvial-deltaic systems, where thick peat (coal) ac- entered the basin from cratonic sources, perhaps !
cumulated, formed in the southeasternpart of the through the Mississippi Valley graben, forming the
basin adjacent to the Appalachian orogen, indicat- cuspate, wave-dominateddelta of the Evans cycle.
ing that the basin was no longer protectedfromAp- Transgressive rewoAing of the deltaic system dur-
palachian sediment sources by the Birmingham ing Hartselle depositionculminated in transportof
graben. Associated beachand shelf deposits formed sediment along the Port Payne-Tuscumbia ramp,
northwestof those systems and migratednorthwest forming a barrier-rimmedcarbonatebank.
with the evolving coastal plain (Pashin, 1991). Deposition of clinoformal _uence sets con-
Therefore, the Pousvilk Formation recort_ pro- tinued after Hartselledeposition and culminated in
gressive forelandbasinevolution and the increasing formation of the pmgrading Bangor carbonateplat-
influence of Appalachian tectonism related to oro- form. Starved-basinconditions persisted in the
genesis in the eastern part of the Alabama southwestealtpart of the study area and are repre-
promontory, sented by the organic-rich, resistive facies of the

Floyd Shale. Establishmentof the Bangor platform-
SUMMARY OF DEPOSITIONAL HISTORY ramp system had a marked effect on subsequent

! sedimentationand developmentof the most prolific
During Lat_ Devonian time, when depositionof oil reservoirs in the Black Warrior basin. Late in

the Kaskaskia sequence began, the Black Warrior Bangor progradation,the starvedbasin began filling
basinwas part of the passive margin of the Ouachi- with the deltaic sediment of the lower Parkwood
ta embayment,which was situated in the arid south- Formation. Constructive, deep-water deltaic lobes
ern tradewind belt. At this time the organic-rich fdled the starved basin, and as the deltaic system
Chattanooga Shale accumulated slowly below an progradedonto the carbonatebank and the receiv-
oxygen-deficient, density.stratified water column ing basin shallowed, a destructive,shoal-water del-
wherean oceanic oxygen-minimum zone apparently taic system representedby the Carter sandstone
impinged on the shelf. At the startof Mississippian formed. The most productive hydmcadmn reser-
time, regional shallowing and upwelling currents voirs in the basin are partof the Carter shoal-water
oxygenated the basin floor and resulted in depesi- delta system.
tim of the phosphaticand glanconitic MamTShale. The lower ParkwoodFormation marks initial re-
Cool, basinal water persisted well into Mississip- versal of the southwest paleoslope that prevailed
pian time, and as the sea continued to shallow, throughoutearlier deposition. For this reason,the
sedimentationrate increased, and siliceous carbon, lower Parkwood is interpretedas the fwst flysch-
ate ramp deposits of the Fm PayneChert formed, type succession to enter the basin from sources in
As the ramp matured,calcarenite of the Tuscumbia the Ouachita omgen. After lower Parkwooddeposi-
Limestone progradedinto the Black Warrior basin, tion, the transgressiveMillerella limestone accumu-
thereby restricting cool-water chert facies to the lated, renewing the carbonate platform-ramp sys-
southwesternpart of the basin, tern. Delta destructioncontinued during this time,
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and MillereUa sandstone reservoirsaccumulated as BURIAL HISTORY AND SOURCE-
the Caner deltaic plain was reworked. Following ROCK CHARACTERISTICS
this early episode of transgressivelimestone deposi-

tion. deltaicclasticsf'dledthe remaining part of the The distributionof productionfrom Mississippian
starved basin. Progradafion of deltaic clastics was
punctuatedby depositionof the transgressive lime- oil reservoirs in the Black Warrior basin may be
stone marker at the top of the middle Parkwood explained, in pan, by variability in quantity and
Formation. quality of the source rock, and by the burial and

The upper PaAwood Formationspans the Mis- thermalevolutionof the basin. However, the source,
sissippian-Peunsylvanian boundary and represents or sources, of the hydrocarbonsproducedin theBlack Warriorbasin remains uncertain. The De.
continued subsidenceand filling of the foreland ba-
sin with deltaic clastics. The lithic nature of upper vonian Chattanooga Shale, Mississippian FloydShale and shales in the lower Park-woodFormation,
Parkwoodsandstone indicates that the metamorphic and shales within the Pennsylvanian Pottsville
and volcanic core of the Ouachita orogen was up- Formation have been identified as possible sourceslifted and contributingsediment to the distal fore-
land. Peat accumulation on the upper Parkwood of Mississippian oil. To help resolve the origin of

hydrocarbonsin the basin, the quantity,quality, and
coastal plain furtherindicatesa more humidclimate thermal maturityof organic matterof upper Paleo-
as the Black Warriorbasindrifted toward the equa- zoic rocks from the North Blowhorn Creek oil unit
torial heR.The cl/noformal Oilmer sandstone repre- and other localities within the BLackWarrior basin
sents highstand progradation of deltaic clastics at
the startof upperParkwoodsedimentation, whereas were investigated. The three general parameters
the a_tional Coatssandstoneis associated with were used in evaluationof the hydrocarbongenera-
backstepping clinoformal markers and represents lion potential of each unit, including abundance of
transgressive modification of the deltaic system, total organic carbon, source of organic carbon or
Near the end of upper Parkwooddeposition, how- kerogen type, and degree of maturation of the
ever, continued influx of orogenic sediment caused kemgen.
the Parkwoodcoastal plain to overstepremnants of THERMAL MATURATION
the carbonate bank in the _ terminating

limestone deposition in the Black Warriorbasin. Regional trends of thermal maturity within the
The sub-Absaroka unconformity is within the Black Warriorbasin, based on vitrinite reflectance

Pocahontasstage of the PennsylvanianSystem or at of the Mary Lee coal group of the lower Pennsyl-
the Pocahontasian-Newriverianboundary and pro- vanian Pottsville Formation (fig. 31), show a gen-
gressively truncates the PaAwood Formation to- end increase from northwest to southeasL Vitrinite
ward the northeast and was formed mainly by reflectance values for this unit range from 0.6 to
shoreface erosion. The unconformity is most pro-
nounced in the northeastwhere the Pottsville For- over 1.6 percent. However, most higher rank (1.1 to

1.6 percent) rocks are associated with an ellipticalmarionlocally overlies the Bangor Lhnestone and is
least pronounced in the southwest where the high-rank anomaly along the southeast margin of

the basin in Jeffersonand Tuscaloosa Counties. In
Ouachita coastal plain continued to pmgrade. Lamar and Pickens Counties, the Mary Lee coal
Pottsville deposition was characterized by fluvial group ranges from 0.6 to 1.0 percent reflectance,and deltaic sedimentation adjacentto the orogenic
belts and mesotidal sheff and beach sedimentation and generally increases in rank from northto south.

Plots of parent vitrinitereflectance versus depth forseaward of the fluvial-deltaicsyslems. At the start
the PN2191 and PN1780 wells (fig. 32) show anof lowerPottsvilledeposition, fluvial.deltaic depos-

its were restricted to the southwestpart of the Black irregularbut distinctincrease in reflectance with in-
creased depth. Vitrinitereflectance histograms fromWarriorbasin adjacent to the Ouachita omgen. By

the start of upperPottsville deposition, however, the PN2191 well (fig. 33) illustrate typicaldata
thick peat (coal) accumulated upon equatorial flu- from several units. Sample standard deviation
vial-deltaicplatforms in the southeasternpart of the ranges between0.045 and 0.150, with the lowest
basin, indicating that the basin was no longer iso- values occurringin the terrestrialPottsville and up-
lated from Appalachian tectonism and sediment per Parkwoodformations, and the highest in the
sources by the Birminghamgrahen, marineFloyd, Lewis, and Chattanoogashales (table

1).
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Figure 3 l.--Vitrinite reflectance map of the Mary Lee coal group in Alabama, showing the location of wells
PN2191 and PNI780 (modified from Winston, 1990).

Reflectance values from the PN2191 well range Reflectance values for the PNI780 well range
from 0.62 to 1.12 percent. These values correspond from 0.74 percent in the upper pan of the Pottsville

• to High Volatile C Bituminous and Medium Vola- Formation to 1.61 percent in the Lewis shale. These
file Bituminous in the coal rank series. The lower values correspond to High Volatile Bituminous to
value, from neat the top of the Pottsville Formation, Low Volatile Bituminous in the coal rank series.
is above the oil window, and therefore, is thermally The lower value falls within the oil window, while
immature with respect to the generation of oil. The the higher value is overmature, and out of the oil
higher value, from _e Chattanooga Shale, is near window. Total stratigraphic section removed by

the value associated with peak oil generation. Pro- erosion is estimated to be about 5,950 feet (:1:2,300
jection of the regression line back to 0.2 percent re- feet at 0.95 confidence) in this well.
flectance (that of peat) gives an estimate of the total Vitrinite reflectance profiles from three wells in

depth of burial. Based on this projection, the the vicinity of the PNI780 (PN2571, PN3097, and
amount of stratigraphic section that was removedby PN4141), produced by Robertson Research (U.S.),
erosion is estimated to be about 5,600 ft (:1:1,650 Inc. (1985) show comparable ranges in reflectance
feet at 0.95 confidence), values. However, lost section estimates made from
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Figure 32.--Vitrinite reflectance versus depth prordes. (A) Well PN2191, (B) Well PN1780.
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Table 1. Vitrinttereflectance data for wells PN1780 and PN2191.

............... Depth ...... Mean I ................... stand,
Well (fO Formation ...... %.R(o) Min. Mu. Day. .....Count

PN17130 1,820 Pottsville 0.75 0.61 0.97 0.078 40
PN1780 2,010 Pottsville 0.74 0.59 0.89 0.063 40
PN1780 2,790 Pottsville 0.89 0.72 1.11 0.086 40
PN1780 3,070 Pottsville 0.82 0.69 1.02 0.066 36
PN1780 3,790 Pottsville 0.99 0.84 1.14 0.072 40
PN1780 4,050 Pottsville 1.12 0.93 1.36 0.099 40
PN1780 4,200 Pottsville 1.27 1.03 1.53 0.120 35
PN1780 4,630 Upper Boyles 1.17 1.00 1.40 0.084 40
PN1780 5,110 Lower Boyles 1.14 0.93 1.33 0.096 33
PN1780 5,380 Lower Boyles 1.28 1.01 1.49 0.110 29
PN1780 5,720 Upper Parkwood i .30 1.07 1.40 0.089 25
PN1780 6,140 Upper Parkwood 1.22 0.95 1.53 0.132 36
PN1780 6,270 Floyd 1.59 1.20 1.89 O.150 28
PN1780 6,470 Floyd 1.44 1.22 1.70 0.121 23
PN1780 6,560 Lewis 1.61 1.27 1.86 0.148 37
PN2191 520 Pottsville 0.62 0.52 0.77 0.050 40
PN2191 570 Pottsville 0.71 0.58 0.81 0.048 40
PN2191 960 Pottsville 0.74 0.62 0.91 0.061 40
PN2191 1,020 Pottsville 0.69 0.55 0.84 0.064 40
PN2191 1,320 Pottsville 0.73 0.56 0.95 0.094 35
PN2191 1,550 Pottsville 0.85 0.69 1.05 0.090 40
PN2191 1,730 Pottsville 0.91 0.75 I. I0 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 1.14 0.087 35
PN2191 2,780 Floyd 0.92 0.80 1.09 0.067 21
PN2191 2,855 Floyd 0.98 0.77 1.19 0.097 35
PN2191 2,920 Lewis 0.96 0.79 1.10 0.806 32
PN2191 3,180 Chattanooga 1.12 0.88 1.33 0.113 25

these profiles tend to be higher and range from In order to assessthethermalhistory of kerogen
8,580to 12,500feel containedwithin each unit, Lopatin's (Lopatin,

1971; Waples, 1982) m_od for computing
BURIAL HISTORY Time/TemperatureIndices(TTI)was used. The ob-

jective was to develop a model for the history of
Burialhistorycurves for the PN2191 and PNI780 kerogen maturationthat would result in "1_ values

wells (fig. 34) are based on unit thicknesses picked for several horizons in each section that would be
from well logs, ages based on Harland and others equivalent to actual vilxinite reflectance values ob-
(1982), and estimatedlost section from vitrinite re- servedfor these horizons.
flectance prorfles. The burial and tectonic histories The two variablesthat were varied to producethe
ofthegeologicsectionrepresentedby thetwowells mostreasonablemodelwerethicknessof section
arequitesimilar.Theirmaindifferenceconsistsof losttoerosionandgeothermalgradient.Thethick-
thickerupperPennsylvanianandCretaceoussection nessoflostsectionusedin thesecalculationsis
foundinthePN1780well. basedon thevitrinitereflectionprofilesproduced



Figure 34.--Burial history curves. (A) Well PN2191, (]3) Well PN1780.
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duringthiJ study (fig.33).Thesethicknessesare wood Formation, inthePN2191well,enteredthe
somewhatlowerthanthoseusedbyotherInvestlge- ollwindow_ = 15)between240and260 MA,
tars(Telleand others,1987;Levineand Telle, butneverreachedpeakoilgeneration(TTI- 75).In
199i; R_ Research (U.S.), Inc., 1985), but the PNI780 well, the ParkwoodFormation entered
do not fall outside the rangeof realisticvalues, the oil window between 260 and 270 MA, and

The p_cnt-day geothermal g_dient in the area reached peak oil generation between 200 and 250
ofthewellsstudiedrangesfromI.Ito2.0"F/100 MA. B_ on thesecalculateddates,geothermal
feet (U.S.G.S. and AAPG, 1976). A value of maturation of the ParkwoodFormationoccurred
1.6"F/100feetwu chosenu an averagevaluefor earliertothesouthinthedeeperpartof thebasin.
the model. Gradients leasthan this seem unlikely.
_lally during the time of rapidburialandeven. SOURCE-ROCK GEOCHEMISTRY
tualupliftand erosion of the PUttsvilleFormation.
Geothermalgradientsfrom Ihe analogousWe_rn Sixteenrumplesfrom the PN2191 well and 16
Canadian _uwy Basin range from 1.6 m samples from the PNI780 well, in addition to mh.
greaterthan 2.7"F1100feet (Majomwlcz and Jeuup, ers, were submiued to the U3. Geological Survey
1981; Hitchon, 1984). However, ueing a Ipmdient orgenk geochemistry lab for analysis using Rock.
significantly ggeaterthan 1.6"FII00 feet would re. Eval pyrolysistodeterminetolaloqlaniccarbonand
quire that the thkkneu of lostsectionbe reduced, kemgentype(table3). All samplesfrom thesetwo
whichseemsunlikelytakingintoaccounttherange wellscontainedtotalorgank carbonvaluesin ex.
of valuesfrom other sources that would indicate ceu of 0.5_ indicating_tt all unitswere capable
thatthethiclmeuof lostsectionisactuallygreater, of generatinghydmcadxx_.However,samples from

The results of the TH calculations (table2) are the Floyd and Chattanooga typically had values
presentedin the form of cumulativeTTl-through- greaterthan2.0pep-_...nL
time curvesforleveral horizonsineachwell (fig. A plotof theHydrogenIndex(I_ versusOxygen
35). Two trendsareapparentfromthesecurves.The Index(01) for thesesample,is illuslratedin figure

is that kemgmmaturation occurredfairly rap- 36 (alsoseelable3). Theplot for the PN2191well
idly with maximum mauntion occurring between shows that organic matter from the Carter, Potu-
290 and200 MA. The secondis that,exceptfor the vtlle,andUpperPutkwoodisdominau_Jbytype!II
deepest units in the PNI780 well, reburialof Palm- or gas-pronekerogen.However, kerogenin the
mic rocks by Cmaceotm sedimentationadded little, Floyd andChmmnmp shales is primarilytype 11or
if any, to the thermalmaturationof thekerogenin oil prone.SubjecUvevisualexaminationof _en
thePalmzoic rocks. Liqu/d-hydrocarbongeneration from whole-rock polished pellets in reflected light
occurs between TTI values of 15 and 160, withpeak andkerogenconcentratesby transmitted light verify
generation occurringat a TTI of "/5(Waples, 1982). that the samplesfrom the Pottsville, and Parkwood,
In the PN2191 well Mini&qippianrocks above the including the shalesbelow the Carter, are domi.
Tuecumbia Li_ and below the upper Park. hated by tenestrialplant material such as vilraln
wood Formation, which includes the Cartersand- and degraded woody material (type HI kemgen).
stone,attainedTTI values from42 to 68 which in- Floyd and Chal_noop samples were dominated by
dicatestheu rockshavebeenheatedto theextent_ amorphousorganicmaterial,which haulbeen attrib.
oil generation, but not to the point of peak genera- uted to degraded marine sources (type II kerogen)
tim potential. This same interval in the PNI780 but is mixed with varying amounts of terrestrial
well attained Trl values of between 108 and 169 plantmaterial.
indicating a higher degree of maturation to the The [] versus Ol plot for the PN1780 well shows
point where they are nearly overmature. Shepard that all units, including ilmee for the Floyd and
(1985)calculatedTTI valuesfora wellinthePla- Chattanoogashales,fallinor veryneartypeHI
teau region of the Black Warrior basin and found kerogen. Additionally, samples from the Fo_ville
values ranging from 58 for Miuissippian rocks to and Parkwoodwhich are typically type III, have, in
91 for Ordovicianrocks.The data from these three general, lower Ol values than those from the
wells show a trendof generally increasing TTI val- PN2191 well. Lower [] values from samplesthat
ues for Mississippian rocks from north to south, or typically have type II kerogenand lower Ol values
fromthe shallower partof the basin to the deeper, from samples that typically have type III kerogen

Based on these cumulative TTl.through-time indl_teraisedthermalmatmtion.
curves, and graphicallydepictedin figure 35, Park. The potential fortheChattamx_geShale to pro.

duce large amountsof hydrocarbons is limited,



Table 2. TTI data for wells PN1780 end PN2191.

.........._+7eo ........I I PN2191 I_,, V.alu,I _ ,

Top of Retaining Cretaceous Section

...p+_.o....i ........o;O9oli.......................o........

++,.o++°,o.,.,o..,I " .......
lmW "+: .... ........ .... o..... o 369....

I_" o+o, o,..,.,o. ...... 2 ....
Ipe.kaen_ + - .....
IEndofm+a.n.r_ --
l,_.'! .................... 23 + 0 + e ..... o

Base of Pomvllle Fommrllon

i_hm ..... ' ....... ..... 0"' 315 ......t ' O' " 315

IO_..o+ola,.,,,_ + _s +ee I _+ 2++

l+..ka,.,,,tkm++ +e _. ....
+smo,-.._ +; -,- --+,,, +++ + .... + ,. oII iii i] i ii

Base of Upper Porkwood Formatlon

_lg_+ ", ............. o...... 320101 320'
nut of 011Genemtlon i5 268 1151 254

ak Generltlon 75 228 --
d of OI Generation ......

I_Fk?,d ....... 10,8' _ 0 .....23 0

Top of Tus_Jmbll Umestone
L_ + _ _ II I II I iii iii [ iiiii [ + imlll . ii iii III i

bIPJII 0 336 0 336
Onset of Ol Generation 15 272 15 275
Peak Generation 75 254 ....
End of Ol Generation 160 112 ....
Flnll 170 0 39 0

+ -- _ I I II ,i Ill - i H ill i i

Baseof Chattanooga Shale

lO.,,to+o,a,_,,_o. 15 2 74 105 281

IP,_ (;enermlo. _i_ 75 256 --
IE.d+ot011Gentirlreon 160 214 ..
IFInlll ,,:,,,,,i:i _ ,,i ...... 202 0 _ 43 , , 0
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Figure35.--Time/temperatureindexvenustimecumulativecurves.(A) Well PN2191,(B) Well PNI780.



Table3. Rock-evalpyrolysisdata for the PN1780 andPN2191 wells.

................. Dope, Xnu,x ..................... " ...... " TOC
Wd (ftJ Fo..at Wmht oC Sl S2 53 m SWS Ha oa

PN171K) 1,690 Potlsvib 205.1 467 0.04 0.25 1.2 0.14 0.2 0.53 47 228

PN1780 2,440 Po_ 185.9 450 0.06 0.41 0.69 0.13 0.69 0.54 75 127

PN 1780 2,570 Pottnilie 197.5 458 0.05 0.33 1.07 O, 13 0.3 0.67 49 1 58

PN1780 3,670 Ports,rib 216.8 454 0.03 0.28 1.29 0.1 0.21 0.7 40 184

PN1780 3,680 _ 212.5 458 0.02 0.27 1.18 0.07 0.22 0.67 40 176

PN 1780 4,050 P-_Isvlh 224.1 464 0.04 0.32 0.83 O. 11 0.38 0.73 43 113

PN1780 4,480 Feyette 194.1 471 0.02 0.31 1.36 0.06 0.22 1.09 28 124

PN1780 4,610 _ Boyles 185.2 461 0.02 0.24 0.73 0.08 0.32 0.73 32 100 :_

PN1780 4,910 Lower Boylee 168.9 445 0.08 0.77 0.69 0.07 1.11 1.28 60 53

PiN1780 5,430 Pmtkwood 190 467 0.05 0.27 0.78 0.16 0.34 0.53 50 147 m..

PN 1780 5,690 Pad(wood 224.9 464 0.02 O. 13 0.78 0.14 0.16 0.44 29 177 ::::

PN1780 5,880 Pad_wood 189.2 470 0.02 0.18 0.78 0.1 0.23 0.55 32 141 R

PN1780 5,980 Parkwood 159.3 458 0.04 0.26 0.47 0.13 0.55 0.66 39 71 oQ
t_

PN1780 6,450 Floyd 214.9 450 0.31 1.35 1 0.19 1.35 2.22 60 45

PN 1780 8,560 Lewis 209.4 459 0.07 0.59 1.16 0.11 0.5 1.12 52 103 _,_"

PN1780 6,600 _ 185.8 454 0.07 0.31 0.74 0.18 0.41 0.5 62 148 S"

PN2191 570 Pottsville 182 447 0.03 0.58 2.72 0.05 0.21 1.09 53 249 _"

PN2191 700 PottsviUe 211 438 0.07 1.68 1.91 0.04 0.92 _.43 117 126 _'-

M4m.,

PN2191 1,020 Pottsville 175.2 456 0.02 0.34 2.87 0.08 0.11 1.06 32 270

PN2191 1,540 Lower Boyhm 178.6 461 0.04 0.39 1.76 0.1 0.22 0.92 42 191

PN2191 1,730 Lower Boyles 196.3 445 0.03 0.39 2.28 0.07 0.17 1,07 36 213

PN2191 1,950 Lower Boyies 177.6 442 0.04 0.48 1.98 0.08 0.24 1.23 39 160

PN2191 2,140 Upper Parkwood 186.6 439 0.04 0.38 2.27 0.1 0.16 0.88 43 257
PN2191 2,310 Upp_ Pad(wood 211.7 445 0.02 0.24 0.92 0.08 0.26 0,56 42 164

i

PN2191 2,490 Carter 238.5 443 0.03 0.37 1.71 0.07 0.21 0.76 49 225 "_

PN2191 2,740 Floyd 145.6 437 0.53 3.84 1.92 0.12 2 1.6 240 120 _"

PN2191 4,770 floyd 230.2 439 0.6 8.41 1.66 0.07 5.06 2.45 343 67

PN2191 2,820 floyd 210.3 438 0.29 5.78 1.36 0.05 4.25 1.74 332 78 _":F

PN2191 2,855 Floyd 23.3 443 0.68 4.89 0.9 O. 12 5.43 2.36 207 38 _-

PN2191 2,920 lloyd 19.1 446 1.15 9.1 2.46 0.11 3,69 3.94 230 62 -_

PN2_ 91 3,010 Floyd 239 432 0.04 0.4 0.95 0.09 0.42 0.47 85 202
PN2191 3,180 Chattanooga 166.1 433 0.54 7.41 1.37 0.07 5.4 3.05 242 44 _;-

s

v_t
_Jt
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Figure 36.--Plots of hydrogenindex versusoxygen indexbasedon Rock-Eva] pyrolysis.(A) Well PN219].
(]3) Well PN]780.
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lanvever, because it is generally less than 10 feet OIL GEOCHEMISTRY

thick in the study area. The Floyd, while having
typically lower total organic content than the The distributions of oil and gas fields in the Car-
Chattanooga, is in excess of 200 feet in thickness, ter sandstone and of API gravity were mapped
In samples from the PN2191 well, the Floyd Shade based on information in Masingill (1989) and Ala-
had an average TOC value of 2.1 percent, while the bama State Oil and Gas Board f'tles (fig. 37). Cumu-
Chattanooga Shale had a TOC value of 3.1 percent, lative oil production as of March 1990, was also
Given the relative thicknesses of these two units in mapped. In some cases, overlapping oil and gas
the North Blowhom Creek area, the potential vol- fields have the same name but may not have identi-

ume of generaW_ hydrocartx)ns for the Floyd Shale cal boundaries. In such cases, the overlapping fields
is at least 1:5 times greater than that of the have been mapped as one field. API gravity of oil in
Chattanooga Shale. Carter sandstone in_ systematically toward

the southwest from 22° to 44° (fig. 37). This

! Figure 37.--API gravity distribution of oil from Carter sandtone reservoirs.I
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increase in API gravity parallels an increase in hydrocarbonswith increasingdepth of the reservoir,
depth of burialof Caner sandstone.API gravityalso which has been shown to be the case based on
parallels the rankof coal in the overlying Pottsville vitrinite reflectance.However, there is a clustering
Formation (see fig. 31). One exception is the of API gravity values between 22° and 34° for
Blakely Creek field which occurs in an area of low reservoir depths between 1,500 and 3,000 feet, and
coal rankbut which has an APIgravity of 40°. between 39° and 41° for reservoir depths greater

A plotofAPlgravity versusdepth (fig. 38)shows than 3,000 feet. This may be due to slight
a general increase of APl gravity with increasing differences in timing, zock characteristics and mi-
depth. Because API gravity values tend to increase grational pathways from source rock to reservoir
with increasing hydmcafoon maturation,the range between the shalloweranddeeperpartsof the basin.
of API gravity values can be explained solely on the Analysis of the gross chemical composition of
basis of increasing thermal maturation of the Mississippianoils found in the Black Warriorbasin

API Gravity - Mississippian Oils
Black Warrior Basin
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MU3
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0 10 20 30 40 50 60

API Gravity

Figure 38.--Plot of API gravityversus depth in Mississippianoils fromthe BlackWarrior basin. (C = Carter
sandstone,H = Chandler sandstone,0 = coatssandstone,G = Gilmersandstone,L = LewLqsandtone,M
= Millerella sandstone, S = Sanders and Cartersandstones.)
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(fig. 39, table 4) shows that most tend to contain a the various Mississippian oil fields in the Black
high percent saturatedhydrocarbons in relation to Warriorbasinare unrelated.
aromatic hydrocarbonsand asphaltenes. This indi- Figure 40 is a plot of pristane/n-Cl7 versus hep-
cares that tittle biodegradationof the oil has taken lane that compares samples of Mississippian 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 Coastal Plain.
dation. In both plots, the Mississippianoils are shown to be

Carbon isotope data are very consistent among less maturethanoils occurringin Jurassic or Creta-
theoil fields. 813C values for the saturatehydrocar- ceous reservoirs. Data used to construct figure 40
boa fractionrange from -30.1 to -31.39b for a dif- are listed in table 5.
ference of 1.2%o. For the aromatic hydrocarbon
fraction, 813C valuesrange from -29.3 to -30.6_ CHARACTERIZATION OF
fora diffem0ce of 1.1_ Differencesof 813C values HETEROGENEITY IN CARTER AND

between the saturate and aromatic hydrocarbon MILI_RELLA OIL RESERVOIRS
fractions range from 0.1 to 1.2%e. The differences
in these values is within the acceptablerange aUrib-
utable to maturity transformation only 0Vaples, Carter and Millerella oil reservoirs make up the
1982). Therefore, based on these data, API gravity, largest oil fields with the closest well spacing and
and gross chemical composition, there are no con- thus provide the best basis for characterizing reser-
clusive reasons to indicate that oil produced from voir heterogeneityin the Black Warriorbasin. This

Saturates

¢

75

1 0

o 25 50 75 lOO

NSO + Asphaltenes Aromatics

Figure 39.--Ternarydiagram illustratinggross chemical composition of C15+ fractionof crude oils from
the Black Warriorbasin.



Table 4. Gross chemical composition of oils from Mississippian oil fields in the Black Warrior basin. _,

____f_ _:_._,_.i!:-_::_._ i._::: _._:_._...'_i_<._,_ _......,:_...,:.._._ ...................... ___! _"-*:::::__:.....:::::_::._::: •
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Creek Mieaissippian 3769 Lewis Se. 4,570 .......... 39 _.Blnyon

Blakely Creek Miesiuippian 6863 Carter So. 3,666 80.5 16.5 3.0 0.O 3.0 40

Blowhorn Creek Missisaippian 2878 Carter Ss. 2,580 .......... 35.4 _3

Blowhom Creek Mississippian 4510 Millerella Ss. 2,480 71.5 21.3 6.5 0.8 7.3 29
Blowhom Creek Misaissippian 2878 Milleraila Ss. 2,495 88.4 24.3 6.9 0.5 7.4 29

Bluff Missisaippian 4609 Gilmer Ss. 1,896 70.8 17.6 9.1 2.5 11.6 33 _.
Bluff Mississippian 4517 Lower Carter Ss. 2,110 68.2 18.7 11.7 1.4 3.1 34

Bluff Mississippian 4609 MiUerellaSs. 2,098 70.1 22.3 7.3 0.3 7.6 34 I_.
Bluff Mississippian 4469 Upper Carter Ss. 2,348 71.1 19.4 9.3 0.2 9.5 33
Cains Ridge MiNissipplan 5941 MillereilaSs. 3,190 74.0 16.3 9.7 0.0 9.7 - -

Centrei Bluff Misaisoippian 3905 MillerellaSs. 2, 220 .......... 26

Central Fairview Misaissippian 1968 Carter Ss. 2,435 .......... 34

Chicken Swamp Branch Mimdssippian 6524 Lewis Ss. 5,741 90.8 8.5 0.7 0.0 0.7 43

Coal Fire Creek Mississippian 5080 Carter So. 4,615 .......... 39

Cooper Creek Milmissippian 4775 IVlillerellaSs. 3,984 80.0 17.1 2.6 0.2 2.8 41.6
East Detroit IVlississippian 1565 Carter Ss. 1,790 .......... 21

Fain_ew MiNiuippian 3026 Carter So. 2,435 71.5 17.3 9.7 1.4 11.1 33

Hanson Spdngs Mississippian 1623 Carter Ss. 1,345 .......... 25
McCreckon Mountain Miuisaippian 4667 MiUerailaSs. 3,O51 74.8 17.5 7.8 0.O 7.8 25

Mount Zion Miseisoippian 5454 Lewis Ss. 4.719 81.6 13.8 3.3 1.3 4.6 39.8

Mud Creek IViississippian 5249 Millerella Ss. 4,190 78.4 17.6 3.9 0.0 3.9 40.2
North Blowhorn Creek iViisaissippian 4322 Carter Ss. 2,297 72.1 16.2 10.8 0.9 11.7 33

North Bluff Misaissippian 4321 MiUerailaSs. 2,276 67.8 15.6 14.7 1.9 16.6 29

North Bluff Mlisaissipl_an 3777 Millerella Ss. 2,278 ...... .... 29

North Fairview IViississippian 3832 Carter Ss. 2,275 67.0 22.3 10.2 0.5 10.7 30

South BrushCreek Mississiplp4an 4322 Carter Ss. 2,612 73.0 17.0 9.7 0.4 10.1 33

South Fairview Mississipl_an 2337 Carter Ss. 2,481 ...... i .... 26.3

Star Mississippian 3569 Carter Ss. 4, 298 81.4 15.3 3.3 ! 0.0 3.3 39
Star Mississipl_an 3740 Chandler Ss. 3,800 ...... I .... 36

Wayside Mississipl:,an 4465 Carter Ss. 2,159 73.2 16.2 9.4 I 1.1 10.5 34
West BrushCreek Mississippmn 5277 Carter Ss. 2,665 70.4 19.0 10.0 [ 0.6 10.6 33

Yellow Creek Mississipl_an 3940 Carter and Sanders Ss. 4,335 80.4 15.4 I 3.2 ! 1.0 4.2 41
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Figure 40.--Plot of pristanteJn-C,7versus heptane foroils fromMississippian reservoirs in the Black Warrior
basinandJurassicandCretaceousreservoirsin theGulfCoastalPlain.

section discusses heterogeneity in these reservoirs models of sedimentation and reservoirhetemgene-
using sedimentologic, petrologic, and pe_ysical ity. This section discusses facies helerogeneity in
parameters. Carterand Millerella oil reservoirsby defining res-

ervoir lithofacies, describing facies variationwithin
FACIES HETEROGENEITY IN CARTER the most productive fields, and developing deposi-

AND MILLERELI.,4 OIL RESERVOIRS tionai models to explain that variation.
Nine fields and oil units are present in the area

Carterand Millerella oil rese_oirs present the containing the most productive Carterand Miller.
best opportunityto understandfacies heterogeneity ella oil pools, which were chosen fordetailed study
in the Black Warriorbasin because these units are (fig. 41). A net-sandstone isolith map of the Carter
the most productive and make up the largest oil sandstone shows marked variation of sandstone-
fields with the closest well spacing. Furthermore, body geometry (fig. 42). Isolith patterns in the
cores of Cartersandstone areavailable from several southwest part of the map area delimit a series d

fields and thus provide the best basis for developing thick, lobate sandstone bodies, which extend into
South Brush Creek, West Brush Creek, Blowhom
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Table 5. Pristane/n-C17 and heptane values for oil from Mississippian,Jurassic, and Cretaceousoil fields
in Alabama.

!i'i_":'!_!._!ii_!_i_iii_i_._i_ii`::_._._!_!_:::_!:._!iiiii_i_.:_.!_i_!_!_ii_ii_!_i_!_............... ii!!i iiii iii]ii i ®!iiiii!!ili ii!!iiiiiiiiiiiiiii{iiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiili!i!iiiii!iiiii ili ii!i !!ii  i ii iiiiiiii  ii  !iii!!i!iiiii!ii!iiiiiiiiiii!ii{iii!ii!iiiii J!!ii!imi  iil  i  iiiiiiiii!ii iiii  ii!iiiili iiii:iiiii!ii!
Hubbard's Landing Cretaceous 4675 Wash-Fred 8,236 0.41 37.89

Latharn Cretaceous 4522 Wash-Fred 8,046 0.38 33.10
Osaka Cretaceous 6285 Cogle Sand 6,207 0.42 47.44 _,

Osaka Cretaceous 6285 Pilot Sand 6,083 0.43 48.28 =:_'"

Cretaceous 5325 Pilot Send 6,168 0.43 47.15West Foshee

Broken Leg Creek Jurassic 6153 Smackover IS. 14,035 0.41 28.61

East Barnett Jurassic 5739 Smackover Is. 13,600 0.34 35.56
Gin Creek Jurassic 4546 Srnackover Is. 13,582 O.19 35.10

Gulf Crest Jurassic 5226 Smackover Is. 18,634 O.17 39.07

Hanberry Church Jurassic 5178 Srnackover Is. 13,627 0.31 32.45

iNorth Smiths Church Jurassic 6943 Smackover Ls. 14,238 0.38 27.93

Northeast Barnett Jurassic 6303 Smackover Is. 13,449 0.33 33.91

Pace Creek Jurassic 5058 Smackover Is. 11,1 94 0.20 36.97

;Palmers Crossroads Jurassic 5584 Smackover Is. 14,375 0.51 21.75

South Burnt Corn Creek Jurassic 5272 Smackover Is. 13,485 0.38 35.63

South Vocation Jurassic 4225 Srnackover Is. 13,456 0.24 40.63

South Wild Fork Creek Jurassic 5869 Smackover Is. 14,287 0.35 26.99

Turnerville Jurassic 4412 Smackover IS. 18,407 0.23 38.26

Wallace Jurassic 6752 Srnackover Ls. 13,486 0.29 29.52
West Falco Jurassic 6239 Srnackover Is. 13,034 0.32 32.03
W'_ldcat Jurassic 5930 Smackover is. 13,170 0.30 31.20

Bluff lVlissiasipp_an 4517 Lower Carter SI. 2,110 0.84 25.73

Bluff Mississippian 4609 Millerelle Ss. 2,098 0.85 20.31

Bluff IViiasissippian 4469 Upper Carter Ss. 2,348 0.84 19.40

Chicken _wamp Branch Mississippian 6524 Lewis Ss. 5,741 0.62 23.68

Mud Creak Mississippian 5249 Millorella Ss. 4,190 0.73 32.96

Star IVlississippien 3569 Carter Ss. 4,298 0.81 17.81

Yellow Creek Mississippian 3940 Carter and Sanders Ss. 4,335 0.72 20.80
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Figure.4l.--tndexmapshowinglocationof wells,oil fieldsandstratigraphiccrosssectionsin Carterand
Millerellasandstone,northeasternLamarandsouthwesternFayetteCounties,Alabama.
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Figure 42.--Net-sandstone isolith mapof the Cartersandstone, northeasternLamarand southwesternFayette
Counties,Alabama.

Creek, South Fairview, and Central Fairview oil sandstone bodies become thinner and less continu-
units. These lobate bodies represent the distal edge ous towardthe northeastand southeast.Oil is prod-
of theconstructivedeltaicsystemdiscussedearlier, ucedfromthesesmallertxxliesin Bluffoil field and

Northeastof thesandstonelobes,isolithpatterns Waysideoil uniL The southeast-elongatesandstone
def'me a series of southeast-elongate sandstone bodies represent beaches of the destructive, shoal-
bodies (fig. 42). The largest of these sandstone water deltaic system (Kugler and Pashin, 1992;
bodies is in North Blowhom Creekoil unit, and the Pashin and Kugler, 1992).



The MUlerella sandstoneis much less continuous one of these lenses producesoil in Blowhorn Creek
than the Carter and forms a series of sandstone oil uniL The only other lens that produces oil has a
lenses which are dispersed throughout the maparea curvilinear geometry and is in Bluff oil field. The
(fig. 43). The MUlerella sandstone is thinner than MUlerella sandstone was interprewd earlier as a
40 feet in this area, and sandstone.body geometry series of delta-desu_ctive beaches and shoals that
and orientation varies markedly. The largest lenses formedas a transgressingsea inundatedthe Carter
are in the south-central pan of the map area, and deltaplain.

1 0 1 2 3 4 5 km

[ii _ili_iil10-20 ft Contour interval=lO ft

Figure43.--Net-sandstoneisolithmap oftheMillerellasandstone,northeasternLamarandsouthwestern
FayeUeCounties, Alabama.
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RESERVOIR LITHOFACIF_ SANDSTONEFACIES

Con_ of CarteruxKIstoneareavailablein several The sandstonefaciesconsistsdominantlyof very
oil fields in Alabamaand were describodfrom fine- to flne-gxainedsandstonethat is yellovvL_.
North Blowht_ Creek, Wayside, South Brush brown,thicklybedded,andmoderate,towell.sotled
Creek, and South Palrview oil units. The cores (figs. 45b, c). In well logs, this facies typically has a
provide the best control for characterizingthe litho- blocky patternand the highest resistivity of any pan
facies of the lower Parkwoodformation, which con- of the Carter sandstmte(fig. 44). Furthermore, the
lain a diverse suite of rock types, sedimentaryslruc, sandstone facies contains the most porous and per-
tures, and btogenic structures.All Caner cores con. meable stratain the Carter interval and is thus the
lain thesameIrtparfiteflthofaclessequence,includ- principalreservoirrock; muchof the wtdstone is
ins from bottomto top, (1) _de-and-siluam_ fit. stainedwithoil.
cies, (2) sandstone facies, and (3) variegatedfacies The contactof the sandstonewith the underlying
(fig. 44). shale-and-siltstm_ facies is distinctbutgradaflonal,

whereas the contact with the overlying variegated
SHALE-AND-SILI'STONEFACIES facies, which is discussed later, is sharp to grads-

tlonal (fig. 44). _.solution seams alongshale
The shale.and-siltstone facies forms the base _ laminae in the lower 3 to 6 inches of the sandstm_

the lower ParkwoodFormationand is com_ of define the base of the oil-saturated zone. Unsatu.
medium gray to very dark gray, organic-richshale ratedslltstoneand sandstonebetweenpreuure-so-
and light gray siltstone (fig. 458). In well logs, the lution seams contains abundantinterstitial clay and
facies has low resistivity and an irregularsignature; is cemented by ferroan dolomite/ankerite. Hence,
facies thickness typically ranges from 20 to 75 feet. the base of the reservoiris not 8 simple del_itional
In core, the faciescontainsseveralbeddingtyles contsct,but8d eneflccontactu wen.
and sedimentarystructures,The contactwith the In manycores,sedimentarystructuresarereadily
BangorLimestonewgsnotobservedin core,butthe apparentbecausedark,clay-richlayersdefinelami-
contactwith theoverlyingCartersandstoneis sharp nae.The lowerpertof thesandstonecontains8bun-
to gradational (fig. 44). &ant mnall.gale trough_, or morespeciE.

Wavy, lenttcular,and [laserbeddingWodominate cally, lunate-ripplecrosslaminae(fig. 45b). In a
in the shale-and-siltstonefacies;shaleis generally core from North Fairviewoil unit, lunate.ripple
silty and poorly fissile, whereassiltstone most crosslaminaeate definedby asphaltichydmcar-
commonlyoccursin laminaetothin bedswith sharp bons.Waveripplesalsoarepresentlocallynearthe
upperand lower contacts(fig. 458). Siltstonebeds lowercontact.Clay drapesarecommonin someof
generallydefine a thickening-and coarsening-up- the ripple.laminated sandstone.The dominant
ward sequence(fig. 44). Sideritic concretionsare sedimentarystructuresintheupperpartof thesand-
presentin all coresand generallyform discoidto stonearegentlyinclinedlaminae(fig. 45c) that de-
oblatemassesrangingin sizefrompebblesto cob- finelow-angle(dil_:10'), planarcrossbede(fig.44).
bles.Theconcretionscommonlydisplacelaminaein Within thelow-anglecrossbeddedsandstone,how.
the host strata and locally contain septari& More. ever, are intervals of lunate-ripple cross laminae
over, discoid to irregular,sand- to pebble-size pyrite and high-angle (dip>10') planar and large.scale
nodules occur in some cores. Load casts and associ- trough crossbeds. In most cores, cross-stratified
ated convolute laminae are abundantat the bese of units within low.angle-crossbedded sandstone are
the siltstone layers, particularly the thickest beds thinner than 0.5 ft. Many of the high-angle cross.
(fig. 458), and wave ripples and horizontal Laminae beds are coarser grained than the adjacent low-
abound within the layers. Current-ripple cross angle-crossbeddedandripple-laminatedsandstone.
laminae occur in many siltstone beds (fig. 44), and A few thin to medium beds of shale and siltstone,
the thinnest siltstone laminaearecommonly graded, some of which resemble the shale-and.siltstone fa-
Horizontal feeding burrowsare locally common in cies, are within the sandstone facies. Platy, sand- to
the siltstone, and some resting traces also are pebble-size shale clasts and irregularclay laminae
present, thinner than 0.05 inch are dis_ throughoutthe

facies. Isolated shale clasts are present in most of
the reservoir, and locally, the clasts are abundant
enough to form sandstone.supponnd conglomerate.
Clay laminae occur singly or in parallel to anasto-
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Figure 45.--Selectedphotographsof coresshowing characteristicsor'IJthofacicsin North BlowhornCreek oil
uniL (A) Thin siltstone bed with wave-ripplecross laminae and syndcpositlonalload structure,shale-
and-siltstone facies (weUPN3236, 2,233 f0. (13)Very finc-gra/ned sandstone with current-ripplecress
laminae, sandstonefacies, (well PN3314, 2,321). (C) Very fine-grained sandstone with gently dipping
laminae, sandstone facies (well PH3204, 2,237 f0. (13) Red mudstone with rhizoids and pisoidal
caliche nodules, variegatedfacies (well PN3160, 2,286). Modified fromPashin and Kugler (1992).
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mining _ up to 0.5 feet thick and have vari- _t feeding and escape l_rmws u well u si_nfic
able lateralextent. Styloiites and pressure.solution rh_ids. Dark gray shale, in contrast, is kr,aUy
seams commonly are distributed along laminae, laminatedand containsplant fragments. Most of the
Kaolinite.cemented sandstone with abundant clay shale is root mottled or contains abundant slicken.
laminae and shale clasts is most abundantalong the sides. Sand- to granule-size limestone nodules are
marginsof the sandstone lenses, also present in the shale. Medium to thick beds of

Disarticulated skeletal material, mainly brachi, red (brownish-gray)shale have gradational contacts
opod shells, crinoid ossicles, bryozoens0and gastro, with the dark gray shale and are also root mottled:
pods, is concentratedin laminae to thick beds. Lo- some redmudstone has a pisoidal texture (fig. 45d).
cally, shell accumulationsare as thick as 4.0 feet.
Brachiopodshells generally are poorly oriented but RESERVOIR ARCHITECTURE
are most commonly weserved convex-side up. Con.
centraflonsof skeletal debris localize zones of per. Although lithofacies characteristics vary little
vasive concretionarycalcite and ferman dolo. amongfields,stratigraphicarchitecturevariescon.
mite/ankerite cement within the sandstone facies, siderablyand is a primary source of heterogeneity
Aside from skeletal material, biogenic structuresin that should be considered when developing strafe-
the sandstone facies are few, save for isolated feed. gies for improved oil recovery. This section dis.
ing, resting,andescape burrows, cusses stratigraphic variation within and among

Carter and MUlerella oil reservoirson the basis of

VARIEGATEDFACIES isolith patternsand resistivity.log cross sections. In
each field, resa_oir lithofacies vary predictably

The variegatedfacies is lithologically diverse and with respectto reservoirarchitectureand arereadily
is so namedbecausethesestratacontainthe most identified by characteristicwell-log signatures.
diverse colon in the lower ParkwoodFormation
(fig. 44). The facies has a serrate to blocky log sig- NORTH BLOWHORNCREEKOILUNIT
nature with resistivity intermediatebetween that of
the shale-and-siltstoneand sandstone facies. Cores The Cartersandstone in North Blowhom oil unit,
establish that the variegatedfacies generally occurs the most productiveoil unit in the basin, is a north.
in the upper pert of the Cartersanctqtone.Within west-southea-tuendingbody thatextends northwest
the lenses, the sandstone facies grades deposition- of the oil unit and terminates in the southeast part
ally updip into lenticular sandstone, siltstone, and of the unit (fig. 42). The sandstone body has a sub-
shale, which, in turn.grade into medium gray silt- linear northeast marginand an irregularsouthwest
stone and dark gray to brownish-gray shale and margin. Sandstone is locally thicker than 40 feet
mudstone, along the axis of the body. which is close to the

Lenticular-beddedsandstone, siltstone, and shale northeast marginof the reservoir. Isolith patterns
predominate in the variegatedfacies (fig. 44). Sand- become increasingly irregulartowardthe southeast,
stone and siltstone occur as irregular, yellowish- and the thickest sandstonedefines a series of hook.
brown, calcareous lenticles that typically range in like forms that projectwestwardfrom the main axis
thickness from 0.5 to 4.0 inches and are separated of thesandstonebody.
by anastomosingclay laminae. Most of the lenticles Resistivity-log cross sections from North Blow.
appear structureless,but some sandstone and silt- hornCreekoil unitestablish that reservoirarchitec-
stone contains deformedripple cross laminaewhich ture is internally complex but varies systematically
reveal that the lenticles representpebble- to cobble- along the length of the reservoir sandstone body
size. intraclastic flat pebbles. The lenticles contain (fig. 46). The top of the Bangor Limestone is sharp
few biogenicstructures,althoughbranching,dark andisreadilycorrelatedthroughouttheoil unit,and
reddish-brownsideriterhizoids, or mot structures, abovethe Bangor is a shale unit that is assignable to
are locally abundant. Sandstone in the variegated the shale-_nd-siltsmne lithofacies and extends
facies is cemented pervasively with kaolinite, throughoutthe oil unit. Although the basal contact
siderite, and f_ dolomite/ankerite,which ira- of the shale is sharpand continuous, the upperpart
part a yellowish- to reddish-browncolor mottling to of thc shale intertongueswith Cartersandstone.
muchof the facies. The North Blowhom Creek oil resc_oir corn-

Some corm contain relatively homogeneous me- prises numeroussandstone lenses (fig. 46). The
dium. to thick-beddedshale and siltstone. The silt- longitudinal cross section, A-A', reveals a series of
stone contains laminae that t_ disrupted by abun- imbricate,clinoformal lenses that dip depositionally
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Figure 46.--Resistivity-log cross sections of the lowerParkwoodFormationandassociated units,North
Blowhom Creekoil unit. See figure41 for location(modified fromPashinandKugler, 1992).
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s_uthe_t and decrease in size toward the terminus wood Formation me continuous and evenly spaced
of the sandstone body. Similarly, the transverse throughoutWayside oil unit, reflecting the limited
cross sections, B-B', C-C', and D-D', depict imbri- stratigraphicrelief of the top of the Carter sand-
care, clinoformal lenses that dip deposifionally stone.

Within the mmsverse sections, however,
_he sandstone lenses contain distinctive changes in SOUTHBRUSHCREEKOIL UNIT
log signature, and hence, internal facies architec-
ture. The Carter sandstone in South Brush Creek oil

Depositiomlly downdippartsof the lenses tend to unit has a distinctive, subcircularisolith pattern that
have a blocky log signature with high resistivity, contrastsnmrkedlywith that of the other oil reser-
reflecting the best reservoirquality, although a ser- volts (fig. 42). Like other Carter reservoirs, the
rate _--n is locally apparent(fig. 46). Lenses me sandstone is composed of gently dipping clinofor-
typically mnalgamated along the sandstone-hody mal sandstone units that dip toward the north and
axis, forming a single, blocky unit of reservoir east (fig. 48). A unique characteristicof the Carter
sandstone that is the sandstone facies. In contrast, reservoir in the South Brush Creekarea is trunca-
the depositionally updip partsof the lenses tend to tion of the tap of the sandstonebelow the shale that
have a serrate log pattern, and resistivity decreases formsthe topof the lowerPark-woodFormation.
toward the southwest, reflecting decreasedreservoir Well logs in the South BrushCreek area have a
quality. Sandstone with a senate pattern includes senate, coarsening-upwardlog signature,and many
strataof the sandstoneand variegatedlithofacies, logs contain a blocky sandstoneunit at the top (fig.

The middle ParkwoodFormation contains many 48). Cores contain intercalatedstrataof the shale-
resistive carbonate and shale markers (fig. 46). In and-siitstone and sandstone facies. These cores
general, limestone units thin upward,and carbonate reflect intertonguing of these lithofacies, with the
content increases slightly toward the northeastand sandstone lithofacies thickening upwardat the ex-
markedly towardthe southeast.Moreover,limestone pense of the shale-and-sandstonefithofacies. The
markers tend to follow irregularities in the upper shale that seals the reservoir belongs to the
contact of the sandstone, descending depositionally variegated lithofacies and is composed of silty,

across the reservoir, rootedmndstone.
The Millerella sandstone is weserved in the

WAYSIDEOIL UNIT _ternmost part of cross-section l-r (fig. 48)
and has a serrate log signature. As in Wayside oil

Wayside oH unit was developed in one of the unit, the Millerella passes northwestwardinto lime-
smallest lensoid sandstone bodies in the map area stone. The sandstone is included in the Millerella
(fig. 42). The sandstone is generally thinner than 25 pool of Biowhorn Creek oil unit, which is discussed
feet and pinches out abruptlywest of the oil unit in detail in the next section. Althoughconsiderable
(fig. 47). Toward the southeast, however, the sand- strati, aphic relief is at the top of the Cartersand-
stone thins by intertonguing with lower Parkwood stone, the resistive limestone markersof the middle
shale sii_, which belongs to the shale-and-silt- ParkwoodFormation are evenly spaced and have
stone lithofacies, limited stratigraphicrelief. However, at the eastern

As in North Blowhom Creek oil unit, the Carter end of cross-section H-H', markersnear the base of
reservoir in Wayside oil unit is composed of imbri- the middle Parkwood 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 gentler sandstone.
in Wayside oil unit. The sandstone has the blocky
resistivity signatureof the sandstonelithofacies only BLOWHORNCREEKMILI_RELI_ 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- ductive Millerella sandstone reservoir in the Black
cies. Warriorbasin and brings to light characteristics of

The Millerella sandstone is present southeast of 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 blocky to serrate sandstone in the northwestpart of Blowhom Creek
resistivity signature and passes northwestwardinto oil unit resembles thatin South BrushCreek oil unit
limestone.Resistive markers in the middle Park-
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Figure 47.--Resistivity-log cross sections of the Lower Parkwood Formation and associated units, Wayside

oil unit. See figure 41 for location.
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(fig. 42). In the easternpart,by contrast, the Carter partments have an imbricate aspect, each dipping
reservoiris thin of absenL and stepping towardthe southeask

As in the South Brush Creek area, the Carter The Millerella sandstone is present only in the
sandstone in Blowhom Creek oil unit has a serrate northwestern part of the oil field and is locally
to blocky, coarsening-upward resistivity signature thicker than 30 feet (fig. 43). The linear nature of
(fig. 49). Gently dipping, clinoformal sandstone the sandstone body contrasts sharply with other
lenses arereadily apparentin the cross sections, and Miilerella sandstone bodies, which have an irregu-
the Carterreservoiris simply a continuation of that lar, patch-like geometry. The resistivity pattern of
in South BrushCreek. Therefore, althoughcores are the sandstone is senate to blocky and thus resem-
lacking, reservoirlithofacies ostensibly are the same bles that in Blowhorn Creek oil unit (fig. 50).
as those in South Brush Creek oil unit. In parts _' SWarigraphically,the Millerella sandstone is the
Blowhom Creekoil unit, however, the Carter sand- youngest reservoir compm'm_nt in Bluff field and
stone is tnmcated by shale-filled scours, which Io- representsa reversal of the southeast-steppingtrend
cally tnmcate the full thicknessof the sandstone, in the Carter sandstone(fig. 50). Middle PaAwond

The MUlereUa sandstone is present in most o[ limestone units conformclosely to the uppersurface
Blowhom Creek oil unit and generally ranges from of the sandstone, and thus resemble most closely
10 to 25 feet in thickness (fig. 43). Thickness is those in North Biowhorn Creek oil unit. In addition,
fairly uniform in much of the field, but the sand- the Miilerella limestone thickens markedlyas Car.
stone is absent in a northeast-trendingbelt. Well ter sandstone lenses step clinoformally toward the
logs establish that the sandstone has a highly resis- southeast.
rive, blocky to senate log signature with no evi-
dence of a consistent vertical grain-size trend (fig. ENVIRONMENTAL INTERPRETATIONS
49). In the eastern partof the field, where the sand-
stone is absent, the sandstone is atverently Irun- SHALE-AND-SILTSTONEFACIES:STORM-
caredby a shale fdled scour similar to the one trun- DOMINATEDSHELF
caring the Carter sandstone. Resistive markers in
the middle PaAwood Formation have considerably The shale-and-siltstone facies is interpreteA to
more strarigraphicrelief than in most other areas, representa storm-dominatedshelf mud blanketthat
Moreover, the Millerella limestone is typically ab- progradedacross the Bangor carbonate bank (fig.
sent in wells that penetrate shale-filled scours that 51). Presence of thin siltstone beds with wave rip-
truncatethe Miilerella sandstone, pies indicates that mud deposition was interrupted

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

wave ripples (fig. 45a) are widespreadin the Appa-
Bluff oil field contains the most heterogeneous iachian region and have been inteq3reted to repre-

Carterand MUlerella sandstonereservoirs discussed sent shelf storm deposits (Pashin and Ettensohn,
in this report. Furthermore,the field contains three 1987). Similar sand-rich deposits are now forming
oil units, North Bluff, Central Bluff, and South on the storm-dominated shelf of the North Sea
Bluff. The Carter sandstone in Bluff field has two (Aigner and Reineck, 1982) and have been recog.
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; DiGiovanni, 1984; Pashin
pattern resembles that in 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 senate to blocky, coarsening- storms or alternatively, river-mouth sediment
upwardresistivity patternand is composed of imbri- plumes that episodically extended into the shelf
cate, clinoformal sandstone lenses. What separates area.
Bluff field from the other oil units, however, is that Abundant load casts, some of which are synde,
together, Carter and Millerella reservoirs comprise positional (fig. 45a), indicate that the muddy sub-
six uncontacted or poorly contacted oil compart- strate was soft, fluid and could be deformed with
ments (fig. 50). The lowermostCarter compartment only minimal accumulation of quartz-rich sediment.
is restricted to a few wells in the middle of the field Lack of body fossils and we of pyrite nodules
and kwadlyrests directly on 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 accommodate a diverse fauna. How-
northern part of the field, the other Carter corn- ever, feeding burrows and resting traces indicate
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that the organic-rich substrate provided food and angle planar and tangential crossbeds,and (3) low.
refuge for some organisms. The general thickening- angle, planar crosstcds (fig. 45c), is characteristic
and coarsening-upwardsequence of the shale-and- of shoreface-beachsystemsand reflects progressive
siltstone facies signifies that Ihese strataare progra- deformationof waves approachingshore (Clifton,
dational and are genetically related to the shore. 1976).
zone deposits of the sandstonefacies. Dominance of lunate-ripple cross laminae (fig.

45b) over wave ripples suggests that waves were
SANDSTONE FACIES:SHOREFACEAND supplmltedby unidirectionalcurrentsin the lower

FORF_HORE shoreface, perhaps in response to geostrophic flows
and rip currents that may have at times been af.

The sandstone facies is interl_ted to represent fected by high river-mouth discharge.Thin intervals
sedimentationin a spectrumof beach and shoreface of high-angle crossbedding are characteristic of
environments (fig. 51). Similar beach and shoreface shoreface bars and ridge.and-runnelsystems, which
deposits are common in other Chesterianreservoirs occur in the breakerzone and the lower foreshore of
of the Black Warrior basin (Pashin and others, modern beach systems (Davis and others, 1972;
1991). The thin zone of gradation from the shale- Davidson-Arnott and Greenwood, 1976). Low-
and-siltstone facies into the sandstone facies indi- angle, planarcrossbedding(fig. 44), furthermore, is
caresthat the transition from shelf to shorefacewas the characteristic sedimentary structure of the
well defined. The general sequence of sedimentary breaker, surf and swash zones of beaches
structuresin the sandstone lithofacies, specifically (Thompson, 1937; Clifton, 1976). Deviation of se.
(1) lunate-ripple cross laminae (fig. 45b), (2) high- quences in the sandstone facies from an idealized

EXPLANATION

Sandstone /// /// High-anglecrossbeds

Shaleand siltstone _- Low-anglecrossbeds

L =. ', ' J BangorLimestone "==" .= Rip-upclasts

_ Wave ripples • • =_ Shellaccumulations

",',.. _ Currentripples ._. _ Plant fossilsand rhizoids

Figure 51.-.Depositional model of Cartersandstoneshowing lateral variationof facieswithin sandstone
lensen and environmentalinterpretations(modified fromPashin andKugler, 1992).
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succession of sedimentarystructuresowes to several andothers, 1991). Analysis of cores furthersuggests
sources including amalgamationof sandstonelenses that washover fans, which develop as dune ridges
(fig. 46), rewoddng during storm surges (fig. 51), are breachedby a surging sea, also were not devel_
multiple shoreface-bar systems, and instability of oped. Instead, structures herein designated as
the beach-slmteface system caused by tides and storm-surgeaprons are interpretedto have been the
variations in river-mouthdischarge, major lowerbackslmredeposit (fig. 52).

Shale-clast conglomerate layers indicate that Root structures and abundant intraclastic flat
shoreface erosion was a signif;,cantprocess. Some pebbles immediatelylandwardof the foreshoreindi-
conglomeratic intervals __Oy signify episodes cate episodes of high-energy sedimentation in the
when muddy intervals were rewoAed as amalga- supratidalzone. Although no clear analogs for these
mated sandstone lenses formed along the reservoir deposits have been identified, intermittent flooding
axis. Shale clam may have also been eroded from of the supratidalzone occurs on wind-tidal flats
the innermost shelf, trans_ by geostrophic (Miller, 1975; Reineck and Singh, 1980). However,
flows, anddeposited on the shoreface. Isolatedshale modern wind-tidal flats form in protected lagoons
clasts, moreover,may simply represent mud drapes and embayments and are thus dominated by fine.
reworkedfromshoreface sediment, graineddeposits with low.energy sedimentarystrut-

Scarce bioturbationindicates that the sandy sub. trees. In contrast, the Carter intraclastsformed im-
strate was, in contrast to the organic.rich mud of med_tely behind an unprotectedforeshore and are
the shale.and-siltstone facies, a poorfood source for thus interpreted to have been deposited by major
soft-b(xlk_ infauna. Poor orientation and disarticu, stormsurges,although seasonal tidal variationsmay
lation of crinoids and brachiolgxls indicates trans- have played some role in forming these deposits.
port,but it is doubtfulthat the skeletal material was Along modem shorelines, hurricane-relatedsurges
transported from the adjacent shelf which lacked can raise water level more than 20 feet (Hayes,
calcified faunas or from backshore environments 1967).
which probablyhadreduced salinity. Perhapsthese Although sedimentation in the lower backshore
organisms lived in protectedareasat the foot of the was dominated by vigorous, storm-induced flows,
shoreface where substrateand other environmental low-energyprocesses prevailed in the upper back-
conditions were moststable, shore. Rooting and pisoidal structures (fig. 45d)

As with shale clasts, shell accumulations appar- provide evidence for exposure in an evaporative
ently formed in more than one manner. Some thin setting. Gray paleosols Wobably formed in marshy
accumulations, particularly those in low-angle areas that favored reduction and preservation of
crosslgdd_ sandstone, are interpretedto represent organic matter, whereas red paleosols probably
shells washed up on the beach, whereas other ac- formedon topographichighs that favoredoxidation
cumulations, particularly those in rippled sand- and noduleformation.Deposits of laminated or bur-
stone, were concentratedby shoreface currents.The rowed shale and siltstone are interpreted m have
thickest shell accumulations ostensibly framed in formed in lagoonalenvironments,and some of these
rip channels or are thick Iower-shorefacestorm de- depositsmay even represent saline ponds Idled with
posits, slackwaterfrom stormsurges.

VARIEGATEDFACIES:BACKSHORE DEPOSrFIONAL SYSTEMS AND FACIES
HETEROGENEITY

The variegatedfacies is interpretedto represent a
suite of backshoreenvironments in which sedimen- The beachdeposits of the Carter sandstone indi.
rationwas dominatedby storm surges and soil for. cate development of a muddy strandplain system
marion (fig. 51). The depositionally updip position during destruction of the lower Parkwood deltaic
of the serrate,moderatelyresistive variegatedfacies system. The variety of isolith patterns and strati-
relative to the blocky, highly resistive sandstone graphic architecture in Carter and Miilerella oil
facies (figs. 44, 46) indicates that beach topography reservoirs(figs. 42, 46-50) demonstrates that those
sloped gently offshoreand that eolian dune ridges, beach systems were diverse. Moreover, the change
which areso prevalent in modem beach-barriersys- of sandsttme-bodygeometry from the lobate bodies
terns(McCubbin, 1982;Elllott, 1986),were not pre- in the southeast to tM thin, isolated lenses in the
sent. Some beach systems in southwestern Florida _ records systematic evolution of the
lackeolian dune ridges and are insteadcomposed of strandplainand exceptional preservation of the pa-
low-relief ridges containing swash deposits (Stapor ieogeographic frameworkof the shoal-water delta.
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Figure 52.--Paleogeographic reconstruction of the North Blowhom Creek spit system (modified from Pashin
and Kugler, 1992).

The Carter sandstone in North Blowhom Creek Similar distributary.mouth beach systems formed

oil unit has been interpreted to represent a spit-type on ancient shoal-water lobes of the Mississippi
beach system (Pashin and Kuglea', 1992) (fig. 52). Delta (Penland and Boyd, 1985) and may be more
Spits form at the down-drift ends of beaches and are widespread in the geologic record than commonly
characterized by a fan-like arrangement of ridges thought.
that curve landward and accrete in the direction of The sublinear northwest boundary of the sand-
geostrophic flow. Spit-style beach systems form in stone body marks the seaward spit margin, whereas
several depmitional settings, including tidal inlets the irregular southeast margin delineates spit arms

(Boothroyd, 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 Blowhom Creek is imbrica-
lan, 1959). Considering the North Biowhom Creek tion of str.cessively smaller sandstone lenses toward
reservoir part of a shoal-water delta complex, the the southeast terminus of the sandstone body (fig.
best modern analog is in southern France where a 46). Each sandstone lens is interpreted to include a
spit-style beach complex is fed directly by the Grand spit arm, and the largest arms are in the west-cen-

RhOne distributary (van Andel and Cm'ray, 1960). tral and southeastern parts of the oil unit. Evidence
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for storm surges in a northeast-facingbeachsysttalz as the distalmost fringe of the constructive, wave. !
establishes that the dominant wind had a major dominated deltaic system. Blowhorn Creek oil unit
northerly to easterly,onshorecomponent(figs.51, differs, however,by the presenceof shale-filled
52), andsoutheastwardspitaccretionindicatesthat scoursthat truncatethe full thicknessof Carterand
geostrophicflowswere directedsou_ Blocky MUlerella reservoirs(fig.49).Thesescoursdiffer in
beach-shomfacesandstoneoccursfartherabovethe originfrom theerosionalsurfacethat u'uncatesthe
Bangor Limestonein each successivesandstone top of the South BrushCreek reservoir,because
lens.This configurationsuggeststhat spitdeposi- sandstonelensesextendabovethe structuresin the
tionoccurredassoft,fluidshelfmudcompactedand Cartersandstone.For thisreason,theacour.and-fill
also providesconfirmingevidencethat delta de- structuresare interpretedto representephemeral
struction and beach formation occurred partly in tidal channels that were abandonedand filled with
response to a net relative rise of sea level, mud. Once full, beachenvironmentswere again es-

The localized, arcuategeometryo(the Cartertea- tablished above the channels. A similar process is
ervoir in Wayside oil unit contrastswith the elm- active in modem beach systems, where beach sys-
gate geometryof that in North Blowhom Creek oil tems heal after being incised by inlets (Morton and
unit (fig. 42). The gentle dip of the clinoformal Donaldson, 1973; Davis andothers, 1989).
sandstone lenses in this area (_g. 47) furtherindi. In Bluff field, the Cartersandstone is pan of a
cates thata different style ofheach systemformed at string of sandstone lenses that is attached in the
the distal edge o( the shoal.water deltaic system, northwest to the axial sandstoneof the North Blow-
Small, arcuate barrierscommonly formin areas of horn Creek reservoir (fig. 42). Therefore, the Carter
high tidal range (Hayes, 1979), and similar interti- reservoir in Bluff field is interpretedas part of a
dal beach deposits were documentedin the Lewis string of beach systems that formed after abandon.
sandstone by Pashin and others (1991). Abrupt ment of the North BlowhornCreek spit system. The
pinchout of the sandstone in the northwesternmost southeast-stepping pattern of sandstone bodies
part of the oil unit is suggestive of truncationby an resembles that in North Blowhom Creek oil unit
inlet or tidal channel. Indeed, the small, arcuate (fig. 50), but sandstone-isolith patterns resemble
sandstone bodies in the northeasternpartof the map those in the vicinity of Wayside oil unit (fig. 42),
areaare separatedby an area lackingsandstonethat suggesting developmentof a delta-destructivebeach
is dendritic in plan (fig. 42). Accordingly,this area system intermediate between the spit and the arcu-
is interpreted to represent an estuarine tidal era- ate, fide-influencedbarriers.The result of this con.
bayment, figurationwas developmentof the most heterogene-

The lobate geometry and serrate, coarsening-up- ous Carter-MUlerella field in the basin, which
wardresistivity signatureof the Cartersandstone in contains six uncontacted or poorly contacted oil
South BrushCreek oil unit and adjacentareas (figs. compartments.
42, 48) reflects sedimentationat the distal edge of Extension of MillereUa sandstonebodies laterally
the constructive deltaic complex. Beach deposits into limestone (figs. 43, 47, 48) indicates deposition
indicate that this part of the delta wasa wave-clomi- in the latest stages of delta destructionas a carbon-
nated system with an original cuspate geometry, atebank was again establishedin the map area.The
Truncation of the top of the sandstone below the highly resistive, blocky to serrate log signature of
shale of the variegated facies, however, suggests the MiUerella (figs. 49, 50), which lacks evidence
degradation of the constructive deltaic lobes as the for systematic vertical grain-size variation, reflects
shoal-water deltaic system pmgraded farther sea- reworldng of deltaic by a transgressingsea and for-
ward. Hence, the truncationsurface is interpretedas mation of the least heterogeneous oil reservoirs
a Iowstandsurfaceof erosion and the sealing shale analyzed. Preservation of MiUerella sandstone be-
is interpretedas a transgressivedeposit formed by low the grainstone-bearing MiUereUa limestone
terrestrial backfilling of the erosional topography, indicates deposition in extremely shallow water,
Similar degraded beach sandstone bodies are com- and differing isolith pauerns indicates deposition in
mon in modern wave-dominated deltaic systems diverse environments.
and are especially well documented in the Doce The widespread, uniformly thick nature of the
Delta of South America (Dominguez and Wanless, Millerella sandstone in Blowhorn Creek oil unit
1991). (fig. 43) diffexs from all beach deposits described

The Carter reservoir in Blowhom Creek oil unit herein and is accordingly interpretedto represent
is essentially a continuationof that in South Brush part of a delta-destngtive shoal massif. The linear
Creek oil unit (figs. 42, 49) and is thus interpreted scour-and-fill structurethat truncatesthe sandstone
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body (fills. 43, 49) is interpretedasit tidalchannel, Moreover, the arrangementof lenses has been
which islolatedtheBlowhomCreekreservoirfrom modifiedin placesbychannelizationrelatedtotidal
the largerwxhtone body in the southeast. In Bluff inlets and subaerial exposure,and reservoirquality
oil field, the linear isolith patternand close associa- changes from best in foreshorepartsof the lenses to
t/on with Caner beach deposits suggests that it is poor in the backshereparts. For these reasons, each
essentially pan of the linear stringof beachesthat is Carterreservoir has 8 unique pattern of facies bet-
attachedto the North Blowhem Creekspit (fig. 43). erogeneity, and in orderfor improved recoveryop-
For this reason, the backsteppingrelationshipof the erations to be implemented most effectively, plans
MiUerella sandstone to the Caner sandstone bodies need to be tailored to that b,'..,taogeneityon a field.
(fig. 50) is interpretedto representdevelopmentof a by.field basis.
small beach or shoal massif above a tidal inlet as

the deltaic strandplainwas inundated. PETROLOGIC CHARACTERISTICS
To summarize, Carter and MillereUa sandstone

reservoirs in the map area represent systematic DETRYrAL FRAMEWORK
evolution of a delta-destructive strandplain. Initial
formationof a constructive, wave-dominateddelta Caner sandstone in North Blowhom Creek oil

is represented by Caner reservoirs in South Brush unit is dominantlyveryfine to fine-grained, moder-
Creek and Blowhom Creek oil units. As the ately well sorted quartzarenite,using the classifica-
strandplain continued to pmgrade, the abandoned tion of Folk (1980) and excluding intrabasinally
wave.dominated delta was exposed and eroded, derived rock fragments from the detriUdframework
isolating these reservoirs from the main pan of the for classification (figs. 53, 54). Carter and Lewis
delta system. As the main delta was abandoned,the reservoirsin other parts of the basin have a similar
North Blowhorn Creek spit, which composes the frameworkcomposition (Shepard, 1979; Bearden,
most productiveoil reservoir in the Black Warrior 1984; Be,arden and Mancini, 1985; Bat, 1987;
basin, secreted in response to southeastwardgeos- Hughes and Meylan, 1988). A more detailed de-
tmphic flows, scription of petrologicaspectsof Carter sandstone

Following spit accretion, a string of tide.influ- reservoirs in North Blowhorn Creek oil unit is in
enced beaches developed that is attached to the Kugler and Pashin (1992). Despite the qumzose
North Blowhom Creek beach axis. Among these natureofthesandstone,reservoirsinNorthBlow.
beach deposits are the Caner reservoirs in Bluff hem Creek oil unit and other fields in the Black
field, which compose multiple uncontacted or Warriorbasin are lw,terogeneous,owing not only to
poorly contacted oil compartments.The final stage the imbricate sandstonelenses and associated inter-
of strandplaln pmgradation was development of nal facies changes, butalso to the presenceof intra-
small, arcuate barriers and asso¢iaml tidal inlets, basinal frameworkgrains and to diagenesis.
which are preservedin Wayside oil unit. After this Quartz composes more than 97 percent of the
event, the strandplaln was inundated, and the detrital framework of most Caner sandstone in
Millerella sandstone, whichmakes up the leasther- NorthBlowhem Creek oilunit. More than 90 per-
erogeneousreservoirs examined, was deposited in centofdetritalquartz is monocrystalline,andmore
shoal ma_fs andpossiblybeachesasplatform car- than 95 percentofthisquartzhasnonunduloseto
bonatedeposition began, slighdy undulose extinction. PolycrystalUnequartz

Beach deposits in Caner sandstone are markedly generally composes leas than 10 percent of total
different from those that have been investigatedin quartz and contains both stable and unstable tex-
terms of reservoir heterogeneity. Previous studies tures (e.g., Young, 1976), including textures in-
(Sharmaand others, 1990a, b; Schatzingerand oth- dicative of a metamorphicprovenance. Feldspar is
ers, 1992; Schatzinger and Sharma, 1993) have fo- scarceandincludesorthoclase, microcline,piagio-
cused on widespread, interdeltalcbarrier-i_landde- clase, and pmxhite;it typically composes less than
posits that are much less heterogeneous than the one percent of rock volume. The present feldspar
localized,muddy, delta-destructive strandplalnde. composition of Carter sandstone is not representa-
posits of the Carter. Imbricatesandstone lenses pre- rive of feldspar composition at the time of deposi-
sent a heta_geneity that is common to all Carter tion because of framework grain dissolution and
reservoirscharacterizedin this report. Howeva', the replacementby kaolinite.
size and arrangementof those lenses differ greatly Rock fragments are both extrabasinaland intra-
among the oil fields, reflecting the diverse beach basinal and together may account for more than 20
systemsof an evolving delta-destructivestrandplain.
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Figure 53..-DeMtal frameworkcomposidonof Caner sandstm_ (classification diagramof Folk, 1980).

percent of total rock volume. However, pseudomatrix that occludes porosity. These clam
exlrabasinally derived rock fragments are rely a furtherprovidedsites for pressuresolution.
minor component of Carter sandstone and account Fossil fragments, micas, and he_tvy minerals,
at most for only a few perc:_" _ the total delzital mostly zircon and tournudine, are minor detrital
framework. The most common extrabasinally de- frameworkcomponents in Carter sandstone. Fossil
rived rock frasment, composing up to 3 percent of fragmentslocally account for more than 20 percent
the framework, is chert. Phyllitic rock fragments of total rock volume. These fragments typically
from low-grade metamorphic sources are present have lost their original internal structureand have
but scarce. Some foliated, clay-rich rock fragments been replaced by ferroan calcite, ferroan dolo-
have equivocal textures, suggesting derivation mite/ankerite, or kaolinite, somehave dissolved
either from shale or from slate. Intrabasinal rock completely or partially to form moldic pores. AI-
fragments typically are muddy intraclasts. These though fossil fragments are abundant, they are an
clasts range in size from the average grain size of important control on reservoir heterogeneity be-
the sandstone to clasts several times larger than av- cause they serve as nucleation sites for pore-f'dling
erase grain size. Most intraclasts are clay-mineral carbonatecemenL
richbut some consist of sideritic mud; the dominant
clay mineral in these fragments is kaolinite. Shale DIAGENESIS
fragments rich in clay minerals have a detrimental
effect on the quality of Carter reservoirs because Volumetrically important authigenic minerals in
they deform plastically during compaction to form Caner sandstoneare quartz,kaolinite, and a variety
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Figure 54.=.B__red-elecu_n micrographshowing detri_ frameworkcomposition of Carter _lstone.
All detri_ grains in tl_ field of view arequartz (medium gray areas). Kaolinite (darkgray) occupies two
8min-_ areas in the center of tl_ microgram. White _ are authig_n_cferman dolomi_erite and
siderite. Black areasarepores (PN2999, 2194 ft, scale is on microgn_h.).

of carbonate minerals, including siderite, nonfer- siderite) up to 50 pm in length. Concretions and
man and ferroan calcite, and fetrmn dolo- spherulites are most abundant in the nonrcservoir
mi_Jankerite (fig. 55). The distribution of diage- shelf and backshcgedeposits in the North Blowhom
netic components in North Blowhorn Creek oil unit Creek reservoir (shale-and.siltstone and variegated
is directly related to depositional facies in the spit facies). Burrow'mgand rooting localized siderite
complex. However, the present composition of andresulted in color mottling in backshore deposits.
authigenic mineralsand the natureof compactional Deflection of laminae around siderite concretions,
featuresare results of burialdiagenesis. For a more open framework-grainpacking, and high minus-
complete description of the diagenetic characterof cement porosity (in excess of 40 percen0 establish
Cartersandstone in North Blowhom Creekoil unit, that siderite precipitatedprior to significant burial
refer to Kuglerand Pashin(1992). and compaction.

Of the authigcnic carbonate minerals in Carter In reservoir sandstone in North Blowhom Creek
sandstone, siderite and nonfcrroan calcite prccipi- oil unit (sandstone facies), siderite locally occurs as
rated first (fig. 55). Sideriteoccurs in several forms, isopachous framework-graincoats and as dispersed
including pervasive, pore.occluding micmcrystal- rhombic ("wheatsccd') crystals. Howard(1990) de-
line mosaics of 10 to 20 I_n subhcdml crystals,con- scribed isopachous siderite rims similar to those in
cretionarypatches,and layersup to severalcentime- Cartersandstone in Holocene and Pleistocene beach
tess in thickness. Siderite also occurs as spherulitic or nearshote environmentson the Mississippi-Ala-
patches up to 0.5 mm in diameter, as thin isopach- bma-Florida Continental shelf. Ultraviolet-light
ous coats on sand-size detrital grains, and as dis- induced epifluorescence and backsc_tered-electron
persed "flattened" rhombic crystals ("w_" microscopy show that rhombic crystals are
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Figure 55.--GeneralizeAparageneticsequencefor Cartersandstonein NorthBlowhornCreekoil unit.

complexly zoned, reflecting variations in dicate that calcite precipitatedprior to significant
Fe/(Ca+Mg) ratios,generally with rims that are en- compaction. Intervalswith pervasive 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 resultsfromextensivesubstitution from lessthan thewidthof a coretomoreextensive
of magnesium and calcium for iron in the crystal horizons that probably do not extend from well to
lattice. Both forms of siderite in reservoirsandstone well. Thus, calcite-cemented zones form discon-

precipitated early in the parageneticsequence, but tinuous baffles and barriers to vertical fluid flow
cement-stratigraphic relationships show that the that are most abundant in shelly parts of the sand-
dispersed rhombic crystals precipitated after the stone facies.
isopachous grain coats. Siderite precipitates in re- Ferroan dolomite/ankerite is the most abundant
ducing, anaerobic, sulfide free environments,corm- authigenic carbonate mineral in Carter sandstone
sponding to zones of methanogenesis (Berner, and occupies in excess of 40 percent of total rock
1981). The methanogenic zone 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 Fe4"+due to de- partially to completely replacescalcite and siderite.
composition of organic matter. Ferroandolomite/ankerite cement formspermeabil-

Authigenic nonferroan and ferroan calcite are ity barriers within the resexvoir and partially to
confined to intervals in shorefaceand foreshorede- completely seals the margins of the reservoir. Fer-
posits that contain abundantfossil fragments. Both roan dolomite/ankerite is present throughout the
minerals have the same occurrenceand typicallyare reservoirinterval, but typically accounts for less
replaced partially by ferroan dolomite/ankerite, than 5 percent of total rock volume. In reservoir
Calcite occurs as mosaics of crystals between detri- sandstone, ferroandolomite ankerite occurs as iso-
hal framework grains and as poikilotopiccrystals latedrhombiccrystals or as clustersof crystals that
that encompassseveral grains. Loose packing of partially fill poresorpartially to completely replace
detrital grains and high minus-cement porosity in- shale clasts and fossil fragments. Ferroan dolo-
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Figure56.--Ca-Mg-Fe ternarydiagramshowingcomposition of authigeniccarbonate mineralsin Carter
sandstone, basedon electronmicroprobeanalyses.

mite/ankerite 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 We_sin (1992;
bonate minerals andquartz(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 precipitation of carbonate mineral ce- rationin a marine environment (cf Mozley, 1989).
ments. Calcite, siderite, and ferroan dolo- 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 613C (fig. 57). tory of the sandstone,there is a large amount of
Siderite is the most depletedof the three minerals in variation in 5180 values. Even the heaviest values
180 but is similarto calcitein carbonisotopictom- are toodepletedin 180 to becompatiblewith pre-
position.Calcite and ferroandolomite/ankerite have cipitation from seawaterat low temperature.Expla-
similar oxygen isotopic compositions, but calcite is nations for this depletion of 180 in early pore wa-
more depleted in 13(2 and less depleted in 180. ters include mixing with meteoric water or water-
Most 513C 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 forCar- overgrowthson detrital quartz grains that partially
ter siderites fall within the zone of overlap for iso- fill pores in reservoir sandstone and locally occlude
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Table 6..--Stable isotopic composition of carbonate cements in Carter sandstone.

(_alcite Calcite Fe-Dolo. Fe-Dolo. Siderite Siderite

Permit # Depti_ de113C de1180 de113C de1180 de113C de1180
(feet) ' PDB (o/oo) PDB (o/oo) PDB (o/oo) PDB (o/oo) POB (o/oo) PDB (o/oo) .J

' 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 0.1 -8.4 -5.6 -12.3
PN3160 2299.2 0.1 -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 0.1 -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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pores in nonreservoir siltstone and sandstone. In cent wells. Micropores in kaolinite additionallycon-
reservoir sandstone, quartz overgrowthsoccupy up rain irreducible water that affects interpretationof
to 10 percent, but typically less than 7 percent, of porosity,water saturation, and hydrocarbon reserves
total rock volume. Although quartz overgrowths are from well logs.
ubiquitous in Cartersandstone reservoirs,an effec- Mechanical and chemical compactioncontributed
five, interconnectedpore system remainsintact, to reservoirheterogeneity in Carter sandstone. The

Kaolinite occurs throughout Carter sandstone in majordetrimentaleffect of mechanical compaction
minor amounts but is volumetrically significant in was loss of porosity due to ductile deformationof
some horizons within high-quality reservoirzones intrabasinal shale clasts during shallow burial to
where almost all intergranularspace is filled by the form pseudomatrix. Porosity lost by ductile-grain
mineral. Kaolinite most commonly occurs as vex- deformation, moreover, cannot be regenerated by
micular stacks ofpseudohexagonal platelets that fdl subsequent diagenetic events (McBride, 1984).
grain-size and grain-shape areas between detrital Chemical compaction occurred by pressure solution
quartz grains (fig. 54). Individual plateletscommon in Carter sandstone. At the scale of an individual
are less than 10 lain in diameter. Less abundant core, the most signifw,ant type of chemical compac-
kaolinite with similar morphology partially to tion was development ofstylolites or pressure solu-
completely f'dls intergranularpores 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 pores and in dissolution voids within fossil permeability barriers is demonstrated in several
fragments is evident, the origin of kaolinite in detri- wells. The base of the oil-stained interval in the
tal grain-size areas is less clear, cores is generally a pressure-solutionseam formed

Some kaolinite occupies rectangular areas similar along a clay lamina. At a smaller scale, wispy mi-
in shape to detrital feldspar grains and contains crostylolites formed along disrupted clay laminae
stacks of perfectly hexagonal platelets. This kao- associated with small-scale sedimentarystructures,
linite probably precipitated in areas once occupied such as ripples, and along deformed rip-up clasts.
by detrital feldspar. However, other kaolinite that These microstytlolites range fromless than 1 mm to
occupies grain-size areas appears murky in plane- severalmillimeters in length. Thus, these microsty-
polarized lighL Scanning electron microscopy re- Iolites do not form extensive barriersto fluid flow,
veals that some of this kaolinite has texture indica- but increase tortuosity. Additionally, the presenceof
live of detrital kaolinite and is intermixed with these small-scale clay laminae and microstylolites
other clay minerals, such as illite or chlorite. This contributes to reduction of permeabilityin intervals
kaolinite most likely is a component of intrabasinal containing these structures. The presence of sty-
shale fragments or 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 Blowhorn Creek oil
many cases because of the geometry of the grains, unit. This contention is confirmedby burial history
However, where these fragments have partially dis- reconstructionspresentedelsewhere in this report.
solved, distinction between detrital and authigenic
origins is difficult. Formation of most authigenic PETROPHYSICAL PROPERTIES
kaolinite in Carter sandstone postdates precipitation

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

Petrographic evidence for the nature of the pore
permeability barriers but fdls grain size volumes system in Caner sandstone is discussed in this sec-
that enhance microporosityand increase tortuosity tion to emphasize the importanceof integratingpet-of fluid flow. However,in intervals with concentra-

rographic data with standard petrophysical analysis.
tions of clay laminae, particularly laminae spaced Petrographicevidence combined with petrophysical
on the orderof a centimeter apart and thicker than
one or 2 mm, kaolinite occupies all intergranular data indicate that the pore system in Carter sand-

stone consists of effective macmpores between
space, resulting in sandstone with only micropoms- framework grains and ineffective micropores be-
ity. These laminae are effective barriers to vertical tween deuital and authigenic clay particles. The el-
fluid flow but probablydo not extend between adja- fective pore systemconsists mainlyof primarypores
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modified by compaction and precipitationof quartz quantify the effects of clay minerals on reservoir
overgrowths and ferroandolomite/ankeritecement, propertiesbecause the distribution must be known.
Although secondarypores are present, the effective The texturaldistributionof clays in reservoirsand-
pore system was not enhanced significantly by dis- stone commonly is described in terms of dispersed,
solution of aluminosilicate framework grains. In- structural, and laminated types (Frost and Fertl,
stead, productsof dissolution were redistributedas 1981; Hurstand Archer, 1986) (fig. 58). Dispersed
kaolinite. Within Carter sandstone reservoirs, clay typically is authigenic and occurs as discrete
authigenic carbonate minerals occlude all pores particles in pores, coats detrital grains, or
only in the vicinity of shell accumulations, and bridgespore throats. Structural clay occurs in clay-
early formedcalcite is restricted to these accumula- mineralrich detritalclasts or as authigenic clay that
tions, suggesting that carbonate-dissolutionporosity fill areas formerly occupied by detrital grains.
is not w_ in the reservoirs. Laminated clay occurs in clay-mineral rich or

Micropores occur within clay laminae, frag- micaceous laminae. Of these three types, dispersed
monied clay drapes on ripple f_ clay has the most detrimental effect on reservoir
(microstylolites), intrabasinal shale clasts, and properties(fig. 58).
authigenic kaolinite that occurs in volumesformerly
occupied by detritalgrains and in pores. The effects COMMERCIAL CORE ANALYSES
of both detrital and authigenic clay in Carter
quartzarenitereservoirsmerit further consideration. Based on all available data fromcommercialcore
Methods suchas X-raydiffraction are inadequate to analyses, the arithmetic mean porosityof reservoir

CLAY LAMINAE

)
i im

STRUCTURAL CLAY

)
....

CLAY MINERALS _ DETRITAL QUARTZ GRAINS

Figure 58.--Influenceof clay-mineral distributionon effective porosity (0e) (modified from FrostandFerd,
1981).
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In core, the change from the lower permeability HIGH.PRESSURE MERCURY
zone to the higher permeability zone corresponds POROSIMETRY
with a transition from very fine-grained lower
shoreface deposits with ripple laminae to fine- Pore-throatsize is a critical conu'olon the distri-
grained uppershoreface or foreshore de4xmitscon- butionand producibilityof hydrocarbonsin a reset-
rainingpredominatelylow-angle crossbeds (fig. 44). voir. High-pressuremercurypomsimetryis the only
Porosity is fairly constant throughout the reservoir effective means of quantitatively evaluating pore
interval, so the change in permeability is due to fac- throats (Kopaska-Merkel and Friedman, 1989).
tots other than variation in the amountof pore-fill- Capillary pressure curves derived from mercury
ing cement. Although permeabilitycontrast in well pomsimetrycan be used to determine severalpetro-
PN3314 is discernible fromcommercial core analy- physical parameters,including pore-throat size dis-
ses, high-pressure mercury porosimetry, which tribution, relationships between surface area and
measures pore-throat size, provides a means of volume, porosity, recovery efficiency, oil-column
documenting factors controlling the permeability height, height above flee water, and reseawoir-seal
variation, potential (Purcell, 1949; DuUien and Dhawan,

1974; Wardlaw, 1976; Jennings, 1987; Wardlaw
and others, 1988; Kopaska-Mexkeland Friedman,
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Figure 60.--Plot of porosity versus permeability for commercial core analyses from well PN3314, North
Blowhorn Creek oil unit. The solid line is a linear regression line, and the dashed lines encase the 95
percent confidence interval. The regression equationand coefficient of determination (R2) are at the
bottomof the diagram.
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sandstone in North Blowhom Creek oil unit is 12 inreservoirsandstone within a single well may vary
percent, using a lower cutoff of 6 percent forreser- significantly.
voir porosity. The geometric mean of permeability In one of the most productive wells in North
is 6.82 millidarcies, using a cutoff of 0.1 percent. Blowhom Creek oil unit (PN3314), commercial
Maximumporosity and peameability are 22 percent core analysis data indicate no relation exists be-
and 440 millidarcies, respectively. A crossplot _ tween porosityand permeability in the reservoir in-
porosity versus air permeability for all datashows a terval (R2 = 0.09) (fig. 60). _ity varies mini-
roughly lineartrend,buta weak correlationbetween really throughoutthe reservoir interval, but perme-
the two parameters (R2 = 0.52) (fig. 59). Data for ability is an order of magnitude or more higher in
individual wells have R2 ranging from 0.09 the upper part of the interval than in the lower part
(PN3314) to 0.83 (PN2999), and most are less than (fig. 61). Because the interval from which meas-
0.5 (Kugler and Pashin, 1992). This indicates a urements we,re made is entirely within productive
weak relationship between porosity and permeabil- reservoir, this permeability contrast represents a
ity and a wide rangeof variationin the relationships heterogeneity that could have a marked effect on
among wells and a wide range of variation in these lateralsweep efficiency, through channeling, during
relationshipsamong wells. In addition to interwell enhancedrecoveryoperations.
variationin porosityand permeability,permeability
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Figure 59.--Plot of porosity versus permeabilityforall commercialcore analyses fix_atNorth Blowhom Creek
oil unit.The solid line is a linearregression line, and the dashed fines encase the95 percent confidence
interval. The regressionequationandcoefficient of determination (R2) areat the top of the diagram.
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Figure 62.--Plot of pore-throatradius versus cumulative-intrusionvolume and incremental-intrusionvolume
showing polymodalpore-throatsize distribution(well PN3150, 2,371 ft, North Biowhom Creek oil
uni0.

realized to maximum intrusionvolume are directly resentative of nonreservoir silistone, pervasively
related to the distribution of pore-throat sizes on carbonate-cementedzones, and sandstone in which
incremental intrusionplots. Fourdistinct shapes or" all pores are filled with matrix.
cumulative-intrusion curves can be recognized for Cumulative mercury-intrusioncurves reveal that
Cartersandstone and associated sedimentaryrocks two factorscan be relatedto permeability variation
(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 Biowhorn Creek oil unit. Curve B is also radii between 3 and 7 I_rn,in contrast to median
convex, but the steepest slope is at a smaller pore- pore-throatradiiof 0.3 to 2 lan in very fine-grained
throat radius and the overall slope is gender (fig. sandstoneof the lower, less permeable interval (fig.
63). The genderslopeindicatesa polymodaldistri- 64). However,capillary-pressuredataalso showthat
butionof pore-throatsizes.This curveshapealsois grain-sizevariationis not the only factorresponsi-
representativeof Cartersandstone.A gradationex- hie for the permeabilitycontrast,becauseshapesof
isisbetweencurvesA and B in theCarterreservoir cumulative-intrusioncurvesdiffer betweenthe two
at NorthBiowhornCreek,dueto variationin detri- permeabifityintervals(fig. 65).
tal grain size and variation in abundanceof compo- Cumulative mercury-intrusion curves 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 those fromthe lower permeability 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 andporous reservoir sandstone. Curve D show that the pore-throatsizedistribution 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-
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1989; Vavra and others, 1992). In mercury pot- The most notable aspectof pore-throatradiusver-
osimetry, the volume of mercuryintrudedat a spe- sus incremental mercury-inu'usioncurves for Carter
cific pressure is precisely related to the number of resexvoir sandstone in North Blowhom Creek oil
pore throats of corresponding size. Because of this unit is the polymodal distribution of pore-throat
relationship, plots of cumulative mercury-intxusion sizes (fig. 62). Typical Carterreservoir sandstone
volume versus capillary pressureate equivalent to has a dominant pore-throatradiusof 2 _ or more
cumulative mercury intrusion vexsus pore-throat and several lesser modes at smaller pore-throat
size. The equation used in this investigation to sizes. The dominant mode represents the size of
compute pore-throat size is: (-4_os(0))/p, where 3' pore throats between ,_md-sizedetri_algrains. The
is the inteffacial angle (485 dynes/era),0 is contact other modes reF/e_nt a range of variation in
angle (130"), and p is lXessm'e (psia). Pore-throat smaller pore thrc_atsbetween detrital grains, be-
sizes determinedby this equationaxe effective _tzes tween clay particlts in intrabasinalshale clasts, be-
because a cylindrical pore throat is assumed and tween dissolution pt_'_sin mud clasts, and between
surface irregularitiesarenot taken into account.Re- stacks of kaolinite crystals,
fer to Kugler and Pashin (1992) for furtherdiscus- The shapes of curvesof pore-throat radii plotted
sion of proceduresused in this investigation, against cumulative mercury-intrusionvolume nor-
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Figure 61.--Plot of permeabilityandporosity versus depthfor well PN3314, NorthBlowhornCreek oil unit.
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Figure 63.--Plot of pore-throatradius versus cumulative intrusion showing typical shapes of cumulative
intrusion curves for Cartersandstone: (A) convex curve with large maximum pore-throat-size mode
(well PN3314, 2,297 ft); (13) convex curve with smaller maximum pore-throat size mode (well
PN3150, 2,34.5 ft; (C) steppedcurvewith bimodalpore-throatsize dislxibution(well PN3160, 2,303.7
ft.;and (D) concave curvewith small pore-throatsize mode (well PN3150, 2,350 It).

65). In contrast, similar curves for samples fromthe ladon betweenporosity and permeability shown in
lower, less permeable zone reflect polymodal distri- figure 59.
bution of IX}re-throat size (fig. 65). These plots Fine-grained sandstone, such as that near the top
show that the lower zone has more microporosity of the Carterreservoir,is scarce in North Blowhom
than the upper zone, but total porosityis similar be- Creek oil unit, as well as in other unitized fields in
cause cumulative mercury-intrusionvolume is the the Black Warrior basin; most shoreface deposits in
same for the two samples, other wells consist of very fine-grained sandstone.

The difference between porosity calculated for Incremental mercury-inu'usion curves for those
maximum mercury-intrusionpressure (20,000 psia) other wells typically are polymodal with median
and ixxosity at 1,000 psia indicates that pore throat radii between 0.7 and 2.0 tun (Kugler
microporosity is related to low permeability (fig. and Pashin, 1992). Although pore-throatsize distri-
66). The variation is subtle, but differential porosity bution in the North Blowhom Creek reservoir re-
for samples from the more permeable zone is con- flects a combination of macroporosity and micro-
sistendy less than one percent, in contrast to the porosity, petrographicdatashow that much of the
lower permeability zone where differential porosity microporosity is within aggregates of authigenic
is than o_ percent.The additionalmicro- and detritalclay(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 Fertl, 1981) and do not
form small-scale permeability barriersand baffles, block porethroatsas does di_ clay.
Variation of pore-throatsize and of the abundance However, anastomosing clay laminae and frag-
of micropores together accounts for the weak c,orre- mented clay drapes on ripple foresets in shoreface



Resen,oir HeterogeneityinCarboniferousSandstoneo/the BlackWarriorBasin - 95

Figure 64.--Plot of pore-throat radius versus cumulativeintrusionas a percentof maximum mercuryintrusion
volume forall data fromwell PN3314. Daddy shadedarea encases curves fJ_msamples from the high
permeabilityzone at the topof thereservoir.Lightly shaded area encases curvesfor samples from the
underlyinglower permeabilityzone.

sandstone also contain microporosity and disrupt which typically have median pert-throatradii less
the continuity of the interconnected pore system, than 0.1 Izm(Kugler and Pashin, 1992) and are in-
thereby reducingpermeability. In the central and terbeddedwith reservoir sandstone in the southern
southern parts of North Blowhorn Creek oil unit, partof the field, contributemuch moresignificantly
some layers within the reservoirhave median pore- to segmentationof thereservoir.
throat size less than 1 tun. These intervals with Median pore-throatsize in some clasticand car-
small pore-throat sizes have a variety of origins, bonate reservoirs correlates with permeability
Most are thin ferroan dolomite/ankerite cemented (Kopaska-Merkel and others, 1993;Schatzinger and
zones, but others are within sandstone with concen- Sharma, 1993). Weak to no correlation was found
trations of intrahasinal shale clasts and thin hori- between median pore-throat size and permeability
zontai or anastomosing clay laminae. These small- in the Cartersandstone reservoirin North Blowhorn
scale permeability barriers, most of which likely Creek oilunit. This lack of correlationis due, in
only extenda few feet away firomthe well bore,give part, to the relatively few paired permeability and
a false impressionof segmentation of the reservoir, capillary-pressure analyses available. However,
Indeed, nonrc_rvoit backshore and shelf deposits, weak correlation between the two parameters is
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Figure 66.--Plot of differentialporosityversus depth for well PN3314. Shadedarearepresents a diffexe_ce of
less than one percent between porosity calculated from the mercury intrusionvolume at 20,000 psia
and that calculated for the intzusionvolume at 1,000 psia; differential porosityin the high permeability
zone is less thanonepercent.
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logicalinlightofthedistributionofclaysbasedon throatsizedistributionsforwellsforwhichcapil-
petrographic evidence. As described elsewhere, lary-pressuredataarenot available.
much ofthedetritalandauthigenickaoliniteinthe
Carterreservoir fills grain size volumes ratherthan WELL-LOG DERIVED POROSITY AND
occupying intergranular pores and pore throats. WATER SATURATION
This structuralclay may 'not significantly alter the
effective pore system, but contains water that adds The third sourceof Ixgositydata for this investi-
to the total water saturation in the reservoir. How- gation was geophysical well logs. The majorsource
ever, the poor correlationbetweencore analysispo- of porositydata in the BlackWarriorbasin must be
rosity and permeability suggests that authigenic 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
pores and pore throats, there are 10 wells with core analyses, are both are-

Although capillary-pressurecurves derived from ally and stratigraphicallyundersampledwith respect
high-pressuremercuryporosimetryprovidevaluable to porosity. North Blowhom Creek oil unit, which
information regarding microscopic-scale hetemge- has 50 productionand injection wells, is even more
neity in oil reservoirs, this type of data is not corn- undersampled with regard to the high-pressure
monly available and is expensive to acquire. An in- mercury pemsimetry data, although these data pro-
expensive alternative to capillary-pressureanalysis vide valuable constraintson 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-wessure mer-
pore-throat size distributions from routine porosity cury Ix3rosimetrydata provides a means of increas-
and unconected permeability measurements, such ing data density for petrophysical properties in
as those available as commercial core analyses. North Blowhorn Creek oil unit. Indeed, this is the
These equations produce pore-throat size distribu- only means for acquiring porositydata in most oil
tions for mercury-intrusionvolumes ranging from fields in the Black Warriorbasin.
10 to 75 percent saturationthat are analogous 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 percent intrusion) is: saturation, and effective porositywere determined
Log r50 = 0.778 + 0.626Log(K) - 1205Log(¢_), from digital well logs using a dual-watermodel for
where r is pore-throat radius in tun, K is uncor- all wells in six of the most productiveCarter sand-
rected permeability in millidarcies, and _ is porosity stone fields, one Lewis field, one Millerella field,
as percent. Additionalequations for pore-throatsize and one Gilmer field. These computationsprovided
at successive 5 percent intrusion volumes are in input data for calculation of original oil in place and
Pittman (1992). other parameters for the TORIS database. Log-de-

Pittman's technique was explored as a means of rived effective porosity of 6 percent and effective
characterizing pore-throatsize distribution in wells water saturationof 40 percentwere used as pay cut-
for which high-pressure mercury porosimetrydata offs. Similar calculations were made for at least one
were not collected. Commercial core analyses data well in each of the remaining oil fields in Alabama.
from three wells for which the most high-pressure Well logs from Mississippi fields were not modeled
mercury _metry data were available were used by the dual-water methoddue to lack of appropriate
for this purpose. These wells include PN3150, logs.
PN3160, and PN3314 in North Blowhom Creek oil The frequencydistribution for log-derived effec-
unit. Plots of median pore-throat size distribution five porosity for Carter sandstone with porosity
against depth for pore-throatsizes calculated from greater than 6 percent in all 50 production and 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 mercurypomsimetry (figs. 67, 68, 69). In derived porosity for 10 cored wells (figs. 70, 71).
general, Pittman's technique results in slightly The modes for porosity data f_mnboth sources are
higher values than mercury pomsimetry values, similar and occur at 12 to 15 percent. Additionally,
Nevertheless, results of this investigation suggest both distributions are skewed toward low porosity.
that Pittman's techniquecan 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 medianpore-throatsizedeterminedbyhigh-wessure mercuryporosimetry(left)
withthatdeterminedfromcommercialcoreanalysesbyPittman's(1992) method (righ0 for well
PN3150. Vertical lines in the plot on the left represent the median pore throat radius, open circles
representthe pore-throat radiusat the 16111percentileof cumulativemercuryintrusion, and open boxes
represent the pore-throat radius at the 84th percentile.

determined by both methods is between 6 and 9 Similarities between frequencydistributions for

percenL This is significant because a porosity cutoff core-analysis and weD-log derived porosity suggest
of 9 percent was used in past calculations of the two methods are well calibrated. However, dif-
original oil in place in North Blowhom Creek oil ferences also exist between the two distributions.

unit (Docket No. 1-20-8340, State Oil and Gas The lower three classes (6-9, 9-12, and 12-15 per-
Board of Alabama). It is reasonable to assume that cent) account for more of total core-analysis poros-
sandstone with porosity between 6 and 9 percent ity than of total well-log derived porosity (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 account for _onately more
porosity in this range is added to the pay section, of the porosity in the lower three classes in the core-

the volume of oil in place would increase. This is analysis porosity histogram (fig. 71) than in the
discussed further in a subsequent section, well-log derived porosity histogram (fig. 70). The
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Figure 68.--Comparison of median pore-throatsize determined by high-pressure mercury pomsimetty (left)
with that determined from commercial core analyses by Pittman's (1992) method (right) for well
PN3160. Vertical lines in the plot on the left representthe median pore throatradius, open circles
repre_nt the pore-throatradiusat the 16thpercentile of cumulativemercuryintrusion,andopen boxes
representthe pore-throatradiusat the 84thpercentile.

reason for this is related to the manner in which well-log analysis to determineeffective water satu-
each type of porosity was determined.Commercial ration by sub,acting out the volume of immobile
core analyses measureboth effective porosity and an waterbound betweenclay particles.
unknown amount of ineffective microporosity.Pet- Relative to the pay cutoffs used in this
rographic evidence and results of high-pressure investigation, reservoir-quality effective porosity
mercury pomsimetry show that micropomsity occurs in Carter sandstone in all production and
within patches of detrital and authigenic kaolinite water-injection wells in North Blowhorn Creek oil
accounts for variableproportionsof total porosityin unit (fig. 72). Generally, arithmetic-mean porosity
the Carterreservoir. This microporosity,which con- for the pay interval is highest along the axis of the
rains bound water, does not contributeto the effec- resetvok sandstone body. The highest values occur
rive 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 contains the highest porosity and (2) a wider,south-
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representthe pore-throat radiusat the 16th percentileof cumulative mercuryintrusion,and open boxes
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ern region with somewhat lower porosity.Although tially over short lateral distances along the north-
variation in mean porosity among wells is evident western margin of the northern region. Maximum
in figure 73, this two-dimensional view of a single net pay thickness in the southern region is equiva-
parameterdoe_ not adequately describe factors at'- lent to that in the northern region, although vari-
fecting oil production related to heterogeneity in ation in net pay thickness is greaterin the southern
other _oir properties. Net pay thickness also region (fig. 72).
varies spatially within the North Blowhorn Creek Combining mean porosity with net pay as a prod-
oil unit reservoir (fig. 73), and patterns generally uct of these two parameters(porosity-feet)provides
follow trendsevident in the distributionof mean IX)- a method of assessing the fluid-storage capacity of
rosity (fig. 72). Again, two regions of maximum net the North Blowbom Creek reservoir (fig. 74). As
pay are present, a northern and a southernregion, expected, general trends are similar to those dis-

, Significantly, net pay thickness decreases substan- played in individual maps for the two parameters.
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Figure72.--Bubble mapof mean effective porosity for Cartersandstone, North Blowhorn Creekoil unit. The
size of well symbols is proportionalto effective porosity. State Oil and Gas Board of Alabama permit
numbersate adjacentto wells. Mean effective porosity, roundedto the nearestinteger, is shown in italics
below the permitnumbers.



104 -Kugler,Pa_hin,Carroll,Irvin,and Moore

NORTH BLOWHORN CREE OIL

"'__:; i _:"_.;

Net Pay Th icKness_

....... !i..-i,ilI.......,iii............................
3,_16

L_

47

•""'"_ :'L_::_.

37110

i 3Q07 _t

31_3

W_' ,.e_,. T13S_m.W
iD=" T_,S,._,w

470Q' _il
• 0

:2797

WELL SYMBOL SIZE i
: i

1200 it diameter = 42 It net pay .._.._
..200 ft diameter = 3 It net pay ...........

.... •....... _Mf....... i

"II_Lb,o,,

! _$1/ i,-'- •

: I i-- 4770

! ,° I,-_
_i te

N

C_1 & _1 U i 0.t 1.4 0.1

O2 & U M M M i. lDmmmmu

Figure "/3.--Bubblemapof netpaythicknessforCartersandstonein North BlowhomCreekoil unit, Thesize
of well symbols is proportionalto net pay thickness.State Oil andGas Boardof Alabamapermitnumbers
are adjacent to wells, Net pay thickness, rounded to the nearest integer, is shown in italics below the
permitnumbers.



Reservoir tteterogeneity in Carboniferous Sandstone of the Black Warrior Basin - 105

Figure 74.--Bubblemap of pore volume (porosityx net pay thickness) for Carter sandstonein North
BlowhomCreekoil unit. The size of well symbolsis proportionalto pore volume.State Oil and Gas
Boardof Alabamapermitnumbersare adjacentto wells. Porosity-feetvalues,multipliedby 10 and
roundedtothe nearestinteger,areshownipitalicsbelowpermitnumbers.
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Maximumpore volume in the netpay section occurs smallest volume of oil along the axis of the reser-
in the northern region. However, this zone of voir. Net pay thickness is low (fig. 73) and water
maximum pore volume occtu_ in a much narrower saturation is high (fig. 75) in this region. The
band than is indicatedon maps for the uncombined southern part of the unit contains a substantial,but
parameters(figs. 72, 73). The area with the highest sporadicallydistributed,volumeof oil.
pore volume in the southern region is broaderand The distribution of porosity and fluid saturations
variability is greater than in the northern region in the North Blowhorn Creek reservoir has been
(fig. 74). treated two dimensionally, thus far, using average

The pore space in a reservoir commonly contains values for the pay interval in each well. However,
more than one type of fluid, and these fluids arenot stratigraphic,as well as areal, variation occurs in
evenly distributedthroughoutthe reservoir. In order the reservoir. Structuralcross sections of well-log
to assess spatial variation in original oil saturation derived effective-_ty profiles, containing the
in the Carterreservoirin North BlowhornCreek oil same wells as those used to develop the depositional
unit, total (Archie) and effective (dual-watermodel) model for North Blowhom Creek oil unit (figs. 77
watersaturationswere calculated (fig. 75). Effective through 80) illustrate stratigraphicvariation in 130-
water saturationwas used to determine oil satura- rosity.Cross section A-A' (fig. 77) corroboratesthe
tion (100% - %effective watersaturation) forcalcu- distribution of high porosity along the axis of the
lation of original oil in place for the TORIS data- reservoirsandstonebody (figs. 72, 77). The thickest
base. The map in figure 75 shows the difference in vertically contiguous section containing the two
water saturation calculated using the two tech- highest porosity classes (12 to 15 percent and >15
niques. Total water saturation is lowest in the percent) occurs in wells in the northern half of the
northernpart of the oil unit in the same wells that field. Thick sections containing these two porosity
have the highest pore volume (compare to fig. 72). classes also occur in the southern part of the field.
Petrographic evidence shows that clays are a less Wells with the highest porosity in the northernhalf
important component of sandstone in these wells of the field contain few intervals with porosity be-
than elsewhere in the reservoir. Total water satura- low 12 percent, whereas those in the southernhalf
tion is highest in two areas: (1) the entire south- containa higher_ of lower porosity.
western margin of the reservoirand(2) the southern The porosity profiles are somewhat misleading
part of the oil unit. Additionally, the ratio of effec- because thin permeability barriers are not repre-
tire to total water saturation is highest within these sented as very low porosity intervals, due to the
two regions (fig. 75). The reason for this is that resolutionof well logging tools. For example, the
sandstone in these regions contains a largervolume lower half of the reservoir_n well PN3314 contains
of clay with bound water. The distributionof water alternatingintervals of 12 to 15 percent and greater
saturation shown in figure 75 emphasizes the im- than 15 percent porosity. Core descriptions (fig. 44)
portance of integrating petrographic observations show that these slightly lower porosity (12 to 15
with well-log analysis. If clays are not taken into percent) intervals, which are on the order of centi-
account in log analysis, and Archie water satura- meters in thickness in the core, are completely car-
rions are used, determinationof original oil in place bonate-cemented shell accumulations. These ce-
would result in lower values than those determined mented zones act as local barriers to vertical fluid
using effective water saturation. Strategies for ex- flow and generally are not correlative from well to
tracting additional oil through improved or en- well.
hanced recovery techniques also could be incor- Transverse cross sections (figs. 77 through 80)
rectly influenced ff the presence of claysis not exhibit the greatest stratigraphicand areal variation
acknowledged, in porosity. Cross-section B-B' (fig. 78), in the

The product, effective porosity times net pay northern part of North Blowhorn Creek oil unit,
times oil saturation, when combined with reservoir shows the narrow, thick high-porosity zone along
area, is used to calculate original oil in place. A the reservoir axis in the northernpartof the oil unit.
map of this product(fig. 76) clearly demonstrates Although reservoir thickness and porosity decrease
the heterogeneous nature of the North Blowbom to the east and west of well PN3314, porosity re-
Creek reservoir. This map indicates that the largest mains relatively high in the wells adjacent to well
original volume of oil resides in the northernpartof PN3314. Cross-section C-C' (fig. 79) reveals that
the oil unit. This oil mostly occurs along the axis of porosity is both lower and much more variablein
the reservoir where amalgamated sandstone lenses the central part of the unit. The reservoir becomes
are thickest. The central part of the unit contains increasingly segmented west of the axis. Furtherto
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Figure 75.--Bubble map of effective and total water saturation for Carter sandstone, North Blowhom Creek

oil unit. The size of black well symbols is proportional to effective water saturation. The size of gray

well symbols is proportional to total water saturation. State Oil and Gas Board of Alabama permit

numbers are adjacent to wells. Effective water saturation, rounded to the nearest integer, is shown in

italics below the permit numbers.
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Figure 76.--Bubble map of the product, net pay times effective porosity times oil saturation for Carter
sandstone, North BlowhornCreek oil unit. The size of well symbols proportionalto this product. State
Oil and Gas Boardof Alabamapermitnumbersare adjacentto wells.
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the southand alongthereservoiraxis, well fieldsintheBlackWarrior basinofAlabamaare
PN3796,incross-sectionD-D'(fig.80),containsa beachdepositsconsistingofclinoformalsandstone
thick,continuoussectionofrelativelyhighporosity, lensessimilartothoseinNorthBlowhornCreekoil
Again,segmentationofthereservoirincreaseswest unit.Mostofthesefieldseitherlackcoresorhave
off he axis. cores that were extracted from unrepresentative

Variance, standarddeviation,and the coefficientpartsof the reservoir.Thus, petrophysicalproperties
of variation are three ways to describe the variation for these fields must be determined by well-log
of a parameter, such as porosity, about its mean. analysis.Well-log derived effective porosity in these
The coefficient of variationis simply standardde- fields is lower than that in North Blowhom Creek i

viation divided by the mean (Size, 1987). This pa- oil unit. Porosity modes typically occur at 8 to 10
rameteris not commonlyusedinstatisticalanalysis, percent (fgs. 83 through86), in contrasttoa mode
but it provides a readily determined and easily in- of 12 to 15 percent for North Blowhom Creek oil
terpreted view of variationin comparisontoother unit. Further, water saturation is anomalously low
measures of statistical distributionbecause it takes in North Blowhom Creek oil unitcomparedtothat
both the mean and standarddeviation into account, in otheroil fields (fig. 87). This suggests that sand-
A map of coefficient of varianceof effective poros- stone in these other fields contains moredetritaland
ity in the pay interval exhibits a distribution of po- authigenic clay. These factors, combined with a
rosity variationsimilar to that implicit in the polos- large reservoir size, explain why North Blowhom
ity-pmfile cross sections. This pattern also is similar Creek oil unit is the most productive field in the
to that shown on the mapof the productof net pay, basin. These same factorsalso indicate that, despite
mean effective porosity, and water saturation (fig. similarities in depositional setting, caution should
81). That is, variation in porosity is lowest in the be exercised in using the North Blowhorn Creek
northern part of the unit and greatest along the reservoiras a direct analog for modeling heteroge-
western margin and at the southern end of the res- neity and fluid flow in otherreservoirs in the basin.
ervoir. Again, the reservoir is most homogeneous Petrophysical properties for selected, unitized oil
where clinoformal sandstone lenses are amalga- fields are discussed furtherin a subsequentsection
mated. Porosity heterogeneity is greatest in seg- of this report.
mented lenses and inbackshoredeposits.

In summary, North BiowhornCreek oil unit can PROBLEMS IN PREDICTION OF
be divided areally into fourzones with differentres- PETROPHYSICAL PROPERTIES IN
ervoircharacteristics,basedonthearealand strati- INTERWELL REGIONS
graphic distribution of porositywater saturation,
and pay thickness (fig. 82). Zone 1 contains the Estimation of reservoir properties,including po-
most-bomog_s, highest-qualityreservoir. This rosity and permeability, in unsampled, interweil
zone occurs in the northernpart of the unit where areas is desirable fordelineating flow units and for
clinofonnal sandstone lenses are amalgamated, determination of hydrocarbonreserves. Eaimation
Fluid flow in Zone 1 is favoredalongthereservoir of permeability is particularlyimportant because
axis. Zone 2 is a transitionalzone between higher this parameter controls fluid flow. Permeability
quality reservoir in Zones 1 and 3. The pay interval cannot be determined reliably by well-log analysis
in Zone 2 is thin and has high water saturation, and typically is undersampled relative to porosity.
Zone 3 contains high-qualityreservoir, but its dis- Accurateprediction of undersampledor unsampled
tributionis _c. Sandstonelenses in Zone 3 are petrophysical properties is difficult to achieve for
smaller than in zone 1. Moreover, these lenses are the Carter reservoir in North Blowhorn Creek oil
increasingly segmented toward the south and are unit. The main reason for this difficulty is the con-
orientedobliquely to the mainreservoir axis at their figuration of dental and authigenic clay in Carter
distal ends. This results in complex fluid-flow pat- quartzarenite.The distribution of clay in the reser-
terns in Zone 3. Zone 4 contains the lowest quality voir results in the weakcorrelationbetween porosity
and most heterogeneous reservoir sandstone. This and permeabilitybased on commercial core analysis
zone consists of the distal ends of sandstone lenses data. Thus, permeability is difficult to predict from
and backshore deposits. The probability of uncon- porosity. Further, the spatial correlation of petro-
tacted or unconnected compartments is greatest in physical properties,such as porosity, within the res-
this zone. ervoir in individual wells commonly is

Depositional modeling, presented elsewhere in indeterminate.
this report, indicates that reservoirs in other oil
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MUlerella sandstone,Blowhom CreekMillerella oil uniL
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Figure84.--Frequencyhistogramandcumulative-percentcurveof weD-logderivedeffectiveporosityfor
Canersandstone,CentralFairviewCanersandoil unit.
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Figure85.--Frequencyhistogramandcumulative-percentcurveof well.logderivedeffectiveporosityfor
Cartersandstone,SouthBrushCreekoil unit.
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Figure 87..-Plot of effective watersaturationversus totalwatersaturationforselected Cartersandstone
reservoirs.

Bubble maps have been used fix presentation in this provento be inadequatefor providing input data for
reportbecause this typeof mapdisplays datavalues reservoir simulation. Computerized contouring
at the specific site of sampling. These maps, generatesreproduciblemaps, but not all contouring
however, do notprovideestimatesof values between algorithms are suitable for accurate prediction of
wells. Traditionally,contour maps are used to dis- parametersin unsampledareas.
play the areal distribution of a parameter in Geostatistical metlgxls (Journel and Hijbregts,
interweU regions. Hand.drawn contours generally 1978; Isaaks and Sfivastava, 1988) provide a
incorporate some degree of bias and may not be promisingmeans of estimating values of parameters
reproducible among different investigators, for intenvell regions. Geostatistics is a set of
Moreover, interpolationof data values for interweli probabilistic methods that is used to _timate the
regions from hand-contoured maps typically has
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value of a regionalized variable, such as porosity, betweensample points and can be used to produce
between samplesites. Oeostatisticaltechniques have contour maps. Additional geostatistical methods,
advantages over standardregression methods in that such as cokriging(Isuks and Srivastava, 1988) can
data values are honored at sample locations. Vari- be used to predict values for an undersampledpa-
ogrsphy is a geostatisticalmethod for analyzing the rameteron the basis of its correlationwith a more
spatial variation of t parameter, such as porosity, extensively sampled parameter. For example, per-
Experimental variograms (fig. 88) describe this meability typically is an undersmnpledparameter
variation as a function of distance for a particular relative to porosity,which is readilydeterminedby
data set. The semivarlance of different pairs _ a varietyof methods. If a correlation exists betwew_
samplesat increasingintervals of distance com- porosityand Ixunneability,cokriging can be used to
monly increases until a sepmation in distance be- estimate permeability. Kriging techniques have
tween points is _hed beyondwhich no further beencriticizedIm::mmetheytendto produceunreal.
increase occurs. The vartogram is modeled by isfically smooth spatial distributions of estimated
fitting a curve through the dam points. Three parameters.As a result, a variety of other tech.
aspects of the model are important. First, the niques for estimating parameters in interweH re.
variogram model may not originate at zero gions have beenexplored, including conditional hi-
semivadaw,e due to small.scale heterogeneity.This erarchical simulation, turning-band methods,
is referred to as the nugseL Second, the distance annealing,fractalgeometry, and fuzzy probability.
beyond which semivariancedoes not change is the Geostatistical amdysis can be used to make esti.
range. This is the distance beyond which no spatial mates of a peuan_terin one, two, or three dimen-
correlation exists. Third, the semivariance at the sions, providingsuffkient well density exists. Most
range is the sill. oil fields in the Black Warrior basin of Alabama

The semivariognim model is used to provide in- contain few wells and, therefore, have insulTtcient
put data for kriging, which estimates values
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Figure 88.--Example of a modeled experimental semivariogram for Carter sandstonein NorthBlowhorn
Creekoil unit (well PN3437, sphericalmodel, negget= 0, sill = 4.2, range= 4.0).
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datadensity for geostatisticalevaluation.The Carter effect, implying that little variability exists below
sandstone in North Blowhom Creek oil unit. and the smallest sample spacing. Ranges of 2 to 12 feet
perhaps in South Brush Creek oil unit, is the only are typical for variograms that could be modeled
reservoir in the Black Warrior basin of Alabama (fig. 88). Howeva', more than one-half of the vari-
with appropriate data density for modeling. In Id- ograms constructed for wells in North Blowhorn
clifton to the small numberof wells typicalof Black Creek could notbe modeled(fig. 89), and some that
Warriorbasin oil fields, cotes are rarelyextracted, could be modeled have significant hole effects.
Moreover. the few cores that exist for fields outside Wells with uninterpretablevariogramsaredispersed
of North Blow_gn Creek oil unit are not necesmr- throughout North Blowhom Creek oil unit.
ily rewesentative of reservoirs in those fields, variograms for Carter sandstone are similar in
Again. only North Blowhom Creek oil unit has I structure to those modeled by Gould and othas
sufficient number of cores to wovide input data for (1993). However,modeling was not pursuedfurther
geostatiaticatlmodeling, because the variogramsfor Cartersandstone exhibit

One-dimenskw.M geoltatistical analysis of the signif'gant proportional effects (llaa_ and Sri-
vertical pmosity distribution in 50 wells in North vastava, 1989), which imply strong local variation.
Blowhont Creek oil unit. using Geo-_ (Englund, This precludes two- and three-dimensional model-
1988), It public-domain software package, gave in- ins of verticalpmmity variationin interwell regions
determinate results. Pour types of data were rood- in North Blowhom Creekoil unit. Therefore, addi.
eled using one dimensional variography: (1) raw flonal considerationneeds to be given to the struc-
neutron porosity curves; (2) raw porosity density tree of porosity data for Carter sandstone in North
curves; (3) cross-plot porosity; and (4) dual-water Blowhom Creek oil unit before interwel_porosity
model derived effective porosity. Variogmms also distributioncan be determined accurately and per-
were pre_ for selected wells using different me,ability can be estimated by methods such as
sample spacing. Most vadograms have no nugget cokriging. Methods of estimating petmphysical
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Figure 89.--Example of an experimentalsemivariogramfor Cartersandstonein NorthBlowhom Creekoil
unit thatcould notbe modeled (well PN3437).
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properties in interwell regions of North Blowhorn gas, but it would take more than 60 years from the
Creek oil unitcontinue to be explored, initial show before commercial quantifies of oil

The weak correlation between porosity and per- were found. In 1970, the discovery of the East De-
meabiUtyin Caner sandstoneand the indeterminate troitoil field in Cartersandstoneat depths of 1,782
resultsof one-dimensionalgeosmfisticalanalysisare to 1,798 feet markedthe f'urstoil discovery in the
surprising for two reasons. First, reservoirs in Black Warriorbasin of Alabama. As of 1990, 123
q_niW commonly have higher reservoir fields in Alabamaproduced conventional hydrocar-
quality than those in more lithic or feldspathic bons and coal-bed methane in the basin (MasingilI,
sandstone because deleterious effects of diagenesis 1991). By July 1992, the Black Warriorbasin in
are less significant in quanzarenite owing to the Alabama had produced 9.2 million barrels of oil
mechanical and chemical stability of the detrital and 523.9 billion cubic feet of gas.
framework. Second, hy_ reservoirsin bar- Of the hydrocartmn.producingfields in the Black
tier and stnmdplain sandstonegenerally are among Warriorbasin of Alabama, 26 are designated as oil
the least hetemge_ clastic reservoirs (Finley fields or oil units for production from 33 pools
and others, 1988; Amlwose and others, 1991). Car- (table 7). However, some of the designatedoil fields
mr sandstone reservoirs,however, differ from those areno longer active. Currently,nine fields contain-
reservoirs used to establish heterogeneity ranking ing 11 oil pools have been abandoned(table 7). Oil
based on depositional environment. Indeed, delta- fields in Alabamatypically are developed on a 40-
destructive smmdplain deposits, such as the Caner or 80-acre spacingand no requirementfor the mini-
sandstone, are largely undocumentedin the litera- mum distancebetweenwells (table 7).
ture. The 26 designated oil fields and units produced

In contrast to the widespreadbeach-barriersys- 7,478,179 barrels of oil as of July 1992. An addi-
terns that are the basis of commonly used reservoir fional 932,420 barrels were produced from gas
heterogeneity models (for example, Sharma and fields and wells outside the 26 fields that are now
others, 1990a, b; Ambrose and others, 1991; abandoned. Seven Mississippian sandstone units
Sehatzinger and others, 1992), Carterreservoirs are produce oil in Alabama, including Caner, Coats,
composed of localized, clinoformal sandstone Chandler, Giimer, Lewis, Millerella, and Sanders
lenses. Moreover, Carter beach systems wee sandstones.Of these, Caner sandstonehas imxluced
muddier tlum beach systems used as the basis of morethan 90 percem of the oil fromthe designated
these reservoir models. Thus, more detrital clay oil fields and units (figs. 4, 90). Eighteen of the 26
was present in the Carter at the time of deposition, fields have produced oil fromCaner sandstone (fig.
The abundance of clay minerals further increased 91), and North Blowhorn Creek oil unit has pro.
during burialdiagenesis. It is the relatively unpre, duced 5.1 million barrels, or approximately two-
dictable distributionof both detrital and authigenic thirds of thatoil (fig. 5). South BrushCreek oil unit
clay within reservoirsandstone that renders spatial is the only other field in the Black Warriorbasin to
quantification of petrophysicalproperties in North have producedmore than one million barrelsof oil.
Blowhorn Creek oil unit difficult. Problemsencoun- Five Caner sandstone fields have been unitized for
tered in prediction of petrophysical properties in pressure mainten_ce and waledk)M or gas injec-
North Blowhorn Creek oil unit are further corn- tion. Millerella sandstone is the next most produc-
pounded in other Black Warrior basinoil fields be- five Mississippian reservoir in Alabama.Millereila
cause available data are fewer and reservoirsand. (eight fields and units) and Lewis (three fields)
stone in these fields typically is muddier than that sandstones are the next most productiveMississil)-
in the NorthBlowhom Creek reservoir, plan rese_oirs in Alabama (fig. 92). Maximum

productionfromMiUereUaandLewis oil fields is in

OVERVIEW OF BLACK WARRIOR the range of two to three hundredthousand barrels

BASIN OIL PRODUCTION of oil (fig. 93). Most Millerella production is from
Biowhorn Creek and Mud Creek oil units, both of
which are currently under waterflood. Mt. Zion oil

The search for oil and gas in the Black Warrior field produces the most Lewis oil; no Lewis fields
basin of Alabama began in the early 19003 havebeenunitized.
(Masingill, 1991). In 1909, a test well drilled for The Mississippi pert of the Black Warrior basin
coal in Fayetle County encounteredoil shows at a has 17 active oil fields that produced 1,110,747 bar-

oflem than 500 feet. By 1917, more than 40 rels of oil, as of December 1991, from 29
wells had bern drilled in the basin, primarily for Mississippian sandstone pools. Oil is produced in
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Table 7..-Characteristicsof oil fieldsinthe BlackWarriorbasin of Alabama.

........ Oilte'field Required ...........Numberof ' Oiotln_ OloUmcetxMween

Field Pool uUd_tilhed 8prating I_OduClngwells I_HllUll Unit |hll_l fromunit wellO
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o_ om_ ....._ er_4_m eo ' "i' Producing=_)nUOu=0ovm- aao no_qut_mt

mental 1/4 114lecUona, i

a,,_,,c,_ co= _o,_ 4o .... 0 P_ _.,t._. _ no_.*,_iii
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e..k._Cmk ca,t., 7_,_ _ 1 I_,x,,,,=!,,_c,_ug.o_ 33o no,.qu,.....,t
8kMhom Creek Ciuter 0/07/79 80,, 0 P&A ,,,conti_luou* 3,30 norequirement
BlowhomCreek _ 7111/80 I_), except in O Pm,duclng contlguou, 330 (prod, wl4hl) no NKlUlrement

Bt,Uff LowerG_te¢ 12/19/85 I_, 1 P/_xl_!ng ,00_oO_, 330 _,,_ulm_

.e=u_ ,, o,me, IO/IO/_ eo 4 ,,,pmdu=ing c_=o= =_o no__
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Emit Oetrolt CartM 12/18/70 40 3 Pfodu¢ir_ governmentaJ1/4 1/4 330 (lEO
_-Uon

Fadtvlew Cdutm' 8/27/74 40,except in ....... i3 ProducinggovemmenUd1/4 1/4 '_K) rmmquiremeflt
unitized=u'ee

Heneon OOdngo C4utlr 10/3t_5 40 0 .... P&A _rnmen_ il4 114 (leo with • 150 no re¢lulmm4_
Nctlo_ foot toie.u'tce

Mt'Z_ofl _ 12/18/07 llO 3 PTodt_ing= ¢onttguOUl_)vem- 330 no requlmment

m,n_I14114,wctlon*
Mud_ _ wl1/e7 un_=d = ...._oe==i,_ co_t_uou= ,_:o nor_ul_mnt
'Northalowt_rn_ _ e/t1/eo ' un_Uzed 3'_' p_duci_=c,ont_uou._=*n=_n. _ nor_ulmm=nt

mntaJ_/4,1/4=_'Uona
No,u,,_,m "' ,,,_,,,a, 7_ve4 " eo o P_ ==,_ty_ 33o no,_ut,m_
No_F,_,_w can,_ s_e/ea 40 _ F_lu¢i_ com_uo_ _o nom,qu_mmt
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Bruth Creek _ 0/28/85 unitized 12 Pm¢lu¢ii_ 2 r_ltiOuou$ govern-' "' 3,30 no I1KlUi_nent
f1_t_J 114114le¢Uona
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Mississippi from Mississippian Abernathy, Carter, welllxxe damage prior to fracturing and to lower
Evans Lewis, Rea, and Sanders sandstones, the pressure required to break down the fonnmion
Approximately 75 percent of oil production from during the fracturing process. Typical acid Ize_t-
the 17 Mississippi fields is from Lewis sandstone, ments use .500to 2,000 gallons of 7.5 to 15 percent
and 58 percent of total productionis from a single hydrochloric acid, containing corrosion inhibitors,
Lewis sandstonepoolin MapleBranchfield, iron scqucstiantagents,clay stabilizers,and bah

Standard well stimulationproceduresin the Black sealers. The solution is displaced into the formation
Warrior basin of Alabama include acidization and using a 2 perceatpotassium chloride solution. After
hydraulic fracturing. Acidization is designed to re- an appropriate periodof time. the well is flowed to
move blocking agents, such as drilling mud, ca]- clean up the formation andremove spentacid. After
cium carbonate, and other material on the wellbore the acid treatment,wells typkally are hydmulk,ally
face and in the immediate vicinity of the wellbore, fractured through tubing, using a two-component
Acid treatments are designed to eliminate near water-_ gel system. Fracture treatments are
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Figure 90.--Bar chart of cumulative oil production for reset 'oir units in the BlackWarriorbasinof Alabama,
as of July 1992.

designed to initiateand propagatefracturesthat are project is planned for the southern part of North
approximately300 feet in length with a width of 0.3 Blowhom Creek oil unit (Gulf Coast Oil World,
inch at theweilbore. 1992). The unitized oil fields in Alabama include

Blowhom Creek Millereila oil unit, Central
IMPROVED.RECOVERY PROJECTS Fairview Cartersand oil unit, Mud Creek oil unit,
IN THE BLACK WARRIOR BASIN OF NorthBiowhom Creek oil unit, South Fairview

ALABAMA Carter sand oil unit, South Brush Creek oil unit,
andWayside oil uniLFive of these oil units produce
fromCartersandstone,and two units produce from

As of July 1992, seven oil f'_ids producing from Millerella sandstone. The size of waterflood pro-
Carter or Millerella sandstone have been partially jects ranges from North Biowhorn Creek oil unit,
or completelyunitized for the purposeof increasing with 30 production wells and 20 water injection
the ultimate recovery of oil in the Black Warrior wells, to Mud Creekoil unit with 2 production wells
basin of Alabanm (table 8). These unitized fields and I water injection well. Five-spot or peripheral
currentlyare under watedloud or a combination of waterfloodpatternsare used over the entire Wuduc"

and gas injection; no tertiaryrecovery live areain the largestunits. Smaller units have too
lxojects are active in the Black Warriorbasin of few wells for standardwaterflood patterns. The lo-
Alabama. Hov_ver, a microbial enhanced recovery cation of water injection wells in these units is
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Figure 9 l.--Bar chart of cumulative oil production from Carter sandstone fields in the Black Warrior basin of
Alabama, as of July 1992,

designed to enhance recovery from specific wells, turc (PVT) study of a subsurface fluid sample from
Total oil production from these fields ranges from the discovery well shows that the reservoir fluid ex-
64,151 to 5,100,000 barrels. Salient features of the istcd as a saturated liquid under original reservoir
seven unitized fields are discussed in this section, conditions of 1,192 psia and 90" F. Bubble point

Production prior to and afler unitization for each pressure for the reservoir was 1,335 psi& Additional
unitized field is shown in figure 94. reservoir data are in table 9. The trapping mecha-

nism in Biowhorn Creek Millerella oil unit is stra-

BLOWHORN CREEK MILLERELLA OIL tigraphic due to pinchout of Miilerella sandstone.
The field was developed on an 80-acre spacing

UNIT and six production wells produced 202,445 barrels
of oil and 693,435 Mcf of gas prior to unitization in

The Blowhom Creek oil field was discovered in May 1987. The drive mechanism for the resexvoir is
1979 with the drilling of the Jones 26-3 no. 1 solution gas. Initially the gas-oil ratio was 1,000
(PN2690) well by Pruet Production Co., Hughes & SCF/Bbl, but the ratio incmas_ to over 6,000

Hughes, and Warrior Drilling and Engineering Co. SCF/Bbl in 1982 as reservoir pressure declined.
The discover), well was perforated in Carter sand- Reservoir pressure declined from the original 1,192
stone from 2,473 to 2,488 feet and initially tesW_ psia in 1979 to 138 p_ia in 1985. Oil producUon

168 barrels of 35.4" API oil and 135 Mcf of gas per had reached a maximum of 8,000 barrels per month
day on a 48/64 inch _e with a flowing tubing in September 1980 and declined rapidly to ap-
pressure of 100 pedg. A Wemue-volume-tempera- proximately 500 barrels of oil per month prior to
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Figure92.--Bar chartof cumulativeoil productionfromMiilerella sandstonefields in the Black Warrior
basinof Alabama,as of July 1992.

unitization (fig. 95). A waterfloodproject was initi- (fig. 43). The location of injection wells does not
ated after the field was unitized on May 1, 1987. correspondto a standardwaterflood pattern, but is
Initially the unitized field consisted of three injec- designed to increase production from these two
tion wells and 6 production wells. From March wells (fig. 96). Well PNI0192 is a new water
1989 through August 1992 three additional water injection well that went online in August 1992 to
injection wells were completed. Waterinjection be- increase production from well PN3098.
8an in September 1987 anda total of 1,337,839 bar- Breakthroughof injection water has occurred only
rels of freshwater were injectedthroughJuly 1992. in well PN2690 (fig. 97). This breakthrough does

Of the present producing wells in the unit, the not necessarily suggestchanneling of fluids through
greatest amount of oil has been extracted through high permeabilityzones because water has been in-
wells PN2690 and PN2933 prior to unitization (fig. jected into the reservoir from wells surrounding
96). Well PN2878 (now plugged and abandoned), well PN2690 for a longer period of time than for
which is shown as productive in figure96, produced well PN2933. The locationof the two most produc-
from Carter,ratherthan MUlerella sandstone;wells tive wells does notcorrespondto areas with highest
PN2937andPN3081 penetrateMillerella limestone net pay thickness (fig. 98). Effective water
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Figure 93.--Bar chartof cumulativeoil productionfromLewis sandstonefields in theBlack Warriorbasinof
Alabama,as of July 1992.

saturationdiffersbetween the two wells (fig. 99), al- flood to be 734,528 stock tank barrels.The effects
though log.derived effective porosityis similar (fig. of waterinjection were realizedin June 1990 as oil
100). Average effective water saturation is lower productionincreased sharply(fig. 95). This increase
and average effective porosity is higher in well in oil production also coincides with a significant
PN2690. Log-derived effective Ixm_ty cross sec- increase in water production, indicating break-
tions (figs. 101,102) reveal that porositygenerally through.Cumulative productionthrough July 1992
is lower and water saturation is higher in Biowhorn from the Blowhorn Creek Millerella oil unit is
Creek Millerella oil unit than in North Blowhorn 301,866 stock tank barrelsof oil and 819,293 Mcf
Creek oil unit. However, the vertical distributionof of gas. Currently, the unit contains 4 producing
porosity is more homogeneous. Sandstonedistribu- wells, 6 water injection wells, and 2 plugged and
lion, pe_physical properties, and production pat- abandonedwells.
terns indicate that Blowhorn Creek Millerella oil
unit should have fewer productionproblemsrelated CENTRAL AND SOUTH FAIRVIEW

to thief zones and uncontactedor unconnectedcorn- CARTER SAND OIL UNITS
partments than other units, such as South Brush
Creekand Wayside oil units.

The productive areaof the MiUerella sandstoneis Two parts of the FaJrviewoil field have beenunitized as Central Fairview oil unit and South
approximately 436 acres. Original oil in place, Fairviewoil unit. The Fairviewoil field wasdiscov-
volumetrically determinedby the operator(Docket ered in 1971 by Skelton Operating Co., Inc., with
No. 4-2-879, State Oil and Gas Boardof Alabama) the drilling of the Vista Mae Gilmer No. 1 well
is 2,448,425 stock tankbarrelsof oil, using a 9 per- (PN1968). An initial test for the discovery well pro-
cent porosity cutoff for pay, with estimatedprimary duced 160 barrels of 22.8" APl oil and 438 Mcf of
oil recovery of 220,358 stock tank barrels.The op-
erator anticipates ultimate recovery from the water- gas per clayon a 32/64-inch choke with a flowing



Table 8.--Gharacteristicsof unitizedoilfileclsinthe BlackWarriorbasin. _.
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Figure 94.--Bar chart showing we- and post-unitization oil production from unitized fields in the Black
Warriorbasinof Alabama,as of July 1992. BCM = BlowhornCreek Millerella oil unit. _ = Central
FairviewCar_r oil unit. MCM = Mud Creek Millereila oil unit. NBC = North Blowhorn Creek oil
unit. SBC = SouthBrashCreekoil unit. SFC= SouthFairviewCarteroil unit. WAY -- Waysideoil
unit.

tubing pressure of 540 psig. Productionwas from initial reservoirconditions of 1,113 psia and 84_F.
Cartersandstonethroughperforationsfrom 2,430 to A gas cap was thoughtto occur in the northernpor-
2,440 feet. As the field was developed, it became tion of this lobe and was subsequently verified by
evident that two lobes of Caner sandstone exist high gas-oil ratios for wells completed in that area.
within the oil field boundaries. 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 penetrating the south- designated as the CentralFairview Caner Sand oil
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 convened to water injection wells and
cated that fluid contained in the Cartersandstone in six wells remainedas producers. The operatoresti-
the northern lobeexisted as a saturatedliquid at the mated original oil in place for the northern lobe to



Table 9.- Reservoirfluidpropertiesof selectfmldsinthe BlackWarriorbasin.

INITIAL BUBBLE SOLUTION INITIAL OIL FORMATION ==
FIELD RESERVOIR POINT GAS-OIL OIL OIL VISCOSITY VOLUME ,_

PRESSURE PRESSURE! RATIO GRAVITY VISCOSITY @ Pb FACTOR _

' (PSIA) (PSIA} (SCF/STB} API (cp) (¢p) (Rbl/STB) _
_RLOWHORNCRF'FK"M!iI I=RFtlA" OIL UNIT 1192 1335 306 35.4 1.4 1.312
CENTRALFAIRVIEWOIL UNIT 1113 1113 240 34 4.45 4.45 1.125
FAIRVIEWOIL FIELD 1113 1113 240 34 4.45 4.45 1.125
MT zION 2010 1739 558 41.4 0.734 0.721 1.263 _"
MUD CREEKOILUNIT 1701 1701 585 41 0.84 0.84 1.29"2 5i"
NORTH BLOWHORNCREEKOILUNIT 1190 1154 302 32.5 2.55 2.52 1.154 _,,
NORTH FAIRVIEWOIL FIELD 995 924 218 30 3 3 1.119 _"
SOUTH BRUSHCREEKOIL UNIT 1164 1164 330 37 1.45 1.45 1.16
SOUTH FAIRVIEWOIL UNIT N/A N/A N/A N/A N/A N/A N/A
WAYSIDE OILUNIT 1020 1020 201 34 4.96 4.96 1.107
YELLOWCREEK"CARTER'SAND NIA N/A N/A N/A N/A NIA N/A

YELLOWCREEK"SANDERS"SAND 1854 1854 NIA 41 N/A NIA 1.241

N/A - Not available _-
==

i

_o
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Figure 96.-Bubble map of cumulative oil productionfrom Blowhorn Creek MiUerella oil unit, as of July
1992. The size of well symbols are proportionalto oil production.State Oil and Gas Board of Alabama
permit numbers are adjacent to wells. The volume of oil produced is shown in italics adjacent to
productionwells.

be 1,612,795stocktankbarrelswithestimaledpri- The southernlobeof Cartersandstonein the
maryrecoveryof162,369stocktankbarrels,usinga Fairviewoilfieldwasunitizedon March2,1992,
9 percentporositycutoffforpay(DocketNo.12-15- anddesignatedastheSouthFairvicwCarterSand
889B,StateOilandGasBoardofAlabama).As of oilunit.FreshwaterinjectionbeganinOctober
July1992,202,572barrelsoffreshwaterhavebeen 1990.Thislobeisbisectedby twoeast-wcstfaults
injectedintotheCentralFairviewCarterSandoil thattrendperpendicularlytothestrikeofthereser.
unit(fig.103).Effectsofwaterfkxxlinghavenot voir.Effectsof waterinjectionwererealizedap-
beenrealizedtodate,andresultshavebeendisap- proximatelysevenmonthsafterinitiationofthewa-
pointing. Cumulativeproduction throughJuly 1992 terflood program, as indicated by a sharp increase
was 175,685barrelsofoiland364,384Mcf ofgas; inoilproductionand decreaseinthegas-oilratio
only6,172barrelsofoiland22,224Mcfofgashave duringmidyear1992(fig.104).Theproductivearea
beenproducedsinceunitization, of theSouthFairviewCarterSand oilunitis
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Figure97.-Bubblemapof cumula_vewat¢¢productionfromBlowbxn CRek Millerella oil unit,asof July
1992. The size of well symbols is proportionalto waterproduction.State Oil and Gas Board of Alabama
permit numbcn an: adjacent to wells. The volume of water produced is shown in italics adjacent to
productionwells.

approximately 333 surface acres. Original"oil in been injected into the reservoir in South Fairview
place, volumetrkally calculated by the operator CarterSand oil uniL
(Docket No. 12-15-897A, Slate Oil and Gas Board
of Alabama) is 2,180,170 stocktankbarrels,using a MUD CREEK MILLERELLA OIL UNIT
9 percent porositycutoff forpay. Estimatedprimary
recovery is 156,992 stock tank barrels of oil and The Mud Creek oil unit was discovered by
anticipated secomdary recovery is 497,079 stock Anderman Smith Operating Company in 1987 with
tank barrels. Cumulative production through July the drilling of the Thomas 6-7 well (PN5249). An
1992 was 151,085 barrelsofoil and 103,706 Mcfof initial test on the discovery well produced 195 bar-
gas; 24,236 barrelsof oil, 15,192 Mcf of gas, and 44 rels of oil and 169 Mcf of gas per day on a 12/64.
barrels of water have been produced since unidza- inch choke with 600 psig flowing tubing pressure.
tion. As of July 1992, 167,177 barrels of waterhad Production was from the MUlerella sandstone



Figure 98.-Bubble mapof net pay thicimeu for Millerella sandstonein Blowborn Creek Millerella oil unit.
The size of well symbols is _ to net pay Ihickneu. StateOil andGas Board of Alabama permit
numbersare adjacentto wells. The net pay thidmeu, roundedto the nearest integer, is shown in italics
below thepermitnumbers.

throughperforationsfrom4,185to4,196feet.In. Thefieldwasdevelopedon 80-acreunitsandtwo
itial reservoir pressure and tcmperaturc for the additional woducfion wells were completed by Feb-
Millerella sandstone were 1,701 psia and 110" F, ruary 1988. Reservoir pressure declined rapidly
resix_flvely. No wessure-volume.temperaturestudy from 1,701 psia at the time of discovery of the field
was perfcgmed, but bubble point pressure is ex- to 1,258 psi=in July 1988. As a result, the r_ld was
pected to be the same as the discovery pressure, unitized and a pressure maintenance program was
Additional n_fvoir fluid propertiesare in table 9. initiated with a waterfkxxlwoject. The Thomas 6-
The drive mechanism for the reservoir is solution 16 well (PN5323)was convertedto a water injection
gas. An initial _ cap was suspected along the top well andinjectionbegan in October1990 (fig. 105).
of the sandstme in the Thomas6-16 well (PN5323) As of July 1992, 72,782 barrels of water had been
because of a rapidincrease in thegas-oil ratio in the injected intothe reservoir.
well
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Figure 99.-Bubble map of effective and total water saturation in Millerella sandstone,Blowbom Creek
MillereUa oil unit. The size of black well symbols is proportional to effective water saturation. The size

of gray well symbols is proportional to total water saturation. State Oil and Gas Board of Alabama permit
numbers are adjacent to wells. Effective water saturation, rounded to the neaP_t integer, is shown in
italics below the permit numbers.

The productive area for the reservoir in the Mud is 64,151 barrels of oil and 197,849 Mcf of gas, and
Creek Millerella oil unit is estimated by the opera- 3390 barrels of water.
tar to be 226 acres. Volumetrically determined

original oil in place, estimatedby theoperator,is NORTH BLOWHORN CREEK OIL UNIT
618,500stocklankbarrels,usinga 9 percentIXaO_
it)' cutoff for pay (Docket No. 12-14-895. State Oil North Blowhorn CRek oil unit wu discovered by

and Gas Board of Alabama). Estimated wimary re- Warrior Drilling and Engineering Company, Inc. in
covery is 30,925 stock tank barrels of oil and antici- 1979 with the drilling of the _ No. 11-5 well
pared ultimate production is anficipatud to be (PN2751), which initially flowed 342 barrels of
129,885 stock lank barrels of oil. Cumulative WO- 32.5" API oil and 1,090 Mcf of gas per day on a
duction from MUd Creek oil unit through July 1992
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Figure 100.--Bubble map of effective ixxodty in Millerella sandstone.Blowhorn Creek Millerella oil unit.
The da_ of well symbolsis proportionalto effectiveporosity.StateOil and Gas Boardof Alabama
pmnit numbersaread_,,mtto wells.Meaneffectiveporosity,roundedtothenearestinteger,is shownin
italics belowthepermitnumbers.

16/64.inch choke with a flowing tubingpressureof by pinchout of porous Cartersandstone. Thus, the
740 psig. Carter sandstone productionin this well trappingmechanism for the combined North Blow-
was from perforations between 2,285 and 2,294 hornCreekoil unit/ArmstrongBranchgasfield is
feet. Structuraldip of the lop (d' the Cartersand- suatigraphic, _fined by pinchout of Carter sand-
stone is 25 to 60 fthni. The Can_ sandstone in stone (Bearden, 1985).
North Blowhom Creek oil unit is contiguous with Development of the field began shortly after
the Carta rescxvoirin the adjacent Armsuonlg completion of the discovery well. The field was de-
Branch gas field, to the northwest (Bearden, 1984. veloggd on 80-acre units. The original fluid in the
1985; Epsman, 1987). The uixUp limit of the oil North Blowhom Crick oil unit reservoirwas a satu-
reservoir lit North Blowhom Creek oil unit is (k- rated oil with an original bubble point pressure of
f'modby the oil/gas contactat -1,724 feeLThe updip 1,115 psi¢ "me Iximary drive mechanism for the
limit ef the Armstrong Branch gas field is defined reservoir was solution gas. Additional reservoir
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Figure 102.--Structuralcross-section F-F of effective porosityprofiles,Cartersandstone,Biowhom Creek
MiUerella oil unit.
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fluid properties are listed in table 9. As reservoir Further, more water has been produced in the
pressure declined, sucker rod pumping equipment southern part of the unit (fig. 109). Only small
was installed on wells. Production prior to unitiza- amounts of wa_ were produced prior to unitiza-
tion and waterflood totaled 601,007 barrels of oil, tion, although water-productionrecords are incom-
888 MMcf of gas, and 887 barrelsof water, plete for this time. Thus, water production shown in

North Blowhom Creek oil field was unitized on figure 109 representsinjection water producedafter
February 1, 1983, and waterflo_d operations were breakthrough.By January 1986, breakthroughhad
initiated. Wells PN3350 and PN3437, in the north- occurredin four wells in the northern part of the
ern part of the unit, were convened to water injec- unit and eight wells in the southern part. Well
tion wells in June 1983 and used fora pilot injectiv- PN3314 has produced the most water in the north-
ity test to verify compatibility of injection water ern pan of the field (fig. 108). Data presented else-
with formationfluids. These wells were also used to where show that the upperpart of the Caner reset-
form a water block to preventmigration of gas and voir in well PN3314 has permeability an order of
oil between the adjacent Armstrong Branch gas magnitude or more higher than that in the lower
field and North Blowhorn Creek oil unit. Waterin- part of the reservoir. This higher permeability oc-
jection began in the rest of the unit in November curs in foreshore sandstone lenses that parallel the
1983. Well PN3501 was convertedto a water injec- strikeof the reservoirbody. Thus, a high-permeabil-
tion well in September 1992. Injection water is ity conduit may exist between well PN3314 and ad-
supplied by two fresh water sourcewells completed jacent injection wells along the reservoiraxis. The
in the Pottsville Formation. The original 80-acre existence of this conduit is supportedby WArophysi-
development of the field facilitated conversion of cal evidence. This could result in lowering sweep
existing production wells to injection wells and efficiency of the waterflood in the lower, less per-
limited the necessity of additional infill wells. A 5- meable zone, resulting in bypassof some producible
spot patternwas used to flood the unit. An increase oil.
in oil productionand a decrease in the gas-oil ratio Reasonsfor the patternof waterproductionin the
due to water injection occurred approximately six southern part 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 rateof 86,341 barrelsof oil per tracted from wells in appropriate locations. How-
month occurredin 1985, two and one-half yearsaf- ever, sweep efficiency of the watexflood likely is
ter the watetflood began. Although productionfrom lower in this part of the unit because of fractures
wells in North Blowhorn Creek oil unit began at and channeling through high permeability zones.
approximately the same time and injection was in- Well PN2980 was the first well to producewater as
itiated within a five-month period, per well cumu- a result of breakthroughof injection water, and
lative production differs significantly throughout breakthroughgenerally occurredearlier, with larger
the unit (fig. 107). The most productive wells are in quantitiesof pnxluced water, in the southern partof
the northernhalf of the unit. Well PN3782 has pro- the unit. Well PN2980 has produced an anoma-
duced the most oil, 39.2759 barrels of oil as of Sep- lously large amount of water compared to other
tember 1992. This pattern of productionclosely cor- wells in its vicinity. This implies that water injected
responds to sandstone distribution patterns defined in surroundingwells may have been captured by
in the depositional model and also correlates well and channeled througha natural fracturenetwork.
with the distribution of parametersderived from If this is the case, producibleoil would be bypassed
well-log analysis. Production is consistently the in the vicinity of well PN2980. Channeling of in-
highest where Caner sandstone lenses are amalga- jeered water likely also occurred between other in-
mated. Although productivewells are present in the jection and productionwells in the southern pan of
southern part of the unit, where spit arms segment, the unit. However, this fluid channeling may be re.
the distributionof the most productivewells is scat- lated more to permeabilitycontrasts within the fes-
tered relative to that in the northern part. Wells ervoir sandstone, related to depositional Wocesses
along the southwestern margin of the unit are less and diagenesis, than to fractures. Thus, the pattern
productive, particularly well PN3385. Backshore of oil production and waterinjection and production
deposits and the distal ends o4"spit arms are preva- indicates a higher degree of heterogeneity in the
lent in this area. Carterreservoir in the southern pan of North Blow-

More water has been injected into the Carterres- horn Creekoil unit. The injection radius for ¢umu-
ervoir in the southernpartof the unit during water, lative water injection through December 1992 era-
flood operationsthan in the northernpan (fig. 108). phasizes the degree of reservoir heterogeneity and
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Figurel(T/.--Bubblemapof cumulativeoil productionfromCartersandstonein NorthBlowhomCreekoil
unit,asof July1992. Thesize of wellsymbolsis proportionaltooil production.StateOilandGas Board
of Alabamapermitnumbersare adjacentto all wells. The volumeof oil producedis shownin italics
adjacenttoproductionwells.
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Figure108.--Bubblemap showingcumulativevolumeof waterinjectedintotheCanersandstonereservoirin
NorthBlowhomCreekoil unit,asof July1992. Thesizeof wellsymbolsis proportionalto the amount
of waterinjected.StateOilandGas Boardof Alabamapermitnumbersare adjacentto all wells.The
volumeof waterinjectedis showninitalicsadjacenttoinject/onwells.
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Figure 109.--Bubblemapof cumulativewaterproductionin NorthBlowbomCreekoil unit.as of July1992.
The sizeof wellsymbolsis proportionalto waterproduction.StateOil andGasBoardof Alabamapermit
numbersare adjacentto all wells. The volume of waterproducedis shown in italics adjacent to
productionwells.
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fluid channeling (fig. i 10). Radii shown in figure covety to be 30 percentof original oil in place. Os-
110 were calculated a.uuming a homogeneous tea- ing the operator'satimate of original oil in place,
ervoir with 100 percentsweep efficiency. Based on the unit has produced 32.5 percent of that value to
these dmple mmmptions, the map indicates that date.
only a few welk i_uld haveachievedbreakthrough Originaloil inplacein NorthBlowhomCreekoil
or ate time to breakthrough.This, of course, differs unit, calculated for this investigation, diffen sig.
from actual injectedwater productionpatterns (fig. nificantly from that determinedin the pasL Values
109). determined in this study arenearly one andone-half

One notable aspect of development of North times as high (21.6 million reservoirbarrels) as
Blowhom Creek oil unit is that the same five-spot those wevioualy reportedin docketson fde with the
pattern of injeacn and producers was used State Oil and Gas Board of Alabama. There are
throughout the trait.In effect, the patternconalm of several reasons for this difference. Cakulattom in
altenutfing rows of injectorsand Weducen. This the past haveassumeds higherporositycutoffof 9
pattern _ reliable for the nortbem part of the percent for North Blowlmm Creek oil unit, as well
field where the axLl of amalgamated_ asfor theotha'unitsexaminedin this inveatiption.
lensescoincideswith the mike of the reservoir A 6 percent¢,toff was usedin this investigation.
sandstonebody.However,in the southernpart of This lowervaluewas_ becauseit is believed
the field, divene orientationof sandstonelenses that this pom_ty more q_prowlatelyrel_ts the
occurs as the spit arms segment and curve toward pore volume containing extractable oil in Black
the southwest. Thus, in this partof the unit, the ori. Warrior basin field& Additionally, some past
entation of runes of maximum permeability likely calculations used porosity and water saturation
varies consi_Hy. Pans of the sandstone lenses value8 determined from only one "tentative"
ate continuations, along the same strike, of throe in well in each field. Values from this one well were
the northernpart of the unit (see fig. $2). Howeveg, then generalized over the entire area planimetered
the distal ends of the g_it arms are oriented oblique on net pay maps. In this investigation, data for all
or petpondiculat to this mike. The patternof injec, wells in each field were utilized. Further, oil
ton in this part of the unit my be leg a_ saturation wm detmnined from well-log derived
than that in the northernpart. Inflll wells, adjust- effective warn' saturation, using 8 dual.water
ment of the configurationof existing woducen and model, rather than the Archie equation. This was
injectors, or enhanced recovery techniques may donebecausepetrographicand petrophysical data
provide a more suitablepattern for increasingpro- collected in this investigation indicate that
duction of for contactingb_ oil in the south, micropomsity in detrital and authigenic clay is an
em partof North BlowhornCreek oil uniL inlportaat component of total porosity in the

As of July 1992, 5,111,154 barrels of oil and reservoin. The effect of using effective water
2,893,093 Mcf of gas had been produced from the saturation, rather than total (or Atchie) water
Carter re_oir in North Blowbom Creek oil uniL saturation, is to increase the estimate of the volume
This sccounts fofspproximately two-thirdaof all oil of the effective pore system occupied by oil by
produced from fields in the BlackWarrior basinof subnctingout the water that is bound in mi-
Alabama examinedin this investiption.Oil pro- cropofesbetweenclayparticle,.
duction for the entire unit decreasedin mid.1986 as Currently, it feasibility study is being performed
a result of breatkthmughof injection water (fig. to determine the effectiveness of a microbial flood
106). Production increased slightly at the beginning in the North Blowhorn Creek oil unit (Gulf Coast
of 1991 (fig. 106) owing to installation of new Oil World, 1992). The _ of this project is to
pumping equipment and pigging of production use microbes to plug the most porous zones in the
lines, reservoir in an effort to extract by_ oil from

As of July 1992, 13,190,929 barrelsof waterhave less porous and permeable horizons. The project
been injected into the Carter reservoir, and 0.34 uses inorganic nutrient sources to stimulate rag-
barrels of oil have been producedfor each barrelof crobes, ratherthan standardsources such as molas-
oil injected. Original oil in place, calculatedbythe w_. A pilot projectwillbeperformedinthesouth-
operator (Docket No. 1.20-8340, State Oil and Gas earnend of the reservoir to monitor succeu befofe
Board of Alabama). was datemined to be applying the methodfieldwide. If the pilot project is
15,683,528 stock tank barrels of oil. The _ successful,futureplans call for drillingtwo int=dl
estimated primaff recoveryto be9 percent and the well, potentially resulting in recovery of an addi-
anticipated ultimate recovery under secondary re. tional 9 percent of the original oil in place.



Figure 110.--Bubblemap showing water injection radiusin North Blowhom Creek oil unit, as of July 1992.
The size of well s3nmbolsis proportionalto injectionradius. State Oil and Gas Board of Alabamapermit
numbersare adjacentto all wells. The diameterof waterinjection is shown in italics adjacentto injection
wells.
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SOUTH BRUSH CREEKOILUNIT don in the unit (figs. 115, 116). Effecdve water
saturationgenerally is higher in the mutlw.aswm

The SouthBrushCreekoil unitwm discoveredin partof the uniL Althoughtotal watersaturationis
!984 with the drilling of the Weyezhaeuser33-3 no. relatively high throughout the reservoir, effective
1 0aN4322) well by A_ Energy Co., Inc. In- water saturationvaries substantially(fig. 116). This
itial test for the discovery well produced422 _LS suggests that mlcaelxxo_ty and irreducible water
of 37" AM oll and 235 Mcf of gas per day on an saturation in detrital and anthigenic clay exert
open choke with a flowing tubingpressure of 250 greater control on production Ixtuems in South
psig. Productionwu fromCartersandstonethrough BrushCreek oil unit than in North BlowhornCreek
perforationsfrom2,600 to 2,623 feet. The field was oil unit.
devek_ on 8O.lgge units and 14 wells produced Crou sectk_ of Iog-datved effective _ty
621,287 lxitreLsof oil, 1,167 MMcfof8u andS,740 (fills. 117, 118) also show the general decrease in
bltrrels of wata' prior tO unitization. The wimary IXxosityfrom the northwest corner of the unit to.

ward the south and southeuL The highest ix_tydrive mechanism in the reservoir is solution gas,
and fluid contained in the reservoirexisted as sam- typically occurs near the top of the reservoirsand.
rated oil with a bubble-pointpressure equal to the stone, but there are several exceptk)ns where thin,
original reservoirWessure of 1,164 psla. Additional high porosityzones occur in the middle of the res.
reservoirfluid propertiesfor SouthBrushCreekoil ervoirand lower pcm_ty occm nearthe top, in.
unit are listedin Table9. The trappingmechanism cludingwelLsPH4682andPN7056(fig. 117).The
in South Brush Creek oil unit is a combination depmitional model, presented elsewhere in this re.
stratlgraphic.muctural trap, resulting from updtp port, shows that upper high porosity zone in these
pinchoutof IXXeUSand pameable Carter sandstone wells has been removedby erosion. This diff_
ucrosaananticlinalnose(MooreandKugler,1990). in the stratigraphicpositionof high porosity, and

Reservoirpressuredeclinedrapidlyafterproduc- presumablyhigh permeability,zones in adjacent
tion began. As • result, the field was unitized on productionand injection wells affects the effkieney
January 1, 1989 in order to initiate a w_ of the waterflood. For -.xample, well PN6275 has

the thickest interval of high porosity of theprogrmn.Development plans called fora S-spot wa-
terflood pattern that requireddrilling of three pro- along the lines of croas section (fill. 117). Prior to

and within the firstyest of waterflood,oil pmduc.duction wells and three injectionwells and the con-
tion from this well was the highest in the unit (fig.versionof seveaexistingproduction wells to water

injection. This was completed in March 1990. An 119). However, production did not increase sub-
increase in oil production occurred q_pmximately mantially after waterflooding began, relative to
18 months after initiation of water injection (fig. other wells in the unit. This low cumulative pro-
111). A peak oil production rateof 22,831 barrelsof duction is due, in pan, to the shorterperiodof time

this well has been producingcomparedto surround.oil per month occurredin January 1992, two yeas
after water injection began. The most productive ingwells. However,one of the adjacent water injec.
well in South BrushCreek oil unit is well PN4322, tim wells, PN4682, provides further clues to the
in the nerthwestem pan of the uniL Cumulativeoil reason for lower Woduction. This well has low po.
production decreases towardthesoudw.astcornerof resitythroughoutthe section with nonreservoirrock
the unit (fig. 112). Breakthroughof injectionwater segmenting the reservoir(fig. 113). The highest po.
has occurred in three wells, PN4322, PN4802, and fruity in this well is near the middle of the section,

notnear the top. Thus, waterfrom the injection wellPN7055 (fig. 113). Pan of the reason for lowerpro-
duction and the lack of breakthroughin the south, may notflow throughpermeableintervals in contact
eastern part of the field is due to the placementof with the high porosityzone in PN6275. The lack of
injection wells. The distribution of cumulative oil breakthroughof injection water in well PN6275 fur.

ther indicates that the upper,high porosity zone isproduction in South Brush Creek oil unit does no(
correlatewell with net pay thickness (fig. 114). For unconnected with well PN4682. In contrast, well
example, net pay is close to maximum values in PN7056 has been producing for a shorter periodof
well PN4884, which has been much less productive time than well PN6275, but has been more Ixoduc-

tive because the middle pmmity zone is connected.than well PN4322. Well PN4322 has a smaller net

_y thickness. Therefore, otha factors influence The productivearea,as defined by the operator,is
IX'eduction. Well PN4322 has among the highest 597 surface acres.The operator estimated volu.
effective porosityand lowest effective water satura- metrically calculated original oil in place to be

7,555,555 stock tank barrels, using a 9 percent
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Figm¢ l l2.-Bubl_ map of cumulaliv¢ oil production in Sou_ Brush Creek oil mlr., Is of July 1992_ TII¢ size of will sTmlm_ is

prolamioaal to oil pmdmaion. Sin= Oil and Gas Bcm.l of _ laamit numbeasm¢ adjaceat to all wilL.._ _ _ _
pmO=_isstm_ initaUcsaajzmtmpm0mtmwtUs.
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Figure 114.-Bubble mapof net pay thickness in Caner sandsume,South BrushCreekoil uniL The size of well symbols is _onal to net
pay thickness. SLateOff and Gas Board of Alabama permit numbersare adjacent m all wells. The ne_pay thiclmess, roundedto the
nearest integer, is shown in italics below the permit numbers.
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porosity cutoff forpay (Docket No. 11-4-8819, State producers originallyproposed, one is now a water
Oil and Gas Board of Alabama). Primaryt_.overy injection well (PN5731) and the other has not been
was estimated to be 680,000 stock tank barrels. Ul- highly productive (PN5733, fig. 121) because the
timate recoveryfrom secondaryrecoveryoperations well penetratesa thin Caner pay section (fig. 122).
is estimated to be 1,3450,000stock tank barrels. As Furthermore,well PN5733 is not associated with
of July 1992, South Brush Creek oil unit wod_ nearbywaterinjectors; there is a gap in the distri.
1,037,746 barrelsof oil and 1,810.578 Mef of gas, bution of waterinjectorssouthof PN5733 (fig. 121).
making the unit the second largest producerof oil A totalof411,404 barrelsof water and 173,032 Mcf
in the Black Warriorbasinof Alabama. of gas were injected into the reservoir through July

1992. At present0.34 barrelsof oil are producedfor
WAYSIDE OIL UNIT every barrelof waterinjected. With the exception of

well PN4591, a _ in wells within the oil unit

The Wayside oil field was discovered by Charles from water and gas injection has not yet occurred
L. Cherry and Associates, Inc., in 1985 with the (fig. 123). Injectedwater may be bypassing partscf
drilling of the Junior Atkinson 3-6 no. 1 well the reservoir.
(PN4465). Initial tests produced45 barrels of 34.1" The most productivewell in Wayside oil unitboth
API gravity oil per day and a trace of gas on a prior to and subsequentto gas injection and water-
16/64-inch choke with a flowing tubingpressure of flood is well PN4788 (fig. 121). Caner sandstonein
50 psig. Production was from Caner sandstone this well has the thickestpay 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 thetrapping mechanismin the field is stratigraphic,re-
suiting from pinchotlt of Caner sandstone. A sub- most productiveCarteroil fields. Mean effective po-
surface fluid sample from the discovery well indi- rosity in the pay section is relatively uniform
caredthe reservoirfluid was saturatedwith a bubble throughout much of the unit (fig. 124), but the
point equal to the original reservoir pressure of highest porosity intervals are in the western partcf
1,020 psia. The drive mechanismfor the reservoir is the unit (figs. 125, 126). As expected, total water

saturationis highest in the southernpartof the unita combination of solution gas and gas cap expan-
sion. A free water zone is present in the southeast- (fig. 127), nearest the oil-water contact, and de-
ern part of the reservoirbut encroachment is negli- creases updip toward the oil-gas contact in the
gible. Additional reservoir fluid properties are in northernpartof the unit.
table 9. Structuraldip on top of the Caner sand- The productiveareaof Caner sandstone in Way-
stone is 100 ft/mi toward the south-southwest. The side oil unit is approximately691 acres. The unit
trappingmechanismfor the reservoir in Wayside oil operator volumetrically estimated original oil in
unit is stratigraphic,resulting from pinchout of Car- place to be 2,922,810 stock tankbarrelsof oil, using
ter sandstone. Cumulativeproductionfrom Wayside a 9 percent porositycutoff for pay (Docket No. 3.
oil field prior to unitization was 144,271 barrels of 10-8819, State Oil and Gas Board of Alabama).
oil and 212,365 Mcf ofgas. Primaryrecoverywasestimated to be 233,825 stock

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

shutin wells. Cumulative production from Wayside120). The field was unitized in May 1988, and a
¢restal gas flood to maintain pressure, combined oil unit through July 1992 is 282,950 stock 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 producedfrom the Lewis sandstone
and is injected into the crest of the reservoir in well
PN4586. The original unitization plan called for DISCUSSION: HETEROGENEITY IN
drilling two inf'dl production wells, converting an BLACK WARRIOR BASIN OIL
existing producer to a gas injection well, convening RESERVOIRS
two producing wells to water injection wells, and

drilling one new waterinjector. Ultimately, the field Reservoir hetaegeneity is the spatial variability
contained 7 oil-producing wells, 10 water injection in engineering parametersin the porous rock mak-
wells, and one gas injection well. Of the two infill ing up a reservoir (Goggin, 1988). Heterogeneityin



Rtx, rvoir Het, rogenti_ _ Carboni[,rou_ Saad_to_ o/the B_ack Warrior B_i. - 159



160 - K_l,r. Pashin. Carroll. irvin, and Moor,

WAYSIDE OIL UNIT
_ Cumulative OII Produotlon

July 1992 !

/ .... -J / ....
I ]NI "'. ,_lL i=., P',=" |_...',' i i
I '1 I 4.= _ IP' t,,,o : ,if,u, _ ' :
I I et_ _ " I ' i

ant _lf_ T148 1 R13W
....

_p,,. W"
J_ 47114

.:!...... --i 5;,

Unk_nml Tranlvtmm Memotor / I=ound=_ q=prmdrnme
¢i',ntmvr"zo. le . -,

Medd_on:87WS0ole 1:354)00. - '

PRODUCTION WELL
0.t o. o.1o.so.5 o.4o.s n_ SYMBOL SiZE

......... IOi.,,'.. .... _ ::i ........................
......., ..o..., ,:

U 0, U 0.4 e,e U ,. _ 1200"ft'diametermO2.000barrels.

• i • I 200 ft diameter =, 1.000 barrels7

Figure121.--Bubblemapof cumulativeoilproductioninWaysideoil unit,asofJuly1992.Thesizeof weU
symbolsisproportionalto oil production.StateOil andGasBoardof Alabamapermitnumbersare
adjacenttowells.Thevolumeofoilproducedisshowninitalicsadjacenttoproductionwells.

I_ WAYSIDE OIL UNIT

!

".," :::;._
Net Pay Thickness

boundwy q:_prmdmme

(m11_ 47M i . " "*'

14 _ 41_10 ,. - se# _i*4me " '
it"- fO o

T138 1 R13W

_s _ to _ eS .e',_oe T14S I R1
S73t / ° S

C)"-= IB, 8

Univtrlal Tranlvefle Mercotor boundmy li=_oxlrnlto
UTU Zone 18 . ° _

eentrol Meridian: 87W o ,

-----J ti Sc=ole 1:35000,

WELL SYMBOL SIZE
0.1 O. 0.1 0.2 0.,I 0.4 0.5 ndi

........ iu= ....... i .......... 1200 ft diameter - 35 ft net pay
.............. . ................ , ......... _ .... . ...........

0& _ 02 0.4 04 oJ I. eB_etem 200 ft diameter - 5 ft net pay
iBm I

:

Figure122.--Bubblemapof netpaythicknessin Canersandstone,Waysideoil unit.Thesizeof wellsymbols
is proportionalto netpaythickness.StateOil andGasBoardof Alabamapermitnumbersareadjacentto
wells.Thenetpaythickness,roundedto the nearestinteger,is showninitalicsbelowpermitnumbers.



Re.,..o,r.e..ro, ,,. oi.', Worr.r8=.in.161

i WAYSIDE OIL UNIT
i Cumulative Water Produotlon

July 1992
%..

........ Im,uma__
: ,=, e#

. .,,,w .:;" e_' _,= l_.** *
.- , ......... ,,,, __.T138 / R13

o--, o-- J"= ---,_ .,, IT14e, Wl
' P'm

i ,o,,,,, ,W--
! .(::r4_,

-- 4........... _ :_,

Unk,enm_TronwerMMerutor _. bouncwy

: UTMZone 10 " '
Central Me.lion: 87W ___"

S_ 1:3_i_X). L
PRODUCTION WELL

0`10` 0`I 0z 0`50`4M ,o,, SYMBOL 81ZE

04 O. 04 0,4 U 04 ,, mmmm 12_'fl"di'Imeter=, 18,000barrels ....
a • _l[ . * '" I i 200 tt diameter ,,, e barrels

Figure 123.--Bubble map or cumulative wat_"productionin Wayside oil unit, as or July 1992. The size of
well symbols is proportionalto wate,r production.State Oil and Gas Board or Alabamapermit humbert
=readjacentto wells. The volume of waterproducedis shown in italics adjacentto productionwells.

WAYSIDE OIL UNIT

• .e •

Mean Effeotlve poro01_

"a Io

" S !

° i
T138 1R13W

4see T148 I
t3 fO

. tIP ._?_¢
UniverNt Tmnweree Mercotor t)ounda_Xq_m'oxlmme

¢or_=ntUTMZo. 10 .-,Meridian: D'T# - ,
i

Seals 1:35000.

i _ : WELL SYMBOL SIZE

0`1 0` 0`1 OJr 0`,10.40Ji _ ;

........ n_s ..... I ....................... 1200 ft diameter ,,, 15 ,p.eroent........ • ......... ... .......... . ...........

04 0` 04 0`4 u M t. mmmm 200 ft diameter - • peroont
BIB " I !

Figure 124.--Bubble map or effective porosityin Cartersandstone,Wayside oil uniL The size or well symbols
is proportionalto effective porosity. StateOil and Gas Boardor Alabamapermit numbersare adjacent to
weUs. Mean effective porosity, roundedto the nearestinteger, is shown in italics below the permit
numbers.



I

0 IkQLE

SCALE



1164 - ll.tlWr, Pw_ Carroll, Irvln. _1 Moore

i

Figure127.-.Bublgemapof effectiveandtotalwatersaturationinCanersandstone,Waysideoil unit. The
size of blackwellsymbolsis proportionalto effectivewatersaturation.Thesize ot graywellsymbolsis
proportiomdto totalwatersaturation.StateOilandGas Boardof Alabamapermitnumbersareadjacent
to wells.Pa'fectivewatersaturation,roundedto thenearestinteger,is shownin italicsbclowthepermit
numbers.

hydmcadxmreservoirsis thecumulativeresultof varioustypesof improvedrecovery,helcrogcncity
numerousgeologicalfactors,includingdelxmitional becomesincscasinglyimportantat smallerscales
processes(wind,water,andbiologicactivity),tec- (Jacksonandothers,1993).Conlzolson rcscrvok
tonic and muctural _ ('win evolution, heterogeneity,thacfore,arediscussedinthis sec-
subsidence,faulting,folding),andpost-depositional tion in termsof thek scale dependence,using a
processes(coml_ction,diagenesis,thermalmatura- classificationscheme modified from Moore and
tion,fluidcomposition).DetailedImowledgcof fac- Kugler(1990)(fig.6). Thisheterogeneityschemeis
mrscontrollingreservoirheterogeneityis crucialto similarm othercommonlyusedclassifications(for
the successof enlmncedrecoveryprojects.Lackof example, Lake =nd others, 1991; Hunt, 1993).
sufficientknowledgeof the spatialdistributionof Scalesof heterogeneityincludemegascopic,macro-
permeability,porosity,andfluidscan resultin by- scopic,mesoscopic,and microscopicfeaturesof a
pa._ing of hydmcadx)nsin unconlactedcompart- reservoir(fig.6).
mentsor channelingof injectedandproducedflu- Inadditionto Ihesefourcommonlyutilizedscales
ids. and ultimatelycan result in prematureaban- of heterogeneity,an additionalcategory,the gi-
donment of producingfields (Tyler and Finley, guscopicscale, wasfoundto be particularlyuseful
1991). during thecourseof this/nvestigation.Oigascopic

H_eneity is scale depenOe.,,rnecg _ M,terogeneityincoqxx_ those feaatresencore-
diversegeologicalprocessesthatdefinea hydrocar, passingseveralproducingfields in a reservoirunit
boa reservoir(Oouin, 1988). Further,as fieldde- to entire sedimentarybalms. Megascopicheter-
vclopmcntpmgresscsfrom primaryrecovery to ogencity is the reservoir, namcly a body of
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permeable reservoir rock surrounded by reservoirswithin these systems. Lewis, Evans, and
impermeable nonreservoir rock (fig. 6). Hartselle sandstones are part of the cratonic
Macroscopic heterogeneity represents featuresthat succession and were deposited in beach and shelf
restrict fluid flow and occur among two or more (Lewis), wave-dominated deltaic (Evans), and
wells. Mesoscopic heterogeneity representsfeatures barrier-strandplain (Hartselle) systems. Carter,
thatoccurat an interwellto boreholescale. MUlerella,Coats,andGilmersandstonereservoirs
Microscopic heterogeneity occurs at the scale of areall deltaic and are partof the orogenic basin fill.
pores and pore throats. The Carter sandstone is part of the first major

deltaic system, and the best oil reservoirs
GIGASCOPIC HETEROGENEITY accumulated as part of a destructive, shoal-water

delta system that prograded onto a carbonate bank

Previous investigations of hydrocarbonpmduci- margin. The Gilmer sandstone consists of
bility have emphasized microscopic- to megascopic- clinoformal sandstonebodies containing intermixed
scale heterogeneity in single producing reservoirs, quartzarenite and fitharenite, whereas the Coats
Fields where these studies have been conducted sandstone consists of a widespread, fining-upward,
generally are larger and are in an advancedstate of quartzarenite-lithatenite sequence deposited in
development compared to oil fields in the Black deltaic environments above a lowstand surface of
Warrior basin. Furthermore, these fields have a erosion.
longer historyof data acquisition, have more cores, Carterand Millerella sandstonewere depositedas
and have denserwell spacing over largerareas than part of a muddy, delta-destructive strandplain.
the Black Warriorbasin. In basins lacking closely These reservoirsdo not fit well into existing
spacedwells and cores, resavoirs arecharacterized gcneity classifications, such as that used in the
most effectively in terms of the regional geological TORIS database, _amse muddy strandplains are
framework.Gigascopic investigations, therefore,are not recognized in these classifications. Although
critical to understandingreservoir architectureand similar systemsare well known in modem settings,
predicting heterogeneity in underdeveloped oil muddystrandplainsare not well documented in the
reservoirs, 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 sandstone bodies are
reservoir rocks.Oil-prone source rocks arenear the smaller and muddier than those reservoirsgenerally
base of the section in the Chauanooga and Floyd placed in this category. Hegcrogeneity crucial to
shales. Lewis, Evans, sad Hattselle sandstone ac- field planning and productionmay not be apwopri-
cumulatedmainly northof the area of majorsource- ately emphasized by broad categorization in a her-
rock deposition, whereas the Cartersandstone, the erogeneity classification. In addition, categories
most productive oil reservoir in the basin, was used in hela_3geneity classifications are not mutu-
among the first units dcposiled above the oil-prone ally exclusive. For example, a strandplain can be
Floyd Shale. The upper Parkwood Formation con- partof a delta, as is the case with the Carter reser-
rains the youngest oil reservoirs in the basin and voirs, or pan of an interdeltaic bight, as are the
represents a major change in style of the basin fill. moderncheniersof the Gulf Coast.
UpperParkwoodand younger strata contain mainly Furthermore, remarkable diversity exists in the
gas-prone kemgen, including coal.Whereasreser- geometryof Carter and Millerella sandstonebodies
voir-quality quartzarenite was dominant through within the 100 square-mile area that accounts for
Carter deposition, moreover, noraeservoir most oil production in the Black Warriorbasin. In
IRharenite became increasingly abundant during effect, each field is different, reflecting evolution cf
upper Patkwooddeposition. the delta-destructive strandplain, from cuspate

beaches to spits and, in turn, to crescendo tidal bar-
MEGASCOPIC HETEROGENEITY tiers. This diversity limits use of individual fieldsas

direct analogs for determining megascopic hetero-

At the megascopic scale, sandstone-bodygeome- geneity. Thus, potential effects of megascopic her-
try and thicknessvaries signifw,anfly within and emgeneity on implementing improved recovery
among reservoirs throughout the stratigraphicme- projects must be determined on a field-by-field
cession in the basin, owing to differencesin deposi- basis.
tional systems and the position of individual
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MACROSCOPIC HETEROGENEITY baekshore deposits and the gas-saturated zone is in
the highest qualityshoreface andforeshoredeposits.

A fundamental result of this investigation is the
recognition that Carter and MiUerella reservoirs MESOSCOPIC HETEROGENEITY
consist of imbricate, clinoformaisandstone lenses.

This rcsm'voirarchitecturediffers significantly from Mesoscopic heterogeneity, which occurs at the
that determined by the layer-cake stratigraphicap- interwell to wellbore scale, is mainly a productof
proaches typically used for Black Warriorbasin res- facies anisotropy.Within individual reservoirs, the
ervoirs. Use of the layer-cake _h for Carter importanceof interwellheterogeneityvaries consid-
and MiUerella reservoirscould result in incorrect erably. For example, in the northernpart of North
representation of flow units because uncontactedor Blowhom Creek oil unit facies parallel the sand-
unconnected compartments may be modeled as stone body axis and generally extend between wells
connected units. (Zone 1, fig. 82). In this region, interwell heteroge-

The size and arrangementof sandstonelenses dif- neity is of limited concern. However, in the south-
fers substantially among Black Warrior basin oil ern part of the unit ('Zone 3, fig. 82), where imbri-
fields, resulting in inhomogeneous reservoirsat the cate sandstonelenses decrease in size, interwell bet-
macroscopic scale. In the northern part of North erogeneity is pronouncedparallel to the axis of the
Blowhorn Creek oil unit, for example, Cartersand- sandstone body. Bedfonn distributionwithin reser-
stone contains amalgamated shoreface and fore- voir sandstone also contributeto facies anisotmpy.
shore sandstone lensesthat form a single, strike- Shoreface and foreshorebars represented by high-
oriented flow unit near the deposifionally downdip angle crossbedsWobablyprogradedshorewardonly
margin of the reservoir. In deposifionally updip a few tens of feet but may extend hundreds or even
parts of the reservoir, facies changes are pro- lho_ of feetalong depositional strike.
nounced, resulting in reduced reservoir quality as Grain-size variation resultsin subtle hetemgene-
separate lenses of reservoir sandstone merge into ity that may significantly affect sweep efficiency.
poorerquality backshore facies. This results in fa- Free-grained sandstone is sparse in the reservoirs
cies anisotropy thatfavors flow along the axis of the and likely is not laterallyextensive. However, this
sandstone body. sandstone is more permeableand contains less clay

In addition to the geometryof sandstone lenses, than the surrounding very fine-grained sandstone
the degree of preservationoft hose lenses influences and thus contains larger, better-connected pore
reservoir heterogeneity at the macroscopic scale, throats.High permeabilityin fine-grained sandstone
The Carter reservoir in North Blowhorn Creek oil forms thief zones through which fluids are chan-
unit, for example, is a well-preserveddelta-destruc- neled. As a result, fluids may not be efficiently
five spit system. In South Brush Creek oil unit, by swept from the adjacentreservoir. Productionpat-
comparison, the sandstone lenses are mmcated by te,ns combined with core analyses indicate that
an exposure surface. In Blowhorn Creekand Way- thief zones are especially well developed in North
side oil units, moreover,the lenses are truncatedby Blowhom Creekoil unit.
tidal channels and inlets. In Blowhorn Creek oil Featuresresulting in heterogeneityat the wellbore
unit, truncationseparatesCarterand Millerella res- or core scale include thin, individual to anastomos-
ervoirs into a series of unconnectedcompartments, ing groups of stylolitizedclay laminae, cross lami-

Diagenesis and the distribution of formationflu- nae, grain-size variationswithin laminae, intrabasi-
ids further affect flow characteristics within sand- hal shale chips, and kaolinite- and carbonate-ce-
stone lenses. Diagenesis helps confute flow along mented horizons. Convergence of anastomosing
the axis of reservoirsbecause the marginsof Carter clay laminae and clay drapes on tipple foresets in-
sandstone bodies typically arecemented by cad_- creases tortuosity of flow and impounds minor
ate minerals. Interstitial clay also retards flow and amounts of oil in ripple-laminatedsandstoneduring
is most common in b_:kshore and shelf deposits, imwoved-recovery operations. Grain-size variation
Indeed, most stratigraphic traps in the Black War- within individual laminae in low-angle planar-
rior basin have a significant diagenetic component, erossbedded sandstone may result in slight differ-
The impcglance of the distribution of formation ences in permeability. However, results of high-
fluids is especially apparent in Wayside oil unit. pressure mercurypomsingtry indicate that median
where the oil-saturated zone is mainly in muddy pore-throatsize is relativelyuniformthroughoutthe

reservoir (Kugier and Pashin, 1992), indicating
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these differences have limited effect on recovery, on the distributionand producibilityof oil from bet-
Shell accumulations cemented with ferroan dolo- erogeneous Carboniferous reservoirs in the Black
mite/ankerite form discontinuous baffles and bah'i- Warriorbasin 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 throughout the reser- 90BC14448, entitled "Characterizationof Sand-
voir decrease permeability disproportionately to stone Heterogeneityin CarboniferousReservoirsfor
theirabundance in the reservoirs. Increased Recovery of Oil and Gas from Foreland

Basins."

MICROSCOPIC HETEROGENEITY The first pan of the report summarizesthe struc-
tural and depositional evolution of the Black War-

Microscopic heterogeneityoccurs at the scale of rior basin and establishes the geochemical charac-
pores and pore throats. Although Carter and teristics of hydmcadxm source rocks and oil in the
Millerella sandstone is quartzarenite deposited in basin. This second part characterizes facies heter-
high-energy environments, the quality of the reser- ogeneity andpetrologicand petrophysicalproperties
voir is affected by detrital and authigenic clays, of Carter and Millerella sandstone reservoirs.This
mainly kaolinite. Clays are present throughoutthe is followed by a summary of oil productionin the
reservoir and contribute to polymodal pore and Black Warriorbasin and an evaluation of seven im-
pore-throatsize distributions, proved-recoveryprojects in Alabama. In the final

The pore systemconsists of diagenetically modi- part,controls on the producibilityof oil from sand-
fled, effective, interconnected macropores between stone reservoirs are discussed in terms of a scale-
detrital framework grains and ineffective micro- dependentheterogeneity classification.
pores among detritaland authigenic clays. Secon- The Black Warriorbasin is a forelandbasin that
dary pores formedby carbonate-cementdissolution formed by tectonic loading of the Alabamapromon-
did not enhance the effective pore system signifi- tory during late Paleozoic Appalachian-Ouachita
cantly. Dissolution of aluminosilicate framework orogenesis. The sedimentary sequence in the basin
grains also contributed little to the effective pore records the tectonic evolution of the Alabama
system because reaction products of dissolution of promontoryas well as major climatic changes. Hy-
detrital feldspar were redistributed as authigenic drocarbonsource and reservoir rocks in the basin
kaolinite. The distribution of clays in Caner and range in age from Devonian through Peansylva-
Millereila reservoirs results in lower permeability nian. From Late Devonian through Middle Missis-
than is characteristicof the largerbeach-barrierde- sippian time, the Black Warrior basin was part of
posits used as the basis of reservoir heterogeneity the passive margin of the Ouachita embayment.
models. During this time, organic-rich ChattanoogaShale,

Clay minerals in Cartersandstone have high sur- phosphatic and glauconitic 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 water saturationfrom well logs. Well-log inter- deposited.
pretations should acknowledge the presenceof both Foreland-basindevelopment began at the start of
structuraland dispersedclay in the reservoirsin or- the _terian epoch. As an orogenic forebulge
der to avoid misinterpretationof pay thickness, re- formed, the lowstand wedge of the Lewis cycle was
serve volume, andconnectivityof flow units, deposited. Deposition of the Lewis was followed by

the Evans and Hartsellecycles. These cycles com-

SUMMARY AND CONCLUSIONS prise southwest-dipping clinoformal sequencesthat
contain shelf, deltaic, and beach-barrierdeposits
derived fromcratonicsources. The Evans and Hart-

Although oil production in the Black Warrior seUecycles represent the onset of load-related sub-
basin of Alabamais declining, additional oil may be sidear.eadjacentto the Ouachita orogen.Deposition
produced through improved recovery strategies, of clinoformal peraseqnences continued after depo-
such as walerflooding,chemical injection, strategic sition of these cycles, culminating with formationof
well placement, and infill drilling. High-quality the prograding Bangor carbonate platform-ramp
changterization of 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 basinand ate representedby the organic-rich
donment of fields. This report documents controls Floyd Shale, the majorsource rockin thebasin. The
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Bangor platform-ramp system significantly infiu- platform, shale beneath the Carter sandstone is
enced localization of the most prolific oil reservoirs within the liquid hymn window but below
in the Black Warriorbasin, peak generation potential. Deeper in the basin, the

As Bangor deposition ended, deep-water deltaic same units are near the upper limit of liquid
sediment of the lower Parkwood Formation f'dled hydrocarbongeneration.
the starved basin. This deltaic system ultimately Resultsof totalorganiccarbonand Rock.Eval py-
prograded onto the carbonate bank, resulting in rolysisanalyses indicatethat sufficient quantitiesof
deposition of a destructive, shoal waterdeltaic sys- type II kerogen occur in Chattanooga and Floyd
tem, rewesented by the Carter sandstone. The most shales for these units to serve as oil source rocks.
productive hydrocarbonreservoirs in the basin are Because of volume considerations and proximityto
part of this shoal-water della system, which formed the most productiveCarterand MUlerella sandstone
as the receiving basin shallowed along the bank reservoirs,the Floyd Shale is considered to be the
margin. The lower kwood Formation records a primarysource foroil in the basin. API gravity of
reversal of the southwest palooslope that prevailed oil in Carter sandstone increases systematically
earlier in basin evolution and thus represents the from northeast to southwestfrom 22° to 44°, paral-
first succession to enter the basin from sources in leling an increase in depth of burial. Chemical
the Ouachita orogen, analyses of oil show that most contain a high per-

Marine transgression occurred in middle Park- cent of saturated hydrocad_onsrelative to aromatic
wood time, following deposition of Carter sand- hydrocarbons and asphaltenes, indicating that
stone, as MillereUa limestone accumulatedin a car- minimal biodegradationhasoccurred.
bonate platform-rampsystem. Deposition of Miller- Carter and MUlerella oil _oirs present the
ella sandstone markedcontinued destructionof the best opportunity for understandingreservoirheter-
Carter delta plain. After this phase, the remaining ogeneity in the Black Warriorbasin because these
parts of the starved basin fdled with deltaic sedi- units are the most productive in the basin, have the
ment. Subsidenceand continued fallingof the fore- closest well spacing, and have the most available
land basin with deltaic sediment continued as the cores. All Carter cotes contain the same tripartite
upper kwood Formation was deposited. Clino- seq_ of lithofacies, including from bottom to
formal Gilmer sandstone represents highstand pro- top: (1) shale-and-siltstone facies; (2) sandstone
gradation of deltaic sediment at the start of upper facies; and (3) variegatedfacies. These facies are
Parkwood deposition, whereas the aggradational interpretedto represent storm-dominatedshelf de-
Coats sandstone represents transgressive modifica- posits, shoreface and foreshore deposits, and back-
tion of the deltaic system. The Pottsville Formation shore deposits, respectively.Beach deposits of Car-
unconformablyoverlies the Parkwood and Bangor ter sandstone developed on a muddy strandplain
Formations and signals theonset of the Alleghanian during destruction of the lower Parkwood deltaic
orogeny. Pottsville deposition was characterizedby system. Although lithofacies vary little among Car-
fluvial and deltaic sedimentation adjacent to the ter and Millerella fields, stratigraphicarchitecture
orogenic belts and by mesotidal shelf and beach varies considerably and is a primary sourceof her-
sedimentation seaward of the fluvial.dellaic sys- erogeneity. This diversityin geome_ of beach sys-
tems. tems from lobate bodies in the southwest to thin,

Vitrinite reflectance of the Mary Lee coal group isolated lenses in the _ records systematic
in the lower Pottsville Formation reveals that ther- evolution of the strandplainand exceptional weser-
real maturity in the Black Warrior basin increases vation of the paleogeographic framework of the
from northwest to southeast. Vitrinite reflectance shoal-waterdelta.
values increasefrom 0.62 pe_t near the top of Carter sandstone in North Blowhom Creek oil
the Pottsville Formation to 1.12 percentin the Chat- unit representsa spit-type beach system, composed
tanoogaShale in a well near the margin of theBan- of imbricate, clinoformal sandstone lenses that de-
gor carbonateplatform. Deeper in the basin, to the crease in size and segment toward the southeastern
southwest, vitrinitereflectance values also show an terminusof the reservoir.In contrastto the elongate
increase with depth,from 0.74 percentin the upper g_ of the North Blowhom Creek spit corn-
Pottsville Formationto 1.61 percent in Lewis shale, plex, Cartersandstonein Wayside oil unit occursas
Burialhistoryand time/temperatureindex modeling a localized, arcuate body that accumulated at the
indicate that conditions suitable for liquid hydro- distal edge of the shoal-waterdelta system. The Io-
carbon generation occurred betwoen 290 and 200 bate, coarsening upwardCarter sandstone in South
MA. Near the margin of the Bangor carbonate Brash Creek oil unitreflects depositionat the distal
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edge of a constructive, wave-dominateddelta tom- Further,authigenic carbonateminerals occlude all
plex. The Carter reservoir in Blowhom Creek oil pores only in the vicinity of shell accumulations,
unit is a continuationof that in South Brush Creek suggesting that secondaryporosityformed by disso-
oil unit and was depositedat the distalmost edge of lution of carbonatecement is not widespread.Dis-
theconsUructive,wave-dominateddeltasystem.The pnud andlaminatedclayhavethemostdeurimen.
Carterreservoir in Bluff oil field is part of a string tel effects m reservoirproperties.
of beach systems that formed after abandonmentof Owing to the presence of detrital and authigenic
the North Blowhorn Creek spit complex and is the clays, only a weakcorrelationexists between poros-
most heterogeneousCarter-Millerellaoil field in the ity and permeability(R2 = 0.52) in the Carterreser-
basin, containingseveraluncontactedor poorlycon- voir in North Blowhom Creek oil unit. Met_ver,
tactedoil compartments, because Cartersandstonewas deposited on a muddy

MUlerella sandstone _ were deposited dur- strandplaln, _ and permeability are lower
ing the latest stage of delta destructionas carbonate than that in beach-barriersequences that have been
depomfion was reestablished. The MiUerella reset- used as models for reservoir heterogeneity. Capil.
voir in Blowhom Creek oil unit differs from the lary pressuredata indicate that pore-throatsize dis-
other beach systems and represents partof a delta- tributions typically are polymodal, reflecting the
destructiveshoal massif. In Bluff oil unit, MillereUa mixture of macrelxa_s and microptwes in Caner
sandstone exhibits a backstepping relation relative sandstone. Pore-throntsize distributionsdetermined
to Carter sandstone bodies and represents develop- by empirical methods that utilize commercial core
ment of a small beachabovea tidal inlet as the del- analysis dataaresimilar to distributionsdetermined
taic strandplainwas inundated, by high-pressuremercury porosimetery, suggesting

Carter sandstone in North Blowhom Creek oil that capillary-pressuredata can be derived from
unit is dominantlyvery fine to fine-grained, moder- routine core analyses of Carter and other Black
ately well-sorted quartzarenite. Despite the Warriorbasin reservoirs.Local, order-of-magnitude
quartzose natureof Cartersandstone, reservoirs in variation in permeability occurs in some wells in
North Blowhom Creek and other fields are hereto- upper shoreface and foreshore sandstone due to
geneous, owing not only to imbricate, clinoformal grain size diffe_ces. These grain size variations
sandstone lenses and associated facies changes, but affect sweep efficiency during waterflood because
also to the presence of intrabasinal framework fluids are channeled through the high-permeability
grains and to diagenesis. Volumetrically important zones.
authigenic minerals in Carter sandstoneare quartz, Because of the scarcity of cores in the Black
kaolinite, and a variety of carbonateminerals, in- Warrior basin, porosityand other petrophysicalpa-
cluding nonferroan and ferroan calcite, ferroan rametersmustbe determined by well-log analysis.
dolomite/ankerite, and siderite. The dis_butionof The distribution well-log derived parameters, in-
diageneticcomponents in NorthBlowhorn Creekoil cluding mean effective porosity, porosity-feet,total
unit is directlyrelated t_)depositional facies, but the and effective water saturation, and the product,ef-
present compositionof authigenic minerals, and the fective ixgosity timesnet pay thickness times effec-
nature of compactioual features, resulted from bur- five water saturation, demonstrates that the Carter
ial diagenesis. Carbonatecemented zones along the sandstone reservoir in North Blowhorn Creek oil
margins of the reservoir and in the vicinity of shell unit is heterogeneous. However, prediction of the
accumulations form baffles and barriers to fluid dism'butionof these reservoir propertiesin interweU
flow. _-solution seams also form effective regions by routineget)statistical methods is diff_ult
barriers to flow and mark the lower limit of oil because of t..b_relativelyunpredictable distribution
stained sandstonein severalcores. Wispy microsty- of both detritalandauthigenicclay.
lolites associated with small-scale sedimentary Based on evaluation of petrophysicalparameters,
structuresand deformed rip-up clasts increase tot- North Blowhorn Creek oil unit can be divided

, tuosity of fluid flow. areally into four zones with different reservoir
The pore system in Carter sandstone consists of characteristics. The spatial distribution of these

effective mac_ between frameworkgrains and zones closely corre_ to the depositional
ineffective micropores between detrital and architecture of the reservoir. The highest quality
authigenic clay particles. The effective pore system reservoir occursin the northern part of the unit,
was not enhanced significantly by dissolution of where clinoformal sandstone lenses are
aluminosificate frameworkgrains because products amalgamated. Fluid flow in this northern zone is
of dissolution are redistributed locally kaolinite, favoredalong the reservoiraxis. The southernpart
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of the unit also contains high quality reservoir, enhanced recoveryoperationscurrentlyare active in
Sandstone lenses in this zone, however, are the basin. Unitized fields, as of July 1992, include
segmented and smaller than those in the northern BIowhom Creek Millerella, Central Fairview Car-
zone. In addition, the lenses are oriented obliquely ter, North BIowhom Creek, Mud Creek Millerella,
to the axis of the sandstone body.Flow patternsare South Brush Creek, South Falrview Carter, and
more irregular in this zonethan in the northern Waysideoil units.Thesuccessof theseprojectshas
zone. A transitional zone with lower quality beenvariable.
reservoiroccursalongthe reservoiraxis between Oil andwaterproductionpatternsin NorthBlow-
the northern and southern zones. A fourth zone, hornCreek oil unitcorrelatewell with the zones de-
with the lowest quality reservoir, occurs in the termined by depositional modeling and evaluation
deposifionally UlXlipareas. This zone is dominated of petmphysical parameters.Most oil has been ex-
by backshore deposits. The probability of tractedalong the axis of the reservoir in the north-
uncontactedor unconnectedcompartmentsis great, ern zone. Patterns of oil productionin the southern
est in this zone. zone aremore variablereflecting both segmentation

Although depositional modeling indicates that of sandstone lenses and changes in orientation of
Carter and Millerella sandstonereservoirs in other the lenses. Although water injection began at ap-
fields also are beach deposits consisting of similar proximately the same time throughout the unit,
clinoformal sandstone lenses similar to those in breakthroughis more widespread in the southern
North Blowhorn Creek oil unit, these reservoirs zone. Channeling of fluids through high-permeabil-
were deposited in smaller, muddier, less well-we- ity thief zones or throughfracturesis likely to have
served beach systemsand contain more detrital and resulted in bypassing of some producible oil in
authigenic clay. These differences explain why North Blowhorn Creek oil unit, particularlyin the
North Blowhorn Creek oil unit is the most produc- southern zone. Similar factors al'fect the efficiency
five field in the basin. These same factorsalso sug- of improved-recovery projects in other unitized
gest that, despite similarities in depositional setting, fields. In addition, erosional truncation of part of
caution should be used in appfication of the North the upper Carter sandstone in South Brush Creek
Blowhorn Creek reservoir as a direct analog for oil unitresulted in segmentation of thereservoir.
modeling fluid flow and heterogeneity in other res- Because the geological processes that form a
ervoirs of thebasin, sandstone reservoir operate at a variety of scales,

Oil production in the Black Warriorbasinof Ala- heterogeneity in petrophysicaland other engineer-
bamadeclined after reachinga peak in 1985. As of ing properties in the resm'voir also is scale-
July 1992, the basin produced9.2 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
tracted from the 26 designated oil fields and units, importantas field development progresses. Heter-
Seven Mississippian sandstone units produceoil in ogeneity in the Black Warriorbasin is discussedin
Alabama, including Carter, Coats, Chandler, Gil- terms of a scale-dependent classification that ac-
mer, Lewis, Millerella, and Sanders sandstones. Of knowledges gigaacopic, megascopic, macroscopic,
these units, the Carter sandstonehas producedmore mesoscopic, and microscopicfeatures of reservoirs.
than 90 percent of the oil extractedfromdesignated Carter and Miilerella reservoirsdo not fit well into
oil fields and units. Two-thirdsof that oil has been existing heterogeneity classifications, such as that
extracted from the Carter sandstone reservoir in usedintheTORIS database, or into commonly used
North Blowhorn Creek oil unit. South Brash Creek reservoir models for beach-barriersystems. More-
oil unit is the only other Carter field that has pro- over, Carterreservoirs represent diverse beach sys-
duced more than one million barrelsof oil. The sec- ternsin a small area, so each field needs to be char-
ond and third most productivereservoirunits in the acterized individually. For these reasons,
Alabama part of the Black Warrior basin are the investigators of reservoir heterogeneity need to
Millerella andLewis sandstones, evaluate carefully the _iimentologic, structural,

In order to sustain or increase oil production in and diagenetic characteristics of individual
the Alabama part of the Black Warrior basin, five sandstone bodies to gain the fullest understanding
Carter and two Millerella sandstoneoil fields have of controls on oil production and the methods that
been unitized forwaterflood, gas injection, or a canbest be applied to improverecovery.
combination of the two processes. No tertiary or
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