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ABSTRACT

C
lear Fork reservoirs in the Permian Basin typically display a wide range of
geologic and petrophysical properties that make the efficient recovery of
hydrocarbons difficult. A key step in improving recovery efficiency is de-

fining the patterns of variability in these rocks. The critical elements of variability
that must be defined are facies, groupings of rocklike properties; and sequence
architecture, the framework of facies variability. As in all carbonate reservoirs,
rock-based studies must form a fundamental basis for characterizing and model-
ing facies and sequence architecture variability through the reservoir. Combined
with wireline-log data, they provide a basis for defining both rock attribute dis-
tributions and reservoir framework.

At Fullerton field, we used 29 cores (>14,000 ft [>4270 m]), well logs from
approximately 800 wells, three-dimensional seismic data, and outcrop data to
define facies (rock attributes) and sequence stratigraphy (reservoir framework).
The Fullerton reservoir section averages 500 ft (152m) that can be subdivided into
three stratigraphic units (Abo, Wichita, and Lower Clear Fork) and parts of two
composite and six high-frequency sequences. At the base of the reservoir section,
Abo rocks (sequences L1.1 and L1.2) consist of clinoformal, outer-platform, sub-
tidal, fusulinid-crinoid packstones that exhibit locally excellent porosity and per-
meability characteristics but are highly variable in continuity.Wichita rocks were
deposited in peritidal tidal-flat settings and consist of mud-rich facies that gen-
erally display poor continuity and commonly very low permeability and oil
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saturation despite locally high porosity. Wichita rocks (sequences L1.2 and L2.0)
are updip inner-platform equivalents of both partly underlyingAbo and overlying
Lower Clear Fork facies. Lower Clear Fork rocks (sequences L2.1 and L2.2) are
dominantlymiddle-platform subtidal, grain-rich ooid-peloid packstone and grain-
stone facies that exhibit the best permeability and oil saturation properties.

Although basic facies distributions are defined by high-frequency sequence
architecture, the reservoir framework must be based on the correlation of higher
resolution depositional cycles. Because gamma-ray logs showed little or no rela-
tionship to facies and cyclicity, we calibrated porosity logs to cyclicity and used
them to define 10 to 15 ft (3 to 5 m) cycles throughout the reservoir.

INTRODUCTION

The Clear Fork Group (Figure 1) in the Permian

Basin comprises a thick (as much as 2500 ft [762 m])

succession of dominantly shallow-water-platform

carbonates that were deposited across west Texas and

New Mexico during the Early Permian (Leonardian).

The reservoirs developed in these carbonates (Figure2)

have accounted for more than 3.2 billion bbl of oil

production (Dutton et al., 2004)—more than 10% of

the total recovered from the Permian Basin to date. As

a whole, Leonardian reservoirs are estimated to have

contained more than 14.5 billion bbl of oil at dis-

covery, for a recovery efficiency of only about 22%,

considerably less than the 32% average for carbonate

reservoirs in the PermianBasin (Tyler andBanta, 1989;

Holtz et al., 1992).

To recover the remaining oil in Leonardian reser-

voirs, operatorsmust turn to increasingly sophisticated

recovery technologies, for example,waterflooding, gas

injection, and horizontal wells. To deploy these tech-

nologies effectively, however, it is critical that an ac-

curate reservoir framework first be constructed to form

the basis for modeling and interpreting past, present,

and future recoveryoperations. This chapter describes

the approaches used to develop such a framework in

Fullerton Clear Fork field in west Texas. Like many

mature Clear Fork Group reservoirs in the Permian

Basin, Fullerton fieldhasundergone amajor decline in

oil production rates and a major increase in water

production rates for several years. The current total

production from the field stands at about 310million

bbl, representing only about 25% of the calculated

original oil in place. An understanding of the types of

depositional and diagenetic facies, cycle and se-

quence stratigraphy, and architecture of these strati-

graphic elements is the first crucial step to determine

the probable oil distribution at discovery and define

the best strategies for recovery of the sizable remain-

ing oil volume.

METHODS

The focus of this study of the Fullerton reservoir is

the Fullerton Clear Fork Unit, a unitized production

area in Fullerton field operated by ExxonMobil Cor-

poration. Data and interpretations presented in this

chapterwerederived fromthe investigationof 29cores

totaling 14,383 ft (4384 m), examination of more

than1700 rock thin sections, and correlation of about

45,000 stratigraphic tops in nearly 800 wells. The

basic procedures used in this study to develop a full-

field stratigraphic model and reservoir framework

were as follows: (1) identify depositional facies and

vertical facies-stacking patterns and cycles in cores,

(2) calibrate facies and cycle patterns to wireline logs,

(3) construct two-dimensional (2-D) cross sections of

core-logdata sections, (4) define2-Dcycle and sequence

stratigraphy from core-log sections, and (5) extrapo-

late 2-D cycle and sequence correlations into three-

dimensional (3-D) space by correlating all available

well logs. Stratigraphic sequences were tied into avail-

able 3-D seismic data to check their accuracy and ge-

ometry. Conventional core analysis data were avail-

able for all cores; these data were used to determine

relationships between facies, cyclicity, porosity, and

permeability development. Stable isotope data were

collected during the reservoir study and reported in

Ruppel and Jones (2006). Additional data were col-

lected for this report. Procedures are documented in

Ruppel and Jones (2006).

Despite the emphasis placed on sequence- and

cycle-stratigraphic concepts in establishing the reser-

voir framework, note that an understanding of rock

properties is as important as reservoir architecture

in building a reservoir model. Also note that, essen-

tially by definition, sequences do not equate to facies.

Throughout this chapter, reference is made to both

time (sequence-stratigraphic) and rock (formation and

facies) subdivisions of the succession to emphasize

this point.
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PREVIOUS WORK

Although detailed studies of Clear Fork reservoir

successions are few, some important aspects of these

rocks have beenpreviously described.Mazzullo (1982)

andMazzullo and Reid (1989) presented overviews of

lower Leonardian stratigraphy and depositional sys-

tems in theMidland Basinmostly based on studies of

wireline logs and well cuttings. Presley and McGillis

(1982) (see also Presley, 1987) documented thehighly

cyclic, predominantly evaporitic facies of the upper

Leonardian Glorieta and Upper Clear Fork units in

the innermost platform areas of the Texas Panhandle.

Ruppel (1992, 2002) described the facies, cyclicity,

anddiagenesis in theGlorieta andUpperClear Fork at

Monahans Clear Fork field on the Central Basin plat-

form and postulated that reservoir development was

caused by cyclic deposition and diagenesis driven by

episodic sea level rise and fall. Atchley et al. (1999)

described Clear Fork facies at Robertson field at the

northern end of the Central Basin platform and pro-

posed a similarmodel for structural control over facies

deposition and reservoir development. Ruppel et al.

(2000) described outcrop equivalents of the produc-

ing subsurface Clear Fork reservoirs from outcrops

in the Sierra Diablo Mountains of west Texas. Kerans

et al. (2000) documented the depositional setting, fa-

cies, and stratal architecture of the Abo fromoutcrops

in the Sierra Diablo (Figure 2) and showed that karst-

ing has had a major effect on both the Abo and the

overlying Lower Clear Fork succession. Ruppel and

Jones (2006) presented an earlier analysis of Fullerton

reservoir geology upon which this chapter is based.

GEOLOGIC SETTING

The Fullerton Clear Fork field is the largest of a

large number of fields developed in the Leonardian

series on the Central Basin platform of the Permian

Basin (Figure 2). In some parts of the basin, the Leon-

ardian is productive from all of its component strati-

graphic units (Figure 1). The productive reservoir sec-

tion at Fullerton field, however, is essentially restricted

to theLowerClear Fork,Wichita, andAbo stratigraphic

units (Figure 3). By far, the bulk of the oil production

has come from the lower two thirds of the Lower

Clear Fork and the Wichita sections of the reservoir.

Evenwhere oil saturated, the Abohas proven difficult

to exploit, partly because of its active water drive (as

opposed to the pressure depletion drive that charac-

terizes the overlying parts of the reservoir) and because

FIGURE 1. Chart showing the Leonardian stratigraphic section in the Permian Basin, including Clear Fork Group and
analogous units in New Mexico and in outcrop. Modified from Ruppel (2002).
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it is at ornear theoil-water contact throughoutmost of

the field.

Regionally, the Leonardian succession is dominated

by shallow-water platformcarbonates. Eachof the com-

ponent Leonardian stratigraphic units contains up-

dip peritidal tidal-flat carbonates and downdip sub-

tidal carbonates. Mineralogy in each is dominated by

dolomite and anhydrite. Calcite, in the form of lime-

stone, is relatively uncommon; however, where pre-

sent, it is most common in the lower part of the Leon-

ardian and in the distal downdip sections (Ruppel,

2002). The reservoir section at Fullerton is generally

consistent with this regional pattern, but it does

contain a higher volume of limestone than most

other Leonardian platform reservoir successions in the

basin.

The Fullerton field is developed over a large com-

pound structural high (Figure 4) that reflects the re-

activation of deep-seated faults and differential uplift

of the area that began in the Late Mississippian and

continued into thePermian (Kluth andConey, 1981).

Evidence exists that, locally, these tectonic features

continued to influence depositional patterns during

the Leonardian (Jones and Ruppel, 2004). The Clear

Fork reservoir seal is provided by evaporite-rich car-

bonates in the Lower Clear Fork, Tubb, Upper Clear

Fork, and Glorieta.

The reservoir is currently drilled to well spacings of

40 to 10 ac and is under active waterflood. The greatest

well density is in the northern part of the field (mostly

20- and 10-ac well spacings); poorer well control

exists in the southernhalf of the field. Ingeneral, these

FIGURE 2. Regional map of the Permian Basin showing the location of Fullerton field and analogous outcrops in Sierra
Diablo Mountains. Modified from Ruppel and Jones (2006).
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closely spaced wells provide good control for the

definition of stratigraphic zones and reservoir attri-

butes. In many parts of the field, especially along the

western edge and in the southern half of the field,

wells are represented only by poor-quality (old

gamma-ray-neutron) wireline logs and cannot be

correlated or interpreted with any precision.

OUTCROP FACIES, CYCLICITY, AND
SEQUENCE ARCHITECTURE

The outcrops of Leonardian age in the Sierra Dia-

blo Mountains in Hudspeth and Culberson counties

(Figure 2), Texas, are excellent analogs for the pro-

ducing reservoir section at Fullerton field and thus

offer important insights into geologic controls on res-

ervoir development and reservoir architecture. Leon-

ardian outcrops inwest Texaswere originally assigned

to the Victorio Peak Formation (King, 1942, 1965).

However, recent studies by Ruppel et al. (2000) have

extended subsurface nomenclature to these outcrops.

Sierra Diablo outcrops include both shallow-water

platform carbonates of the Lower Clear Fork Group

andWichita units (Fitchen et al., 1995; Ruppel et al.,

2000) and the karsted platform-marginal subtidal car-

bonates of the Abo (Fitchen et al., 1995; Kerans et al.,

2000). The styles of depositional architecture and fa-

cies development displayed in outcrops are closely

similar to those encountered in the subsurface,

making these outcrops invaluable aids for interpreting

and modeling facies distributional patterns and

stratigraphic architecture in subsurface reservoir suc-

cessions. The stratigraphic framework defined by

Fitchen et al. (1995) is now widely recognized as

FIGURE 3. Type log of the producing
reservoir section at Fullerton Clear Fork
field showing cyclicity and general
facies patterns. The shaded areas of
PE (photoelectric) log indicate the local
presence of limestone in dolomite-
dominated sections. Zones of elevated
corrected gamma-ray (CGR)-log re-
sponse indicate the presence of silt
and clay. Neu = neutron porosity log;
Den = density porosity log; HFS = high-
frequency sequence; SGR = spectral
gamma ray. Modified from Ruppel and
Jones (2006).
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definitive of the sequence stratigraphy of the Lower

Leonardian succession (Figure 5). Similarly, high-

resolution studies of Lower Leonardian platform

facies cyclicity by Ruppel et al. (2000) have provided

a basis for a better understanding of facies stacking

and continuity in subsurface reservoir successions.

Abo Formation

Integrated studies of outcrops and subsurface data

sets demonstrate that the Abo represents the basal

depositional sequence (sequence L1) of the Leonar-

dian (Fitchen et al., 1995). Studies of Abo outcrops in

the Sierra Diablo (Fitchen et al., 1995; Kerans et al.,

2000) defined three important aspects of this succes-

sion in the PermianBasin: (1) it consists of dominant-

ly open-marine outer-platform facies, (2) it displays

clinoformal architecture, and (3) it is overprinted by

karst features (sinkholes, caves, cave fill, and collapse

features) (Fitchen et al., 1995; Kerans et al., 2000). The

dominance of clinoformal, outer-ramp, fusulinid-

crinoid packstones andwackestones, and less common

ramp-crest, ooid-peloid, grain-rich packstones and

grainstones in the Abo contrasts with the flat-lying,

alternating tidal-flat, and shallow subtidal wackestone-

packstone successions of theWichita and Lower Clear

Fork. The top-lapping clinoforms of the Abo document

rapid basinward progradation, a forced regression

probably caused by a rapid fall in sea level. Karsting in

the Abo, although initiated at the exposed top of the

Abo during sea level fall, is manifested downsection in

the Abo by caves and sinkholes, and upsection in the

overlying Lower Clear Fork as collapse features. Where

karsting and associated thickness variations are devel-

oped,mostly in platform-marginal settings, the contact

between the Abo and Lower Clear Fork is a relatively

sharp, undulating, and unconformable surface. Updip,

karsting is less apparent, and the contact is less

pronounced.

Lower Clear Fork Formation

Outcropping Lower Clear Fork and Wichita rocks

in the Sierra Diablo represent a single depositional

sequence (L2). Key elements of this succession are

(1) basal backstepping tidal-flat deposits that locally

fill relief on the underlying karsted Abo surface (top of

sequence L1); (2) an updip L2 succession of amal-

gamated tidal-flat facies (Wichita equivalent); and (3) a

cyclic downdip succession of alternating tidal-flat and

mid-rampsubtidal facies (LowerClear Fork equivalent).

Lower Clear Fork outcrops record gradual flooding

of the previously exposed Abo platform and a con-

tinued, although punctuated, increase in accommo-

dation and water depth. Downdip, Lower Clear Fork

deposits are characterized by alternating peritidal

tidal-flat deposits and subtidal skeletal wackestones

and packstones that document cyclic rise and fall of

sea level at the high-frequency sequence (HFS) and

cycle scale. These cycles, which average about 20 ft

(~6m) in thickness, display consistent patterns of facies

stacking (cycle-base skeletal wackestones and overly-

ing peloidal grain-rich packstones) and appear to be

FIGURE 4. Structure of Fullerton Clear Fork field. Datum
is a prominent subtidal flooding event near the base
of the Tubb Formation (see Figures 3, 7). Cross section AA0

shown in Figure 7; cross section BB0 shown in Figure 15.
CI = contour interval; 3-D = three-dimensional. Modified
from Ruppel and Jones (2006).
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widely continuous (Ruppel et al., 2000). More recent

studies show that these shallow subtidal platform rocks

pass downdip into clinoformal fusulinid-crinoidwacke-

stones and packstones of the outer ramp to slope less

than 2 mi (<3 km) basinward. Updip, in the platform

interior (landward), the LowerClear Fork is character-

ized by amalgamatedperitidal tidal-flat deposits. These

updip tidal flats are analogous to the Wichita of the

subsurface. The absence of shallow-water highstand

deposits at the top of the Lower Clear Fork suggests a

rapid, perhaps forced, regression, followed by expo-

sure andpossible erosion at the topof the L2 sequence.

Lower Clear Fork outcrops in the Sierra Diablo also

provide important insights into the cycle architec-

ture of analogous subsurface reservoir sections such

as that at Fullerton (Ruppel et al., 2000). In tidal-flat-

capped successions and, less commonly, in subtidal

successions, 3 to 6 ft (1 to 2 m)-thick cycles are defin-

able in vertical sections but, because of poor outcrop

continuity, are not readily correlatable. However, sub-

tidal cycle bundles, which average from 15 to 30 ft (5–

9m) in thickness, canbe correlated at typical interwell

distances. These bundles typically consist of upward-

shallowing successions that have skeletal wacke-

stones at their bases and peloid-ooid packstones at

their tops.

FULLERTON RESERVOIR
FACIES AND STRATIGRAPHY

The productive reservoir section at Fullerton field

includes parts of the Abo, Wichita, and Lower Clear

Fork formations (Figure 3). Both subsurface and out-

crop studies demonstrate that the Abo and the lower

part of the Wichita Formation are time-equivalent

facies of the earliest composite (third-order) deposi-

tional sequence of the Leonardian (sequence L1). Se-

quence L2 comprises the upper part of the Wichita

Formation (updip peritidal deposits) and the Lower

Clear Fork Formation (downdip, dominantly subtidal

deposits). The L3 sequence contains siliciclastics of

the Tubb Formation and carbonates of part of the

overlying Upper Clear Fork (Figure 3). These inter-

relationships among depositional sequences, facies,

and stratigraphic units are depicted in Figure 6 for

Fullerton field on the Central Basin platform.

Correlations of calibrated wireline-log suites from

about 750 wells show that, across most of the area of

the Fullerton Clear Fork Unit (Figure 4), stratigraphic

units are relatively isopachous (Figure 7). This obser-

vation supports the interpretation that thedepositional

setting of the field area was a broad flat carbonate

platformnotunlike themodern-dayBahamasplatform.

The samegenerally isopachousnature of the Lower

Clear Fork Formation is apparent in 3-D and 2-D seis-

mic data. These data, however, show that, by contrast,

the Wichita and Abo vary considerably in thickness

across the field.Wichita deposits thin andAbo depos-

its thicken to the east and southeast (Figure 8). Syn-

thesis of core, wireline, and seismic data show that

this reciprocal thickness relationship is the result of

facies change:Wichita facies representing updip shal-

lower water (inner platform) equivalent of the distal

deeper water (outer platform to slope) Abo.

Facies and Depositional Setting

Facies encountered at Fullerton field are typical of

those observed throughout most carbonate-platform

FIGURE 5. Sequence stratigraphy of the Leonardian section in the Sierra Diablo Mountains. Based on Fitchen et al.
(1995), Ruppel et al. (2000), and Kerans et al. (2000). Note relative position of Fullerton reservoir section.
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successions of Leonardian and early Guadalupian age

in the Permian Basin (e.g., Bebout et al., 1987; Ruppel

and Cander, 1988a, b; Garber and Harris, 1990; Longacre,

1990; Kerans et al., 1994; Kerans and Fitchen, 1995;

Kerans et al., 2000; Kerans and Kempter, 2002; Ruppel

and Bebout, 2001). Leonardian facies successions have

beendocumentedboth inoutcrop (Ruppel et al., 2000)

and in the subsurface (Ruppel, 2002).

The facies defined in this study were defined with

three goals in mind: (1) to document characteristics of

distinct depositional settings, (2) to document wide-

spread and potentially correlatable sediment pack-

ages, and (3) to create a sound geologic basis for as-

sessing relationships between rock textures and fabrics

and petrophysics. In many ways, it is the last of these

goals that is most important because it provides the

foundation for reservoir modeling. However, the fa-

cies characteristics used for subdivision are therefore

dominantly small-scale matrix properties, for exam-

ple, grain size, shape, and type. Larger scale features

such as fractures, anhydrite nodules, and evidence

of burrowing were also noted but not used for facies

subdivision. Eleven depositional facies can be iden-

tified in the Fullerton reservoir succession (Table 1).

Most are intergradational with one or more other

facies and can be found in most parts of the reservoir

succession.

Peritidal Mudstone-Wackestone Facies

Peritidal mudstone-wackestone facies are not only

most abundant in the Wichita but are also locally

common in the Lower Clear Fork. They aremassive to

parallel-laminatedmud-rich rocks that only rarely con-

tain any grains other than a fewpeloids (Figure 9A, B).

They aremost typically associatedwith exposed tidal-

flat facies and clay-rich carbonate mudstone facies

and are interpreted to represent peritidal deposition

on a very low energy tidal flat. They are dominantly

dolomitizedand,where dolomitized,maydisplayhigh

porosities (as much as 15%). Because this porosity is

caused by intercrystalline poreswithin fine-crystalline

dolomite, however, permeability is generally low.

Where limestone, they invariably exhibit very low

porosity (typically <2%) and permeability. Gamma-

ray signature is medium to high and highly variable

FIGURE 6. Sequence-stratigraphic model of lower Leonardian succession at Fullerton field showing primary facies tracts
and stratigraphic nomenclature. HFS = high-frequency sequence; TST= transgressive systems tract. Modified from
Ruppel and Jones (2006).
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in these rocks because of the local presence of clay

minerals.

Clay-Rich Carbonate Mudstone Facies

Clay-rich carbonate mudstone facies are found

intimately associated with rocks of the peritidal

mudstone-wackestone facies in theWichita. They are

typically dark gray to nearly black and 0.4 to 3 in. (1–

8 cm) in thickness (Figure 9C). Where cyclic upward-

shallowing successions can be identified, these depos-

its are found at or near cycle tops in both the Lower

Clear Fork and the Wichita. Although they are con-

tributors to the high gamma-ray response observed in

the Wichita and in Lower Clear Fork peritidal inter-

vals, because of their thinness, they cannot be dis-

cretely defined by logs and therefore are not correlat-

able. Their color, clay content and lack of apparent

lateral continuity suggest that they were formed as

local organic-rich ponds or stagnant pools on the tidal

flat. Theymay act as local baffles to reservoir fluid flow

but are probably very discontinuous laterally.

FIGURE 7. Cross section (AA0) illustrating sequence stratigraphy and facies in the central part of Clear Fork reservoir
at Fullerton field based on cores. The generally isopachous character of the reservoir section (Wichita–Lower Clear Fork)
was consistent over most of the field area. Line of section shown in Figure 4. FCU = Fullerton Clear Fork Unit; CGR =
corrected gamma ray.
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Exposed Tidal-Flat Facies

Exposed tidal-flat facies show obvious evidence of

exposure such as fenestral pores, pisolites,mudcracks,

insect burrows, sheet cracks, tepee structures, and

cyanobacterial ormicrobial laminations (Figure9D, E).

They are locally common in both the Lower Clear Fork

and theWichita. In the Lower Clear Fork, they define

cycle tops; in the Wichita, their relative sea level sig-

nificance is less apparent. Their sedimentary structures

demonstrate, however, that they were formed during

at least local sea level fall and exposure. Porosity is lo-

cally very high (asmuch as 30%) and is associatedwith

fenestral pores and intercrystalline and interparticle

pores. Permeability is lower than in grain-dominated

subtidal rocks but canbe significantwherehigh poros-

ities arepresent. Like theperitidalmudstone-wackestone

facies, these rocks typically display somewhat elevated

and variable gamma-ray response, which can some-

times be used to distinguish these rocks from over-

lying and underlying subtidal facies.

Peloid Wackestone Facies

The grain-poor peloidwackestone facies differ from

rocks of the peritidal mudstone-wackestone facies in

its association and sedimentary structures. Rocks are

invariably associated with other demonstrably sub-

tidal facies, are burrowed, and locally contain skeletal

debris. These features suggest that they were depos-

ited in low-energy subtidal settings. Dominant grains

(commonly 80–150 �m in diameter) are probably fe-

cal pellets created by infaunal burrowers. The absence

of skeletal allochems supports a low-energy, perhaps

restricted, setting.

Anhydrite nodules are locally common in these

rocks, reflecting postdepositional entry of sulfate-

bearing diagenetic fluids into permeability pathways

createdbyburrowers. Inmanycases, anhydritenodules

occupy solution-widened vertical-burrow pathways

that are surrounded by alteration halos (Figure 10A).

These halos (which have been reported from most

Permian platform-carbonate successions) commonly

display amore grain-rich texture, higher porosity and

permeability, and a depleted oxygen-isotope signa-

ture (Major et al., 1990; Ruppel and Bebout, 2001). At

Fullerton, they aremost commonly developed inHFS

L2.2. This stratigraphic position (in the late highstand

of the L2 composite sequence) is analogous in terms

of accommodation to similar features documented

from the Guadalupian Grayburg Formation at South

Cowden field in Ector County, Texas (Ruppel and

FIGURE 8. Three-dimensional seismic section from the southern part of the Fullerton field showing the seismic definition
of the Clear Fork reservoir section. Yellow lines = timeline boundaries; dotted line = top of Abo Formation. Note that
whereas the upper Wichita and Lower Clear Fork (LCF) intervals are essentially isopachous and continuous across the
field, the lower Wichita and Abo display reciprocal thickness relationships. GR = gamma ray; S = acoustic log; UCF =
Upper Clear Fork. Modified from Ruppel and Jones (2006).
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Table 1. Characteristics of major depositional facies in the Fullerton Clear Fork Reservoir.

Facies Sedimentary
Structures

Grain Types Fossil Types Mineralogy Porosity and
Pore Types

Depositional
Setting

Cycle
Position

Peritidal mudstone-
wackestone

Horizontal lamination,
crinkly lamination,
massive

Peloids Rare mollusks Dolomite*, calcite*,
poikilotopic anhydrite

Low to high;
intercrystalline

Tidal flat Cycle top

Clay-rich carbonate
mudstone

Horizontal lamination None Rare plant
debris

Dolomite Very low;
intercrystalline

Tidal flat Cycle
boundary

Exposure-related
mudstone-packstone

Fenestrae*, crinkly
lamination*, insect
burrows

Pisolites*, coated
grains*, peloids,
intraclasts

Rare mollusks Dolomite*, poikilotopic
anhydrite

Low to very high;
fenestral,
intercrystalline,
interparticle

Tidal flat Cycle top

Peloid wackestone Burrow mottling*,
burrows*

Peloids Mollusks Dolomite*, poikilotopic
and nodular anhydrite

Low; intercrystalline,
vuggy

Inner ramp,
middle ramp

Variable

Peloid packstone Burrow mottling*,
burrows*

Peloids Rare mollusks Dolomite*, poikilotopic
and nodular anhydrite

Low to moderate;
intercrystalline,
vuggy

Middle ramp,
ramp crest,
outer ramp

Cycle top

Ooid-peloid
grain-dominated
packstone-grainstone

Parallel lamination,
inclined lamination,
burrow mottling;
good sorting

Ooids, peloids, Dolomite*,
poikilotopic anhydrite

Moderate to high;
intergranular,
vuggy (oomoldic)

Ramp crest*,
outer ramp,
middle ramp

Cycle top

Fusulinid wackestone-
packstone

Burrow mottling Peloids, pellets Fusulinids;
uncommon
crinoids

Dolomite*, poikilotopic
and nodular anhydrite

Low to moderate;
intercrystalline,
vuggy (oomoldic)

Outer ramp Cycle base

Skeletal wackestone-
packstone

Burrow mottling Fossil shells and
skeletal debris

Mollusks
(snails, clams),
ostracods

Dolomite*, poikilotopic
and anhydrite

Low to moderate;
intercrystalline,
vuggy

Inner ramp,
middle ramp,

Cycle base

Oncoid wackestone-
packstone

Burrow mottling Algal oncoids,
peloids, coated
grains

Fusulinids Dolomite Low; intercrystalline Middle ramp,
outer ramp

Cycle base

Siltstone-sandstone Burrow mottling Detrital quartz Rare mollusks Quartz*, dolomite Low; intercrystalline Inner ramp,
middle ramp,
outer ramp

Cycle base,
sequence
base

Lithoclast wackestone Sediment lithoclasts Rare mollusks Dolomite*, anhydrite Low; intercrystalline Tidal flat Cycle top

*Signifies dominance.
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Bebout, 2001), suggesting that these features are an

expected andperhaps predictable feature of late high-

stand sedimentation and early diagenesis on Permian

shallow-water carbonate platforms.

Peloid Packstone Facies

The peloid wackestone facies contain abundant

peloids (Figure 10C) that are mostly fecal pellets cre-

ated by burrowing infauna, although skeletal debris

(chieflymollusk fragments) are locally common.Nearly

all low-energy mud-dominated facies in the Permian

contain obvious pellets, indicating that burrowers

were ubiquitous. A complete gradation from poorly

defined peloids to identifiable pellets in textures rang-

ing frommudstone to packstone exists. Differences in

texture are probably caused by differences in early

diagenesis and pellet preservation. Pellets that were

lithified and stabilized early are more likely to be pre-

served. Thus, peloid (pellet) packstones are sediments

that underwent significant amounts of early diagen-

esis, whereas peloid wackestones and pelleted mud-

stones underwent relatively little. The textural signifi-

cance of these pelleted facies is thus more diagenetic

than depositional. Accordingly, apparent variations

in peloid abundance in these mud-dominated facies

packstones, wackestones, andmudstones are not nec-

essarily an indication of differing depositional envi-

ronment or fluctuations inwave energy. Instead, they

maybepredominantly causedby local changes in rates

and effects of early diagenesis. Porosity in these rocks

FIGURE 9. Core and thin-section photographs of typical tidal-flat facies in the Wichita and Lower Clear Fork. (A) Slab
photograph of peritidal mudstone-wackestone showing weak laminations and local burrowing. The core is 10 cm
(4 in.) wide. FCU 5927; depth, 2140 m (7021 ft). (B) Photomicrographs of peloid wackestone-packstone in A. Note the
moldic pores. (C) Slab photograph of clay-rich carbonate mudstone facies in the Wichita. The core is 10 cm (4 in.)
wide. Pan-American FM-1; well depth, 2234 m (7329 ft). Note the cycle boundary (CB) and underlying mudstone. (D)
Slab photograph of exposed tidal-flat facies showing typical parallel laminations and fenestral pores (FE). The core is
10 cm (4 in.) wide. Lower Clear Fork FCU 7322; depth, 2075 m (6808 ft). (E) Photomicrograph of exposed tidal-flat
facies showing fenestral vuggy pores (FE). FCU 6122; depth, 2104 m (6903 ft). (F) Slab photograph of CB showing
fenestral-exposed tidal-flat facies overlain by subtidal, burrowed, peloid wackestone with skeletal debris. Note small
lithoclasts (L) above the cycle top. Lower Clear Fork, top high-frequency sequence (HFS) L2.2. The core is 10 cm (4 in.)
wide. FCU 7322; depth, 2074 m (6804 ft). FCU = Fullerton Clear Fork Unit.
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is commonly associated with intercrystalline pores

and less commonskeletalmoldic pores (Figure 10D, E).

Peloid Grain-Dominated Packstone Facies

Unlike the mud-rich peloid facies previously dis-

cussed, grain-dominated (or grain-rich) peloid pack-

stones commonly display evidence of wave-related

transport. These rocks are typically well sorted and

contain interparticle pores that are either open or

filled with cements (Figure 11A–D). The interparticle

pores indicate that these peloids acted as true grains

instead of pelleted mud, in contrast to the intercrys-

talline and moldic pores that typify mud-dominated

facies.However, note that, in some instances, the grain-

dominated texture is associatedwith vertical burrows

and probably owes its origin to burrow-related dia-

genesis. This facies is restrictedmostly to the subtidal

legs of LowerClear Fork depositional sequences. These

rocks are among the highest quality reservoir facies in

the field, with porosities as high as 20%.

Ooid-Peloid Grain-Dominated
Packstone-Grainstone Facies

Ooid-peloid grain-dominated packstone-grainstone

facies differ from the peloid grain-dominated pack-

stone facies, with which they are commonly closely

associated, in having recognizable ooids (as much as

250 mm in diameter) in addition to pervasive pellets

(Figure 11E–G). Skeletal grains in the form of fusu-

linids, mollusks, and crinoids are also common. In

most cases, these deposits, which are restricted to the

subtidal sections of the LowerClear Fork, are alsowell

sorted. Grainstones, although relatively rare, display

excellent size sorting and, in some cases, possess in-

clined or cross-laminations (Figure 11E). These rocks,

which occur as both dolostone and limestone, repre-

sent the highest energy facies in the reservoir succes-

sion and, inmany cases, display the best porosity and

permeability. Pores are dominantly interparticle, but

moldic pores are abundant, especially in limestone-

dominated intervals (Figure 11B).

FIGURE 10. Core and thin-section photographs of typical peloid wackestone mud-rich peloid packstone-wackestone
facies in Lower Clear Fork. (A) Slab photograph of peloid wackestone with anhydrite-bearing (An), solution-widened
vertical burrow. Lower Clear Fork, HFS L 2.2. The core is 10 cm (4 in.) wide. FCU 7322; depth, 6874 ft (2095 m). (B) Thin-
section photomicrograph of peloid wackestone with moldic pores (Mo). FCU 6229; depth, 6841 ft (2085 m). Scale bar = 1
mm. (C) Slab photograph of Wichita peloid packstone (dolostone). FCU 5927; depth, 7038 ft (2145 m). The core is 10 cm
(4 in.) wide. (D) Photomicrograph of Lower Clear Fork peloid packstone (limestone) with moldic pores (Mo). FCU 5927;
depth 6903 ft (2104 m). Scale bar = 1 mm. (E) Photomicrograph of Lower Clear Fork peloid packstone (limestone)
with interparticle (BP) pores. FCU 6229; depth, 6817 ft (2078 m). Scale bar = 1 mm. FCU = Fullerton Clear Fork Unit.
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Fusulinid Wackestone-Packstone Facies

Fusulinid-bearing rocks are found in all three for-

mations (Abo, Wichita, and Lower Clear Fork), al-

though their presence is limited in theWichita. In all

occurrences, they are most commonly dolomitized.

Fusulinids, which are preserved either as open or

anhydrite-filledmolds or as well-preserved fossil tests,

can constitute asmuch as 40%of the rock (Figure 12A–

D). In the Lower Clear Fork and Wichita, they are as-

sociatedwithabundantpeloids (probably fecal pellets).

In the Abo, they commonly co-occur with crinoids

and less commonly with brachiopods. Fusulinids are

thought to have occupiedwater depths of 98 ft (30m)

ormore (Kerans and Fitchen, 1995) and represent the

deepest water facies observed at Fullerton field. Ac-

cordingly, their presence is an indicator of platform

flooding and relative sea level rise, making them key-

indicator facies of cycle and sequence boundaries.

Skeletal Wackestone-Packstone Facies

Typically, skeletal wackestone-packstone rocks con-

tain small volumes of skeletal debris (mostly mollusk

fragments, but also crinoids and ostracods) and ubiq-

uitous peloids. They grade into peloid wackestones

and packstones. Evidence of burrowing is common.

Typically, they contain low porosity; pore space con-

sists of skeletal molds and intercrystalline pores. The

dominance of mollusks and the essential absence of

more normalmarine organisms in these rocks suggest

that theyweredeposited in an inner-platformsetting.

Oncoid Wackestone-Packstone Facies

Oncoids (or oncolites) are large microbial-coated

grains (Figure 12E–F) formed under conditions of

continuouswave agitation in shallowwater. They are

abundant at the base of the Lower Clear Fork through-

out the entire field area. Invariably, they are associated

FIGURE 11. Core and thin-section photomicrographs of peloid grain-rich packstones and grainstones. (A) Slab photo-
graph of Abo skeletal grain-dominated packstone showing inclined laminations. FCU 7322; depth, 7301 ft (2225 m).
Core is 10 cm (4 in.) wide. (B) Slab photograph of Lower Clear Fork (L2.2) peloid grain-dominated packstone (dolostone).
FCU 6229; depth, 6822 ft (2079 m). The core is 10 cm (4 in.) wide. (C) Photomicrograph of Lower Clear Fork peloid
dolostone, grain-dominated packstone showing interparticle porosity. White areas are poikilotopic anhydrite. FCU
6122; depth, 6976 ft (2126 m). Scale bar = 1 mm. (D) Photomicrograph of Lower Clear Fork peloid grain-dominated
packstone dolostone showing interparticle porosity. FCU 6229; depth, 6816 ft (2078 m). Scale bar = 1 mm. (E) Slab
photograph of Lower Clear Fork ooid grainstone showing cross-laminations. FCU 6122; depth, 6920 ft (2109 m). The core
is 10 cm (4 in.) wide. (F) Photomicrograph of Lower Clear Fork ooid limestone grainstone showing oomoldic pores.
FCU 5927; depth: 6913 ft (2107 m). Scale bar = 1 mm. G. Photomicrograph of Lower Clear Fork ooid dolostone,
grainstone, wackestone, showing interparticle and minor moldic pores. FCU 4828; depth, 7137 ft (2175 m). Scale bar = 1
mm. FCU = Fullerton Clear Fork Unit.
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with fusulinids and other faunas indicative of open-

marine deposition. This association and their strati-

graphic position immediately above the top of the

tidal-flat-dominated Wichita indicate that they repre-

sent marine flooding of the platform during sea level

rise (transgression). In some downdip wells, they are

present at many intervals in the Lower Clear Fork,

primarily at cycle bases. Their distribution suggests

that theydocument relatively high-energy conditions

developed during platform flooding. Like the fusuli-

nid facies, the oncoidwackestone-packstone facies is a

marker facies indicative of transgression or platform

deepening (sea level rise).

Siltstone-Sandstone Facies

Quartz silt- and sand-bearing rocks are common

only at the top of the Lower Clear Fork and in the

overlying Tubb Formation. Because the quartz is asso-

ciated with potassium- and thorium-rich clay miner-

als, its presence in the Lower Clear Fork and Tubb is

well defined by high corrected gamma-ray wireline-

log response (Figures 3, 7). The grain size of these rocks

is fine sand to coarse silt, and they are generally sub-

angular in shape, suggesting that these sedimentswere

originally windblown. Quartz silt-sand occurs in two

scenarios: in peritidal tidal-flat facies and in reworked

subtidal facies. Peritidal tidal-flat facieswere probably

formedwhen small volumesof silt, sand, andclaywere

blown onto intermittently exposed, slowly accumu-

lating tidal flats and admixed with peritidal carbon-

ate sediment. Thepresence of potassiumand thorium

in these clastics produces the increased gamma-ray

response that is associated with many tidal-flat de-

posits in theClear Fork and facilitates the recognition

of these cycle-capping deposits in these sediments

(Ruppel, 2002). Most of the occurrences of silt, sand,

and clay in the Lower Clear Fork at Fullerton are of

this type.

Subtidal silt, sand, and clay deposits aremost com-

mon in the Tubb. These rocks were formed first by

large-volume eolian deposition during extended sea

level lowstand and carbonate nondeposition and then

FIGURE 12. Core and thin-section photomicrographs of cycle base fusulinid wackestone-packstone and oncoid
wackestone-packstone facies. (A) Slab photograph of fusulinid wackestone with open and anhydrite-filled fusumoldic
pores. FCU 7322; depth, 6996 ft (2132 m). The core is 10 cm (4 in.) wide. (B) Slab photograph of fusulinid wackestone
with anhydrite-filled fusumolds. FCU 7322; depth, 6994 ft (2132 m). The core is 10 cm (4 in.) wide. (C) Photomicrograph
of fusulinid wackestone showing open fusumolds. FCU 7630; depth, 6778 ft (2066 m). Scale bar = 1 mm. (D) Photo-
micrograph of fusulinid wackestone showing well-preserved fusulinids but little or no porosity. FCU 4828; depth, 7018 ft
(2139 m). Scale bar = 1 mm. (E) Small algally coated fusulinids. Lower Clear Fork FCU 5927; depth, 6980 ft (2128 m).
(F) Large oncoids. Lower Clear Fork FM-1 well; depth, 7160 ft (2182 m). The core is 10 cm (4 in.) wide. FCU = Fullerton
Clear Fork Unit.
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reworked during the ensuing sea level rise andmarine

flooding of the platform. By contrast to the siliciclas-

tics in the Lower Clear Fork, these deposits are gen-

erally richer in clastic content and intermixed with

carbonate mud, and they show evidence of subtidal

conditions (e.g., burrows, stratification). Although

these rocks may locally exhibit some minor porosity,

they donot appear to display any significant reservoir

permeability.

Lithoclast Wackestone Facies

Thin intervals (commonly <1 ft [<0.3 m]) contain-

ing scattered lithoclasts are locally encountered at

the contacts between transgressive marine facies and

underlying tidal-flat deposits or other facies showing

evidence of subaerial exposure (Figure 9F). Clasts are

variable in composition but most commonly consist

of fragments or intraclasts derived from the under-

lying bed. Typically, clasts are 0.4 in. (1 cm) in width

or less. Although volumetrically minor, these rocks

are an important indicator facies of lithification be-

cause of exposure or nondeposition and subsequent

sea level rise and, thus, of cycle boundaries.

Depositional Model

The relative distribution of the facies previously

described can best be understoodwhen considered in

light of a conceptual geologicmodel. Figure 13portrays

idealized 3-D relationships among major facies types

and depositional environments typical of most mid-

dle Permian (Leonardian and Guadalupian) platform-

carbonate successions in the Permian Basin.Note that

this model reflects only relative interrelationships

among facies tracts. The actual position of individual

facies tracts at a given point in time is a function of

many factors, including accommodation, rates and

magnitude of sea level rise, rising versus falling sea

level trends, climate, tectonics, and so on. During nor-

mal relative rises in sea level, facies tracts normally

step landward; whereas during falls, they step basin-

ward. The dominant depositional setting and facies of

the Abo, Wichita, and Lower Clear Fork are depicted

in Figure 13.

Sequence Stratigraphy

Figure 6 diagrammatically illustrates the sequence

architecture, basic facies tracts interrelationships, and

rock and time terminology of the lower Leonardian at

Fullerton field. The parts of two composite or third-

order depositional sequences and three facies tracts are

represented in the field area. Four higher frequency

sequences are also definable. The boundaries of these

HFSs demarcate important correlative surfaces that

are critical to defining architecture.

Sequence L1

The reservoir succession at Fullerton contains

only the highstand part of sequence L1. In distal or

FIGURE 13. Depositional model for Permian shallow-water carbonate platforms in Permian Basin. Model applicable to
most Leonardian and Guadalupian carbonate-platform successions, including reservoir succession at Fullerton field.
Modified from Kerans and Ruppel (1994). TST = transgressive systems tract; HST = high standard systems tract.
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basinward parts of the field area, sequence L1 is rep-

resented by Abo facies; whereas in updip landward

areas, Wichita facies are dominant (Figure 6).

Abo Formation

Regionally, the Abo consists of outer-ramp-to-

slope skeletal crinoid-fusulinid-dominated subtidal

facies and less common, ramp-crest, ooid-peloidal

grainstones (Kerans et al., 2000). In both outcrop and

in the subsurface, theAbo is dominantly characterized

by clinoformal top-lapping geometries (Kerans et al.,

2000; Zeng and Kerans, 2003). This typical Abo archi-

tecture is apparent in 3-D and2-Ddata fromFullerton

field. The Abo is readily defined on seismic lines by

its clinoformal reflectors and a prominent toplap sur-

face that is apparent throughout the field (Figure 8).

Cores containing the Abo succession at Fullerton

field display facies and bedding characteristics typical

of sediments deposited in an outer-ramp-to-slope

setting. Facies consist of alternating beds of fusulinid-

crinoidpackstones andwackestones andpeloidal pack-

stones. No true cyclicity is apparent in the Abo, al-

though alternations exist between skeletal-rich and

skeletal-poor intervals. Inclined beds are locally com-

mon. In addition, correlationswithin the Abo are not

apparent either from core sections or from wireline

logs partly because of limited core and well-log con-

trol through theAbo section. Suchpoor correlatability

is typical of outer-platform depositional successions

that display clinoformal architectures because of as-

sociated dipping bedding surfaces, point sources, dis-

continuous facies packages, and poor vertical facies

contrasts.

Abo rocks are almost entirely dolomitized at Fuller-

ton field. Porosity is locallyhigh, reaching values of as

much as 25%. Pore types vary among fusumolds, inter-

crystalline pores within coarse-crystalline dolomite,

and interparticle pores in skeletal-peloidal packstones.

The thickness of the Abo is indeterminate at Fuller-

ton for two reasons. First, few wells and no cores pen-

etrate the complete Abo to the underlyingWolfcamp

section. Second, outcrop studies reveal that the Abo-

Wolfcamp contact may be lithologically indistinct in

many areas. In outcrop, both the uppermost Wolf-

campand theAboare composedof clinoformal, outer-

platform, fusulinid-crinoidwackestones. Aminimum

Abo thickness of 300 ft (91m) is established by a cored

well (Amoco FM-1) in the southeast corner of the field

(Figure 4).

The position of the L1-L2 sequence boundary is

readily apparent in downdip areas, where top L1 Abo

facies are karsted and sharply overlain by basal tidal-

flat facies of the basal transgressive L2 Wichita. In

these areas, the sequence boundary is marked by an

interval (up to several feet thick) of intermixed clasts

and fragments of Wichita tidal-flat deposits and Abo

fusulinid-bearing subtidal deposits.

Wichita Group

The top of sequence L1 consists of Wichita Group

facies in more updip or landward (westward) areas of

Fullerton field (Figure 6). The Wichita consists of a

diverse assemblage of peritidal to supratidal tidal-flat

deposits.Outcrop and subsurface studies demonstrate

that the Wichita comprises parts of two depositional

sequences: the highstand leg of sequence L1 and the

transgressive leg of sequence L2 (Figure 6). The lower

part of the Wichita Formation is an updip proximal

equivalent of Abo outer-platform succession of se-

quence L1, whereas the upper Wichita is a proximal

equivalent of LowerClear Fork subtidal outer-platform

rocks of sequence L2.

The L1 highstandWichita deposits are pervasively

dolomitized. Facies are dominantly structureless peri-

tidal mudstone-wackestones and clay-rich carbonate

mudstones (Figure 9A, C). The L1 Wichita rocks, like

the total Wichita succession, thin eastward as they

grade into subtidal Abo facies (Figures 14A, 15). Al-

though not readily definable on wireline logs, core

studies suggest that basal Wichita rocks differ from

overlying L1 and L2 Wichita deposits in containing

fewer clay-rich carbonatemudstones (Figure 15). This

is consistent with the basal Wichita representing de-

position in a more distal tidal-flat setting than the

upper part. Neither cycles nor HFSs are readily de-

finable in the L1Wichita because of the lack of facies

contrast. Similarly, the L1-L2 sequence boundary is

difficult to define in proximal areas of the field where

Wichita facies of the L1highstand systems tract (HST)

are overlain by very similar L2 Wichita transgressive

systems tract (TST) facies. However, the approximate

positionof this sequence boundary is suggested by the

distribution of karst breccias. Although not present in

all cores, they are found at approximately the same

stratigraphic horizon in several wells (Figure 7).

Sequence L2

Most of the reservoir succession at Fullerton is as-

signable to sequence L2, which is subdivisible into

four HFSs (Figures 6, 15).

High-Frequency Sequence L2.0

High-frequency sequence L2.0 documents initial

flooding of the platform following sea level fall and
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exposure at the end of L1 deposition. In most of the

Fullerton field area, HFS L2.0 consists of amalgam-

ated tidal-flat deposits of the upperWichita. Subtidal

Lower Clear Fork L2.0 deposits are present only at the

downdip margins the field (Figures 6, 15). The thick-

ness of the Wichita is relatively uniform over the

northern two thirds of the field, ranging from about

350 ft (~107m) in the center of the field toabout 280 ft

(~85m) along thewestern, northern, and easternmar-

gins of the field area (Figure 14A). The thickness de-

creases, however, to as little as 110 ft (34 m) in the

southeastern part of the field (Figure 14A). This de-

crease in thickness, which occurs relatively abruptly

along a generally northeast-trending belt, marks the

facies change from the updip inner-platformWichita

tidal-flat facies to the downdip Abo outer-ramp fusu-

linid facies (Figure 15).

Correlations within the thick Wichita succession

of relatively similar tidal-flat deposits are difficult be-

cause of (1) discontinuity of tidal-flat deposits, (2) lack

of any systematic vertical stacking relationships among

facies to define cycles, (3) nonuniform response of

wireline logs to these facies, and (4) overprinting ef-

fects of diagenesis. The presence of several beds of lime-

stone in the upperWichita in the northern part of the

field makes correlations much more robust in that

area of the field (Figure 7). These limestone beds differ

primarily from interbedded dolostone by being ex-

tremely low in porosity.

High-Frequency Sequence L2.1

Inmost of the Fullerton field area,HFS L2.1 defines

the base of the Lower Clear Fork. High-frequency se-

quence L2.1 consists of a basal sectionof transgressive

to early highstand subtidal platform facies and an up-

per sectionof latehighstand tidal-flat facies (Figures 3,

7, 15). The basal transgressive subtidal facies of the

LowerClear Fork represent the firstmarine floodingof

the platform and a sharp change in depositional style

FIGURE 14. Thickness of Wichita and Lower Clear Fork successions in Fullerton field area. (A) Total Wichita thickness.
The relatively sharp decrease in thickness in the southeastern part of the area is caused by the change in facies from
Wichita tidal-flat facies to time-equivalent subtidal Abo facies. (B) Thickness of Lower Clear Fork L2.1 sequence. Note
abrupt change in thickness along north-trending fault in the northeastern part of the field. (C) Thickness of Lower
Clear Fork L2.2 sequence.
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from tidal-flat deposition of the Wichita to subtidal

deposition of the Lower Clear Fork.

The basal transgressive leg of L2.1 dominantly con-

sists of fusulinid wackestone-packstone and oncoid

wackestone-packstone facies that document landward

backstepping of outer-platform facies across the plat-

form. These rocks are generally overlain by anupward-

shallowing successionof peloid packstones and grain-

dominatedpackstones that represent late transgression

and early highstand. Locally, within this succession,

tidal-flat facies are exposed, indicating periodic expo-

sure.High-frequency sequence L2.1 is capped through-

out most of the field by a succession of one to three

tidal-flat-capped cycles that represent exposure dur-

ing late highstand (Figures 7, 15). These tidal-flat fa-

cies typically exhibit an elevated gamma-ray log re-

sponse that aids in their recognition (Figures 3, 7, 15).

Like most of the Lower Clear Fork in the Permian

Basin, HFS L2.1 is dominantly dolostone. However,

limestone is locally common at Fullerton field, espe-

cially in the transgressive leg of L2.1 (Figure 3). Areally,

limestone is most abundant along the periphery of

the northern half of the field and at the southern end

of the field (Harrington and Lucia, 2012).

The thickness of L2.1 is relatively constant across

the Fullerton field area, ranging from about 140 to

150 ft (~43–46m) across most of the area (Figure 14B).

In some cases, thickness changes appear to be a

FIGURE 15. Northwest–southeast cross section (BB0) of the Fullerton field area showing the sequence architecture and
general facies development based on cored well control. Line of section shown in Figure 4. HFS = high-frequency
sequence; N = neutron log; GR = gamma ray; SGR = spectral gamma ray. From Ruppel and Jones (2006).
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function of differential subsidence along deep-seated

faults. Thickness changes are especially apparent along

the north-trending fault in the northeastern part of the

field, where thickness changes from less than 140 ft

(<43 m) on the western upthrown side of the fault to

more than 160 ft (>49 m) on the eastern downthrown

side of the fault (Figure 14B). Examination of modern

structure (Figure 4) on 2-D and 3-D seismic data shows

that considerable movement on this fault occurred

even after Lower Clear Fork deposition.

Porosity can be developed in any part of L2.1 but

is most abundant in the subtidal (transgressive and

early highstand) parts of the sequence. Pores are dom-

inantly intercrystalline and moldic; the latter being

especially abundant in limestone sections. Overall,

these rocks are most porous in areas where limestone

is present. Tidal-flat rocks are also locally porous but

generally contain low permeabilities. Subtidal rocks

of L2.1 constitute the most productive reservoir in-

terval in Fullerton field, aswell as inmanyother fields

across the Central Basin platform.

High-Frequency Sequence L2.2

High-frequency sequence L2.2 is similar to HFS

L2.1 in consisting of a basal transgressive leg com-

posed of backstepping tidal-flat facies, a middle (late

transgressive to early highstand) leg composed domi-

nantly of subtidal facies, and an uppermost (late high-

stand) leg composed of tidal-flat facies (Figures 7, 15).

The basal L2.2 tidal-flat deposits are thickest in the

center of the field but generally absent along themar-

gins, reflectinggreater accommodationandearly flood-

ing of downdip areas. The lower abundance of outer-

ramp fusulinid-rich facies in the TST of L2.2 relative

to L2.1 suggests that overall accommodation during

L2.2 sea level risewas somewhat less thanduring L2.1,

implying that maximum flooding for sequence L2

is represented by HFS 2.1. Lower accommodation

during L2.2 and attendant lower wave energies are

also suggested by the near absence of the oncoid

wackestone-packstone facies in L2.2—these rocks are

found only in themost downdip core in the field. The

fusulinid wackestone-packstone facies is also mostly

restricted to the eastern and southeastern parts of the

area (Figure 15). Throughout most of the field area,

L2.2 is dominated by peloid wackestones and pack-

stones (Figures 7, 15) typical of middle-platform de-

position. The sequence is capped by a thin succession

of tidal-flat cycles (Figures 7, 15).

High-frequency sequence L2.2 is dominantly com-

posed of dolostone with two important exceptions.

As in L2.1, limestone is dominant in the southern

part of the field (Harrington and Lucia, 2012). Dolo-

mite in this area is mostly restricted to mud-rich

fusulinid wackestones; virtually all grain-rich facies

are limestone. Limestone is also abundant in a small

area in the north-central part of the field.

The thickness of L2.2 (Figure 14C) is significantly

less than that of L2.1, ranging from about 85 to 90 ft

(~26–27 m) across most of the central part of the

area to about 100 ft (~30 m) along the northern and

southern field margins.

Porosity development in L2.2 is similar to that in

L2.1, being best developed in the subtidal (transgres-

sive and early highstand) parts of the sequence and

dominated by intercrystalline andmoldic pores. Like

L2.1, porosity is greatest in sections containing sig-

nificant limestone.

High-Frequency Sequence L2.3

The uppermost Lower Clear Fork high-frequency

sequence (L2.3) is composed of tidal-flat-capped re-

stricted subtidal cycles throughout most of the field

area (Figures 7, 15). Log correlations suggest that these

cycle-capping tidal-flat facies are relatively continu-

ous across significant areas of the field, in contrast to

those of theWichita tidal-flat facies. The tops of these

cycles are relatively easily correlated with porosity

logs because of the typical development of fenestral

and fine intercrystalline pores. The underlying cycle-

base subtidal rocks are dominantly mud-rich pack-

stones and wackestones. For the most part, porosity

is restricted to the cycle-top tidal-flat caps. However,

because the porosity in these rocks is dominated by

fine intercrystalline and moldic pores, they exhibit

very little permeability. A possible exception occurs

along the outer margins of the field, where grain-rich

peloidal packstones of themiddle rampbecomemore

common (Figure 15). If reservoir permeability is pre-

sent anywhere in L2.3, it is in these field-margin areas.

Sequence L3

Although containing no reservoir facies, sequence

L3 is important for correlationof underlying reservoir

intervals. Regionally, sequence L3 is characterized by

basal TST deposits of Tubb Formation siltstones and

silty dolostones. At Fullerton, the L2-L3 sequence

boundary is operationally picked at correlative beds

of silty peritidal facies that underlie a widespread in-

terval of fusulinidwackestones (Figure 15). This flood-

ing succession is overlain by thicker beds of Tubb silt-

stones and silty dolostones, which are relatively easily

defined by a high gamma-ray log response (Figures 3,

15). Tubb siliciclastics are interpreted as products of
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eolian deposition that accumulated during the post-

L3 lowstand and that were reworked during the en-

suingL3 sea level transgression. Becauseof this rework-

ing, most Tubb intervals contain varying mixtures

of siltstone-sandstone and carbonate (typically mud-

rich shallow-water facies). Although some Tubb beds

appear correlative locally, they are highly variable in

their distribution across the field area.

Cycle-Scale Stratigraphy

The fundamental goal of cycle stratigraphy is to de-

velopacorrelation frameworkbasedontime-equivalent

surfaces (e.g., cycle tops). The basic underlying prem-

ise for this approach is the assumption that widely

correlative depositional cycles are formed by punctu-

ated allocyclic processes (e.g., sea level rise and fall)

that affected sedimentation over broad areas. The

methodologyused todevelopacycle-scale stratigraphic

framework in the Leonardian section at Fullerton field

consists of (1) characterization of facies-stacking pat-

terns and cycle development in analogous outcrops;

(2) description, interpretation, and logging of facies-

stacking patterns and possible cycle tops in cores;

(3) integrated log- and core-based correlation of ten-

tative cycle tops; and (4) definition of cycle architec-

ture. At Fullerton field, nearly 15,000 ft (4572 m) of

core (from 29 cored wells) was described in detail to

provide the basic data for cycle definition.

Wichita Cyclicity: L1 and
High-Frequency Sequence L2.0

Tidal-flat facies, such as those that characterize the

Wichita, are typically highly discontinuous laterally;

depositional cycles are thus generally not easily de-

finable on the basis of facies-stacking relationships in

these rocks. This assertion is supported both by out-

crop studies (e.g., Ruppel et al., 2000) and by exam-

ination of such sediments in modern settings. Only

one widely correlative cycle top was defined in the

Wichita on the basis of facies-stacking relationships.

This surface, which occurs in about the middle of

theWichita succession inmost of the field, is marked

by the sharp superposition of clearly subtidal rocks

over the more typical tidal-flat facies of the Wichita.

The base of this cycle is marked by a low gamma-ray

log response (Figures 7, 15) associated with subtidal

fusulinid-bearing facies and the top by a high gamma-

ray cycle-top tidal-flat facies (peritidal mudstone-

wackestone facies or exposed tidal-flat facies).

As described above, cyclicity, also definable in the

upper part of the Wichita, can be defined by log re-

sponse in some parts of the field based onmineralogy

trends. These cycles are composed of high-porosity

dolostone cycle tops and low-porosity limestone cycle

bases. Because of the contrast in both mineralogy

and porosity, both cycle-base and cycle-top facies can

be defined readily from porosity logs (neutron and

density logs). The average of these cycles ranges from

about 10 to 25 ft (�3–7m) in thickness (see Lucia and

Kane, 2012).

Lower Clear Fork Cyclicity:
High-Frequency Sequence L2.1 and L2.2

Lower Clear Fork cycles are typically characterized

by having mud-rich facies at their bases and grain-

rich facies at their tops. Basal transgressive cycles in

HFS L2.1 contain abundant oncoids at cycle bases,

along with accompanying fusulinids (Figure 16A).

These cycles are capped by better sorted peloid-rich

facies. High-frequency cycles (typically 5–10 ft [2–

3m] in thickness) stack into cycle sets that average 25

to 40 ft (7.62m to 12.19m) in thickness (Figure 16A).

Cycle sets display facies-stacking patterns similar to

cycles, consisting of fusulinid-rich bases and peloid-

rich caps. Tidal-flat facies cap these cycle sets locally.

Porosity is generally highest at both cycle tops and

cycle-set tops relative to bases. Because cycles in the

lower parts of cycle sets are generally more mud and

fusulinid rich, however, the overall porosity in these

basal TST cycles is generally relatively low.

Cores and outcrop studies suggest that cycles and

cycle sets are correlative over significant distances

(e.g., Ruppel et al., 2000). However, where cores are

not available, these correlations can be difficult to

establish. Because gamma-ray logs display virtually

no systematic response to subtidal facies or cycles

(Figure 16A, B), they cannot be used reliably for cycle-

scale correlation in most of the Lower Clear Fork. In

the absence of gamma-ray logs, themost effectiveway

of establishing cycle-scale correlations is through the

use of porosity logs. This approach is based on the ob-

servation from outcrops and cores that cycle tops con-

sistently contain the most grain-rich facies and that

these rocks are most likely to contain high porosity.

Because of this relationship, porosity logs can be used

to correlate both high-porosity facies in the upper

part of the cycle and the overlying cycle top.

The L2.1 highstand cycles are dominated by mud-

rich peloidal facies (Figure 10C–E) at their bases and

grain-rich peloid- or ooid-bearing facies at their tops

(Figures 11B–G, 16B). Fusulinids are mostly uncom-

mon in thesehighstandcycles, reflecting thebasinward

shift in facies tracts. In general, these cycles are dom-

inatedbypeloidpackstones andgrain-richpackstones.
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Porosity is highest at both cycle tops and cycle-set

tops because of the abundance of these grain-rich fa-

cies. Cycles typically average 5 to 10 ft (2–3 m) in

thickness; cycle sets are commonly 20 to 30 ft (6–9m)

thick (Figure 16B).

Facies stacking and cycle development in HFS L2.2

are similar to those in L2.1. Cycles average 5 to 10 ft

(2–3 m) in thickness, and porosity is best developed

in cycle tops (Figure 16C). The L2.1 cycles differ, how-

ever, in the lack of oncoid facies and the relative scar-

city of fusulinid facies, presumably reflecting decreas-

ingoverall accommodation inL2.2becauseof platform

aggradation and slowing rates of long-term sea level

rise. In addition, cycle sets are not generally definable

in L2.2 mostly because of the general absence of fusu-

linid facies that define these intermediate-scale sea

level rise events in L2.1.

Lower Clear Fork Cyclicity:
High-Frequency Sequence L2.3

The high-frequency cyclicity in the Leonardian

at Fullerton field is most readily definable in L2.3.

These rocks, which are characterized by tidal-flat-

capped shallow subtidal cycles (Figure 16D), appear

to be much more widely correlative than cycles in

L2.1 or L2.2. Although neither facies nor cyclicity is

defined by gamma-ray logs, both are distinguish-

able on porosity logs because of the typically well-

developed porosity associated with cycle-capping

tidal-flat deposits. Porosity in these rocks is gener-

ally caused by the presence of fenestral pores and can

be relatively high, especially relative to the generally

low porosity exhibited by cycle-basemud-richwacke-

stones and packstones. Because of the separate-vug

fenestral pores, however, permeability is generally

FIGURE 16. Styles of facies stacking and cycle development in the Lower Clear Fork. (A) Fusulinid- and oncoid-rich
transgressive systems tract (TST) of the Lower Clear Fork high-frequency sequence (HFS) L2.1. Note that porosity is
typically developed at or near cycle tops. (B) Grain-rich highstand systems tract (HST) of Lower Clear Fork HFS L2.1.
Note that porosity is typically developed at or near cycle tops. (C) Grain-rich late TST–early HST of Lower Clear Fork HFS
L2.2. Note that porosity is typically developed at or near cycle tops. (D) Cycle-capping tidal-flat facies at cycle tops,
but little or no permeability is associated with fenestral pores that dominate these caps. Note that with all cycle types, no
systematic relationship exists between gamma-ray log response and facies or cyclicity. Lower Clear Fork HFS L2.3.
SGR = spectral gamma ray; CGR = corrected gamma ray; GR = gamma ray. Modified from Ruppel and Jones (2006).
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low, and L2.3 rarely contributes to hydrocarbon pro-

duction in the field.

Porosity-based wireline correlations suggest that

cycle and facies continuity is high. This result is some-

what unexpected, given outcrop observations sug-

gesting thatanalogous tidal-flat facies arehighlydiscon-

tinuous. Laterally continuous porosity development

at these cycle tops probably reflects the effects of early

diagenesis associatedwith sea level fall and subsequent

rise at these surfaces.

MINERALOGY AND DIAGENESIS

The lower Leonardian section at Fullerton field is

similar to most other platform Leonardian succes-

sions in the Permian Basin in showing evidence of

significant postdepositional diagenesis. Theprincipal

products of this diagenesis are matrix-replacive and

pore-filling dolomite and anhydrite.Dolomite is dom-

inant in Fullerton as it is in most Leonardian reser-

voirs in the Permian Basin. However, limestone is

locally present at Fullerton in the Abo,Wichita, and

Lower Clear Fork.

Dolomite and Limestone Distribution

Dolomite is by far the dominant mineral in the

reservoir section. The Abo entirely consists of dolo-

mite, except in the most downdip wells. In the core

from the FM-1 well (Figure 4), the Abo contains alter-

nating zones of limestone and dolostone. Dolostone

is typically associated with mud-rich facies (peloid

wackestone and fusulinid wackestone) in the Abo

clinoformal succession, (Figure 15) whereas limestone

intervals aremore commonly grain-rich skeletal facies.

Calcite is locally abundant in the Wichita, espe-

cially in the upper half of the formation (Figure 7). In

all cases, undolomitized rocks in theWichita are peri-

tidal mudstones or wackestones (peritidal mudstone-

wackestone facies).These facies characteristicallyexhib-

it low porosity (<2%) and essentially no permeability.

Log correlations suggest that limestone intervals are

locally correlative (Figure 7).

Lower Clear Fork rocks at Fullerton field also

contain locally abundant limestone, which is com-

mon inHFS L2.1 across most of the field (Figures 3, 7)

(Harrington andLucia, 2012). Thehighest abundance

is in the southern part of the field, where only mud-

rich (typically fusulinid-bearing) facies contain signif-

icant dolomite. Essentially all grain-rich facies in this

area are dominantly undolomitized. In the northern

part of the field, limestone is also common in L2.1 but

is complexly distributed among all subtidal facies.

Limestone is also abundant in L2.2 in the southern

part of the field but rare in other parts of the field

(Harrington and Lucia, 2012). Porosity is developed

in both dolostone and limestone-rich intervals in the

Lower Clear Fork.

Stable Isotope Chemistry

To constrain styles and timing of diagenesis and

porosity evolution in the reservoir, we collected stable

isotope data from several cores in the field (Figure 17).

Data collected and reported by Ruppel and Jones

(2006) were supplemented with 90 additional data

points for this study. Three main conclusions can be

drawn from these data: (1) limestones exhibit sea-

water calcite �18O values, indicating that they formed

in seawater and have not been diagenetically altered;

(2) dolostones exhibit spatial trends in �18O that sug-

gest that they were formed during different episodes

of dolomitization and by significantly different dia-

genetic fluids; and (3) �13C data define secular changes

in seawater carbon budget that is persistent over large

areas of the Permian Basin and that are useful for

correlations.

Limestones

Limestones from the Wichita and Lower Clear

Fork exhibit an average �18O value of –2.67% Peedee

belemnite (PDB) (n = 13; range, –1.55 to –3.55%;

Figure 17). This range is consistent with the current

best estimate for marine calcite precipitated from

seawater during the middle Permian of –2.8% PDB

(Lohman andWalker, 1989) and is also similar to val-

ues reported for Leonardian dolostones by Mazzullo

(1994). The good agreement between Fullerton cal-

cites and limestones to seawater �18O value suggests

that these rocks contain a preserved record of original

seawater chemistry and, by extension, that these rocks

have undergone relatively little chemical alteration.

Dolostones

As a group, Fullerton dolostones display a fairly

wide range of both �18O and �13C values (Figure 17).

Carbon isotopes values mostly range from +2 to +5%
PDB, which is similar to that observed by previous

authors for Leonardian dolostones (Ye andMazzullo,

1993; Mazzullo, 1994; Saller and Henderson, 1998;

Ruppel, 2002). Oxygen isotopes fall in a somewhat

broader range from about –1 to +3% PDB (Figure 17).

Although similar in part to previously published data

(Ye and Mazzullo, 1993; Saller and Henderson, 1998;

Ruppel, 2002), Fullerton �18O values exhibit more

of a spread toward depleted values. When examined
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stratigraphically, however, both carbon and oxygen

isotope data reveal systematic spatial trends that have

importance for understanding porosity evolution and

reservoir architecture.

The �13C data reveal a progressive change from

lighter values (+2 to +4% PDB) in theAbo andWichita

(sequences L1 and L2.0) to heavier values (+4 to +6%
PDB) in the upper Wichita and Lower Clear Fork (se-

quences L2.1 to L2.3). This change is observed in all

cores sampled and suggests a systematic increase in

seawater �13C during L2.0 time (Figure 18). This trend

has also beenobserved inNorthDollarhide field Leon-

ardian cores 30 mi (48 km) to the southwest of Ful-

lerton field (Ruppel, unpublished data). Relatively de-

pleted values of �13C in theWichita and Abowere also

recorded by Ye andMazzullo, (1993) (Figure 18), sug-

gesting that this trend in �13C is widespread in the

Permian Basin. The close agreement between posi-

tions of defined sequence boundaries in the field area

and �13C trends alsoprovides support for the accuracy

of correlation-based sequence stratigraphy and the

reservoir architecture that is based on it.

The �18O values at Fullerton are similar to previous

Leonardian data reported by Ye andMazzullo (1993),

Saller and Henderson (1998), and Ruppel (2002) but

are very different frommost data reported for younger

Guadalupian platform dolomites. Typical �18O val-

ues for these Guadalupian (San Andres and Grayburg

formations) rocks are +3 to +6% PDB (Vogt, 1986;

Ruppel and Cander, 1988a, b; Saller and Henderson,

1998; Ruppel and Bebout, 2001; Ruppel, 2002). The

relatively enriched �18O signatures of Guadalupian

dolomites have invariably been interpreted to have

beenproducedduringdolomitizationby evaporatively

concentrated seawater brines. The relatively depleted

values for Leonardian dolomites at Fullerton and in

other Leonardian fields suggest that (1) dolomitiza-

tion was caused by brines that were less evaporatively

concentrated than those that causedGuadalupian do-

lomitization, (2) dolomitization was caused by fluids

of a mixed water origin, or (3) dolomitization was

caused by a combination of both 1 and 2. Geographic

and stratigraphic patterns of �18O data across the field

also suggest relationships between depositional set-

tings, structural position on the platform, early and

late diagenesis, and porosity formation. These rela-

tionships are presented and discussed in the section

Models for Porosity Development below.

Karst Development

Karst Fabrics

Sedimentary breccias are present in several cores.

Although thin intervals of conglomerates and breccias

FIGURE 17. Stable isotope data for
Tubb, Wichita, Lower Clear Fork, and
Abo at Fullerton field. Solid red circles
and blue triangles are dolomite and
calcite samples, respectively, from
Ruppel and Jones (2006). Open green
circles and green triangles are dolo-
stone and limestone samples, respec-
tively, collected during this study.
Modified from Ruppel and Jones
(2006).
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are present associated with many peritidal sections

throughout the reservoir section, the thickest succes-

sions are found in the middle of the Wichita section

(Figure 7) and at theWichita-Abo contact in downdip

areas of the field. These rocks are variable in fabric but

include four basic types: (1) polymict conglomerates,

(2) monomict breccias, (3) fractured and tilted beds,

and (4) void-filling cement. Although interpreted by

some previous workers as mass gravity debris flows,

several features make it probable that these breccias

were formed by karst-related dissolution.

Polymict conglomerates typically consist of rounded

clasts of multiple peritidal and subtidal lithologies

(Figure 19). Clasts range in size froma fewmillimeters

to several centimeters in maximum dimension and

are commonly subsequent and rounded. Clasts are

generally enclosed in mudstone or abut one another

at stylolitic contacts. Polymict fabrics (Figure 19A, B)

are most common in themiddle of theWichita, with

intervals of at least 25 ft (8m) toasmuchas60 ft (18m)

thick encountered in one core (Figure 7). The mixed

facies character of these clasts and their roundness

indicate that theywere formedby sediment transport.

However, their association with thick successions of

peritidal deposits and their occurrence at a major se-

quence boundary suggest that a mass gravity trans-

port mechanism is not likely. Instead, their laterally

discontinuous nature and their associationwith other

features indicative of karst processes (e.g., Loucks, 1999;

Loucks and Mescher, 2001) suggest that they origi-

nated as cave-fill deposits.

Related deposits that are also interpreted as the

product of karst processes are present at the contact

of the Wichita and the Abo (Figures 19C, 20A) at the

downdip edge of the field area (FM-1 well, Figure 15).

These rocks are commonly characterized by amixture

of two or more facies types, including Wichita tidal-

flat facies, green silty carbonate, dark-gray silty car-

bonate, and Abo subtidal facies (Figures 19C, 20B–E).

Instead of being interbedded with one another, the

first three appear to overlie the Abo facies in many

cores. This relationship suggests that these polymict

conglomerates actually represent dissolution and/or

erosion of the top of the Abo and subsequent infilling

of the irregular surface or differential compaction of

the Abo (L1) and overlying transgressiveWichita sedi-

ments (L2) at the Abo-Wichita contact. All of these

features have been observed in analogous outcrops of

the Abo-Wichita contact in Apache Canyon in the

Sierra Diablo (Kerans et al., 2000). The outcrop suc-

cession reveals that karst features (sinkholes and caves)

were formed during the post-L1 sea level fall and then

filledwith transgressive L2 tidal-flat deposits (Wichita

facies). These tidal-flat facies in some instances were

brecciated and intermixed with the underlying Abo

as sinkholes and collapsed caves.

Monomict conglomerates or breccias consist of

broken and rotated clasts of relatively uniform lithol-

ogyand facies. These rocks are restricted to theWichita,

generally in themiddle of the section (Figure 7). Com-

monly associated with these deposits are fractures,

sediment infill (cracks and fissures), void-filling cement

FIGURE 18. Plots of d13C with depth for three cores in Fullerton field. Note the close agreement in d13C among all three
cores, which are arranged along depositional dip from more landward (A) to platform margin (C). (A) FCU C7; (B) FCU
6122; (C) IV-25. Well locations are shown in Figure 4. FCU = Fullerton Clear Fork Unit; PDB = Peedee belemnite.
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FIGURE 20. Core-slab photo-
graphs of karst-related fea-
tures in the Wichita and Abo.
(A) Irregular karsted skeletal
packstone at the top of Abo
filled with silty, peritidal wacke-
stones of the Wichita. FM-1,
9427 ft (2873 m). (B–E) Mono-
mict breccias from the Wichita.
(B) Rotated clasts of tidal-flat
facies. (C) Tilted blocks of lam-
inated peritidal facies. Depth,
7215 ft (2199 m). (D) Brecciated
clasts of peloidal wackestone.
University Consolidated V 15;
depth, 6899 ft (2103 m).
(E) Clasts of peritidal mudstone-
wackestone. All cores are
10 cm (4 in.) wide. a = anhydrite.

FIGURE 19. Core-slab photographs of
breccias and conglomerates of proba-
ble karst origin in Wichita Formation.
(A, B) Polymict conglomerate with fine-
grained breccia clasts filling interclast
spaces. (A) FCU 6122; depth, 7201 ft
(2195 m). (B) FCU 6122; depth, 7254 ft
(2211 m). (C) Breccia succession at
Abo-Wichita Amoco University Consol-
idated IV-25, depths: 7211–7228 ft
(2198–2203 m). All cores are 10 cm
(4 in.) wide. FCU = Fullerton Clear Fork
Unit.
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(chiefly anhydrite), and other evidence of dissolution.

Similar features can also be formed by nonkarst pro-

cesses in tidal-flat intervals not exposed to true karst

(e.g., tepee formation is commonly accompanied by

broken and rotated blocks, cracks and fissures, and ce-

ment and sediment infill). Some of these rocks, there-

fore,maynot be the result of true karst processes. Their

thickness, abundance, and association with other fea-

tures of karst formation, however, suggest that many

are also karst related.

Fractured and tilted beds are also observed in some

cores, especially in themiddle of theWichita section.

Tilted beds have clearly been formed by postdeposi-

tional collapse. In the FCU 5927 well (Figures 7, 15),

they form part of a succession that resembles the clas-

sic cave-fill–cave-roof succession described by Loucks

(1999). This succession consists of 20 ft (6 m) of poly-

mict cave-fill conglomerate composed of mixed tidal-

flat facies overlain by 20 ft (6 m) of fractured and

locally tilted but apparently generally in-situ beds of

tidal-flat and subtidal facies probably representative

of a cave roof.

Large zones of void-filling anhydrite cement are

also strong indicators of karst-related dissolution and

void filling. Zones of massive anhydrite up to 1.5 ft

(0.5 m) thick are present in cores in the Wichita at

Fullerton field (e.g., FCU 6122, FCU 5927, Figures 7,

15). Smaller anhydrite-filled voids and fractures are

ubiquitous within the Wichita and at the Wichita-

Abo contact and also point to late cementation of

dissolution voids by diagenetic fluids associated

with reflux dolomitization of the succession.

Causes and Timing of Karst

Outcrop studies demonstrate that major karsting

of the Leonardian sequence occurred at the sea level

fall-rise event that is defined by the L1-L2 sequence

boundary (Kerans et al., 2000).Cores indowndip areas

of the Fullerton field demonstrate this same relation-

ship, where the top surface of the Abo outer-platform

facies succession (L1) is karsted and infilled and over-

lain by brecciatedWichita tidal-flat facies (L2). In up-

dip areas, however, establishing a spatial and temporal

relationship between karst formation and the L1-L2

sequence boundary is more problematic. Most karst

features in the Fullerton field area are found in an

interval of about 150 ft (~46 m) in the middle of the

Wichita section (Figure 7). This interval correlates

with the interpreted position of the L1-L2 sequence

boundary. It should be noted, however, that karst

features are developed both below and above this

horizon, indicating that karst-related diagenesis was

not limited to the L1 sequence. This suggests that

two types of karst-related processes occurred.

Primary karsting anddissolutionprobably occurred

during the post-L1 lowstand. At this time, the exposed

top L1 surface (consisting of Abo subtidal sediments

downdip and lower Wichita tidal-flat sediments up-

dip) developed local caves, sinkholes, and an irregular

topography. During the subsequent L2 sea level rise,

transgressive peritidal deposits of the Wichita filled

the irregular karsted surface, including sinkholes and

caves. With continued sedimentation and compac-

tion, parts of the overlying L2 (upper Wichita tidal

flat) succession underwent local brecciation and col-

lapse probably because of stress differences set up over

underlying karst features. This scenario is consistent

with outcrops (Kerans et al., 2000) and fits the dis-

tribution of karst features seen at Fullerton field.

Impact of Karsting on Reservoir Quality

Some karst-related deposits exhibit petrophysical

properties (porosity, permeability, and saturation) dif-

fering at least locally from those of surrounding un-

disturbed and unaltered deposits. Polymict conglom-

erates and anhydrite voids are two obvious examples.

However, two factors make quantification of the im-

portance of these differences difficult. First, bothwire-

line and core data indicate thatmost karst deposits do

not record significantly different porosity or permeabil-

ity from that of surroundingnonkarsteddeposits. This

is probablybecausemost karst fills are composedof the

same facies as nonkarsted intervals. Anhydrite void

fills are an obvious exception because they contain no

porosity or permeability, although most are relatively

small and probably of little impact on reservoir flow.

Second, exceptwhere cores are available, the distri-

bution of karst features in the reservoir section is not

definable. Efforts to identify karst fill using logs and

3-D seismic appear to be negated by the lithologic and

petrophysical properties that these features sharewith

surrounding rocks. It is tempting to conclude from

theseobservations that karst featureshaveno impact of

reservoir heterogeneity or fluid flow. However, anom-

alies inwater production and flow rates in theWichita

cannot be readily explained by matrix petrophysical

properties (T. Anthony, 2003, personal communica-

tion). These phenomena may be the result of karst de-

velopment and postkarstification diagenetic processes.

RESERVOIR IMAGING

Accurate definition of reservoir architecture and

distribution of rock fabrics within this architecture
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is key to defining improved methods for recovery of

hydrocarbons remaining in these systems. We used

several methods to better image the reservoir at Ful-

lerton field. Especially important in defining the geo-

logic architecture of the reservoir are (1) calibration

and use of borehole image logs to aid in the identifi-

cation and mapping of facies, cyclicity, and rock fab-

rics and (2) use of 3-D seismic data to constrain the

geologic framework.

Identifying Facies and Cyclicity
from Borehole Image Logs

Image logs are underused in characterization of

carbonate reservoirs. Tomost, theprincipal use of such

logs is in identification of fractures. However, image

logs also have the potential to accurately imagemany

matrix properties that are key to proper characteriza-

tion, modeling, and exploitation of carbonate reser-

voirs (e.g., Hammes, 1997).

Traditionally, cores are required toprovide keyhard

data for constraining the distribution of reservoir fa-

cies, cyclicity, and rock fabrics. However, when prop-

erly calibratedwith core observations, borehole image

logs can provide most of the data obtainable from

cores. This premise is illustrated by an image log from

a well in the field (FCU 2564, Figure 4). Although no

core was taken in the well, calibration of images to

core facies and properties was accomplished using

nearby cored wells.

Examination, correlation, and comparison of the

image log with nearby cores showed that seven facies

can reliably be identified from the image log. This

number is fewer than the 12 defined fromcore studies

but is sufficient to provide information necessary to

define major facies successions and cyclicity and to

provide a strong basis for accurate correlation and

interpretation of facies and cyclicity to nearby wells.

Facies recognizable on the image log include (1) tidal-

flat facies, (2) peloid wackestone-packstone, (3) nod-

ularwackestone-packstone, (4) cross-beddedgrainstone,

(5) fusulinid wackestone-packstone, (6) karst breccia,

and (7) clay-rich mudstone. Although not uniquely

definable from the image log, siltstone-sandstone fa-

cies can be identified using other wireline logs.

Tidal-flat facies are principally characterized on im-

age logs by their closely spaced parallel and horizontal

laminations (Figure 21A). The common presence of

fenestral pores and small burrows in tidal-flat facies is

typically shown on image logs by abundant, small,

black (low resistivity indicating fluid-containing open

pores) spots. Tepee structures and sheet cracks are also

well imaged where present. Identification of tidal-flat

facies is crucial to define both reservoir architecture

and reservoir quality. Because they generally occupy

cycle tops, their definitionmakes it possible to define

cycle boundaries and thereby facilitate cycle-scale cor-

relation. Equally important is identification of tidal-

flat facies and their petrophysical significance. As

discussed previously, tidal-flat facies commonly dis-

play relatively high porosities but low permeability.

Accurate reservoir-quality mapping is, therefore, crit-

ical to distinguish tidal-flat rocks from subtidal rocks

that are typically higher in permeability.

Fusulinid wackestones (Figure 21B) are identified

on image logs as small black (low resistivity) patches

that are, in some cases, similar to those representing

fenestral pores in tidal-flat facies. However, fusulinid

pores are typically larger and more irregular. Fusu-

linid facies can also be distinguished from tidal-flat

facies by a general lack of closely spaced laminations.

Fusulinid-bearing rocks generally represent deepest

water facies in theLeonardian successionandare found

typically at cycle bases. They are thus are important

indicators of sea level rise and guides to cycle defini-

tion and correlation.

Although generally rare in the Leonardian, cross-

bedded grainstones are well imaged on image logs be-

cause of their dipping laminations (Figure 21E). These

rocks commonly define subtidal cycle tops and are,

thus, guidelines to cycle definition and correlation.

In addition, where porous, these grainstones can be

very permeable.

Other subtidal rocks are typically difficult to sub-

divide using image logs. Peloid-skeletal wackestones

and packstones commonly display a grainy texture

probably caused by their small pore size and inter-

crystalline porosity (Figure 21C). Burrowing of these

rocks is ubiquitous, however, and image logs can read-

ily reveal where this burrowing has caused changes in

porosity or promoted differential diagenesis. Nodular

wackestones, for example, contain abundant anhy-

drite nodules that were precipitated in the enhanced

permeability pathways created by burrowing organ-

isms. The anhydrite that fills these burrows is easily

imaged on the image log as whitish (high-resistivity)

subspherical patches. Burrowmargins commonly still

preserve someof theporosity enhancement causedby

burrowing. These high-porositymargins are expressed

on image logs as black (low-resistivity) rims around

the nodules. Where anhydrite has not filled burrows,

the result is patches of high porosity (Figure 21D).

These are displayed on the image log as black low-

resistivity patches that are commonlymisinterpreted

as open vugs or molds.
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Breccias are relatively easily defined by image

logs, especially if the clasts are separated by clay-

rich ormore porous facies that have lower resistivities

(Figure 21F). However, the origin of such breccias is

not obvious from the images. For example, the image

inFigure 21F could represent a tectonicbreccia, a deep-

water debris flow, or a karst infill breccia. Correct in-

terpretation requires integrated regional and local

understanding of depositional setting and diagenetic

processes. At Fullerton, as we have discussed, these

breccias are clearly the result of karsting.

Other facies, such as siltstone-sandstones and clay-

rich carbonate mudstones, can be defined using a

combination of image character and wireline-log re-

sponse. For example, most siltstone-sandstones dis-

play parallel horizontal laminations similar to those

of tidal-flat facies on image logs and higher than ex-

pected values for neutron and acoustic logs. The

gamma-ray response is also typically high, although

care must be taken to determine whether gamma-ray

response comes from potassium-thorium associated

with siliciclastics or from uranium, which is less sys-

tematically distributed. The spectral gamma-ray log

allows this distinction to be made easily. Clay-rich

carbonate mudstones (commonly called shales) can

be defined by their dark color (indicating low resis-

tivity) and limited thickness. Like siltstone-sandstones,

they are also commonly associated with siliciclastics

and elevated gamma-ray, neutron, and acoustic-log

responses.

Using the calibrated image-log responses just de-

scribed, we defined a detailed record of facies through

an interval of more than 750 ft with a depth range

of (6600–7350 ft [2010–2240 m]). Vertical resolu-

tion through this interval is potentially better than

that attainable from cores (because of uncertainties of

core-well depth ties). Cycles defined from these facies

successions range in thickness from3 to 20 ft (1–6m).

FIGURE 21. Image logs of
typical facies and fabrics in the
Leonardian. (A) Laminated
tidal-flat facies. Depth, 6900–
6904 ft (2103–2104 m). Lower
Clear Fork, high-frequency
sequence (HFS) L2.1. (B) Fusu-
linid wackestone-packstone
facies. Depth, 6990–6994 ft
(2131–2132 m). Lower Clear
Fork HFS L2.1. (C) Peloid
wackestone-packstone facies.
Depth, 6905–6909 ft (2105–
2106 m). (D) Burrowed
wackestone-packstone. Low-
resistivity (black) features are
commonly interpreted to be
open vugs but are actually
burrowed zones with higher
porosity. Lower Clear Fork.
Depth, 6873–6877 ft (2095–
2096 m). (E) Cross-bedded
grainstone. Lower Clear Fork.
Depth, 7002–7005 ft (2134–
2135 m). (F) Polymict karst
conglomerate. Wichita. Depth,
7171–7182 ft (2186–2189 m).
All images from FCU 2564
well. FCU = Fullerton Clear
Fork Unit.
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The highest facies and cycle resolution was obtained

in intervals characterized by alternating subtidal and

tidal-flat facies in the Lower Clear Fork because of the

marked contrast in image-log character of these two

facies types.

Particularly noteworthy observations from the im-

age log in FCU 2564 is the clear indication that this

well occupies a depositional setting significantly dif-

ferent from that of the nearest cored wells to the east.

The greater thickness of relatively deep-water fusuli-

nidwackestone-packstone facies in L2.1 here strongly

suggests that accommodation increases to the west,

which is counter to the regional trend in depositional

dip and paleogeography andwould not be recognized

without this image (or a continuous core). This finding

has potential petrophysical significance for the west-

ern part of the field by suggesting that deeper water

facies of more favorable petrophysical character may

be more prevalent in this area than would otherwise

be expected. Because of its ability to image key facies

and thus facilitate definition of cycles, sequences, and

rock fabrics, the image log can contribute critical data

that can lead to more accurate reservoir characteriza-

tion and modeling.

Defining Stratigraphic Architecture and Reservoir
Quality from Three-Dimensional Seismic Data

Like image logs, 3-D seismic data are remarkably

underused in the characterization of carbonate res-

ervoirs. A critical need in developing approaches that

lead to improving recovery from reservoirs contain-

ing significant volumes of remaining hydrocarbons

is a better understanding of the 3-D distribution of

reservoir attributes. Approaches outlined in this chap-

ter for assembling and interpreting well data are the

most critical part of this effort. Because they are lim-

ited to well control, however, they leave important

gaps in our understanding. Three-dimensional seis-

mic data offer valuable data on interwell and extra-

well areas (areas of the fieldwhere usable well data are

absent) that when properly interpreted and applied

can greatly improve and, thus, constrain reservoir at-

tribute models. Below are two simple ways in which

we used 3-D data to better image both reservoir frame-

work and porosity distribution. A far more detailed

and rigorous applicationof these 3-Ddata to construc-

tion of the geologic model at Fullerton has been de-

scribed by Zeng (2012).

Constraining Reservoir Architecture

Two-dimensional and 3-D data at Fullerton field

provide important guides to stratal architecture of

the reservoir succession. Seismic amplitude sections

through the entire reservoir interval reveal thatmuch

of the section is characterized by generally parallel seis-

mic reflectors (Figure 8). This finding is not unex-

pected, given the shallow-water platformdepositional

setting indicated by cores and apparently subhori-

zontal correlations suggested by wireline logs. How-

ever, 3-D and some 2-D data suggest a very different

architecture for the basal Leonardian Abo Formation.

Seismic data reveal sets of clinoformal reflectors in the

Abo that dip generally basinward (toward the east). This

apparent clinoformal architecture of the Abo is consis-

tent with observations of clinoformal fusulinid wack-

estones and packstones in outcropping Abo-equivalent

sections in the Sierra Diablo. These clinoforms dem-

onstrate that conventional horizontal correlations of

wireline-log data are inappropriate for the Abo. In

most cases, resolving cycle-scale correlations of either

facies or time surfaces is impossible in such settings.

Defining Reservoir Quality

Seismic data can also be a robust indication of po-

rosity distribution in carbonate reservoirs. Zeng (2012)

demonstrated a strong agreement between 3-D seis-

mic impedance data and reservoir porosity at Fuller-

ton field. Because of this robust relationship, even

simple amplitude extractions reveal field-scale and

fieldwide changes in porosity development that are

important to understanding controls on porosity de-

velopment and for defining interwell and extrawell

distribution of porosity.

Figure 22 is an amplitude-extraction map of the

HFS L2.1 interval in a small area of the field created to

examine possible infill drilling locations. Note that

whereas the northern half of the map displays high

negative amplitudes indicative of high porosity, the

southern half of the area is characterized bymarkedly

lower amplitude. Porositydistribution revealedby this

map indicates that only those wells in the northern

half of the target area are likely to encounter good

porosity in this zone. Note that this information on

porosity distribution is obtainable only from the 3-D

data volume. The quality of well logs in the area is too

poor to determine porosity with any accuracy.

Areas of poor well control like these (caused by ei-

ther a lack of wells or poor-quality logs) are common

through the field, and they greatly compromise ef-

forts to develop a fieldwide strategy to identify and

target oil resources. This fact is readily apparent from

a comparisonof a porositymapbasedonwell logs and

a seismic amplitude map of HFS L2.1 (Figure 23). The

value of the seismic data volume is especially apparent
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in the southern end of the field, where limited well

control does not accurately image the east–west-

trending area of high porosity shown by the ampli-

tudemap (cf. Figure 23A, B). Basic amplitude data like

these seem to provide a powerful supplement to well

control in defining and predicting porosity distribu-

tion in the field. Zeng (2012) has documented amore

quantitative use of 3-D data in defining porosity de-

velopment in the field.

RESERVOIR ARCHITECTURE

A critical component of a robust reservoir model is

a geologically constrained reservoir framework. Geo-

logically accurate models must be based on correla-

tions of time-stratigraphic units, themost readily cor-

relative of which are cycle and sequence boundaries.

At Fullerton field, we used correlations of cycle tops

to construct a reservoir model for the Clear Fork. Al-

though these correlations are ultimately based on cor-

relations of wireline logs (porosity and gamma ray),

theunderlyingbasis for interpretation and correlation

of these logs is theknowledgeof one-dimensional and

2-D facies and cycle-stacking relationships developed

from integrated studies of cores and outcrops.

Cyclicity and Flow-Unit Definition

Reservoir flow units are most appropriately based

on the definition and mapping of depositional cycle

boundaries because, when properly defined and cor-

related, depositional cycle tops represent the best

available indicator of original depositional surfaces

or timelines. The procedure for identification of cycle

boundaries for flow-unit definitionwaswell described

by Ruppel and Ariza (2002) and Lucia and Jennings

(2002) for the South Wasson Clear Fork reservoir.

Depositional cycle tops must first be identified in

coresusing techniquesdescribed above.These surfaces

must then be correlated throughout the field using

calibrated well logs. Ideally, correlations should be

based on logs that can be tied directly to depositional

facies independentofdiagenesisorporosityvariations.

The gamma-ray log in certain ideal settings serves this

function. However, throughoutmost of the Leonard-

ian carbonate succession (in fact, throughout most

of the Permian carbonate section in the Permian Ba-

sin), the conventional gamma-ray log is not accurate

for detailed facies or cycle correlation because of var-

iable volumes of uranium, potassium, and thorium in

platform-carbonate successions. The spectral gamma-

ray log, however, can help distinguish variations

among these elements and, thus, is useful in separat-

ing siliciclastic-rich rocks (that contain high levels of

potassium and thorium) from siliciclastic-poor rocks.

Because small volumes of siliciclastics (mostly clays)

are commonly associatedwith tidal-flat facies inLeon-

ardian rocks, the spectral gamma ray is locally help-

ful in distinguishing tidal-flat facies from subtidal

facies (Ruppel, 1992; 2002). Variations in uranium

content are commonly not systematic, however, so

total gamma-ray response commonly varies indepen-

dently of facies. Resistivity logs can also be used lo-

cally to separate tidal-flat facies from subtidal facies

on thebasisof differences in saturation (Ruppel, 2002).

However, even under ideal circumstances, neither

gamma-ray logs nor resistivity logs can accurately de-

pict facies in Leonardian rocks.

Because of the uncertainties of using gamma-ray

logs, we used porosity logs to define facies and cycle

tops in the Lower Clear Fork section at Fullerton field.

The basis for this approach comes from integrated

studies of cores and wireline logs at Fullerton that

demonstrate two important attributes of Leonardian

cycles. First, cycle-capping facies are either grain-rich

subtidal or tidal-flat facies. Second, porosity is most

commonly associated with these facies and is, there-

fore, best developed at cycle tops. These relationships

are critical to the use ofwireline logs for correlation of

FIGURE 22. Map of negative amplitude data extracted
from Fullerton three-dimensional data. Data show that
proposed wells in north half of area will encounter
reservoir porosity, whereas those in south half will not.
Modified from Ruppel and Jones (2006).
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cycles and of flow units. If properly constrained by

core and outcrop calibration of facies, porosity, and

cyclicity, correlation based on porosity response is in

many cases themost geologically sound basis for con-

structing cycle correlations and establishing a basis

for true flow-unit correlations.

It is important to establish geologically defined

cycle tops at the highest resolution possible. Outcrop

studies demonstrate that cycles less than 10 ft (<3 m)

thick can be correlatable over large areas of the plat-

form.Wherewireline data permit, correlations should

be taken to this level of resolution through the res-

ervoir even if later upscaling is planned for reservoir

modeling. High-resolution cycle correlations are im-

portant for two reasons. First, coarser scale correla-

tions aremuchmore likely to be in error. At Fullerton,

we found that early coarser scale correlationsmade at

the sequence or cycle-set scale were later proven to be

in error by a cycle or two after we recorrelated the suc-

cession at the higher resolution cycle scale. From a

reservoirmodeling point of view, therefore, flowunits

defined by coarse-scale correlations aremore likely to

cross-connect flow layers than those defined by finer

scale correlations. Second, upscaling (grouping of cy-

cles into thicker flow-unit packages for modeling) is

more likely to retain original geologic architecture if

based on fine-scale (cycle-scale) correlations. Accord-

ingly, we attempted to correlate the reservoir succes-

sionat thehighestpossible level of detail, supportedby

outcrop and coreobservations andwireline resolution.

Lower Clear Fork Reservoir Cycle Architecture

The robustness of the use of porosity logs for de-

fining facies and cyclicity is apparent from core and

FIGURE 23. Porosity development in high-frequency sequence (HFS) 2.1. (A) Map of porosity derived from well-log
calculations. (B) Map of negative amplitude data extracted from Fullerton three-dimensional seismic data. Note that
porosity in east–west-trending area of negative amplitude in the southern part of the field is not well imaged by
wireline-log data despite close spacing of wells.
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log relationships in HFS L2.3. A comparison of core

and log porosity shows that porosity is nearly entirely

associatedwith cycle-top tidal-flat facies (Figure 24A).

Porosity logs can, thus, be used to define both facies

and cyclicity. Although not an oil-producing part

of the reservoir, the L2.3 section demonstrates the

porosity-log calibration that underlies all cycle-based

correlations in the field. It also underscores the im-

portance of examining even nonproductive parts of

the reservoir succession during reservoir characteriza-

tion activities. The L2.3 cycles defined from porosity-

log response average about 10 ft (~3 m) in thickness

and are relatively easily correlated across the field.

The same approach to log-based cycle correlation

is applicable to subtidal sections in the Lower Clear

Fork. However, in these cases, cycle tops are typically

composed of grain-rich subtidal facies. Here too, how-

ever, a strong relationship in cored wells exists be-

tween cycle-top facies and porosity (Figure 24B).

Using porosity logs, we defined and correlated 15

cycles in the Lower Clear Fork reservoir section at

Fullerton (L2.1, L2.2; Figure 3). The average thickness

of these cycles is about 17 ft (~5 m) for the entire

section of L2.1 and L2.2. However, cycle thickness

varies systematically by sequence within this inter-

val. The HFS L2.2 cycles average about 11 ft (~3 m) in

thickness, whereas the L2.1 cycles, with the exception

of low-accommodation tidal-flat cycles at the base

and top of the sequence, are nearly twice as thick

(Figure 3). This difference is probably caused by two

factors. First, L2.1 deposits recordmaximum flooding

of the platform and probably development of maxi-

mum accommodation. Overall upward thinning of

cycles from L2.1 to L2.2 is consistent with an overall

upward decrease in accommodation. Second, lateral

changes in facies stacking in L2.1 cycles suggest local

variations in sediment accumulation patterns that

may have been caused by topographic relief on the

platform during L2.1 flooding.

Wichita Reservoir Cycle Architecture

For the Wichita, it is not possible to rigorously de-

fine cycle boundaries because of the preponderance

of low-accommodation tidal-flat facies. Both core and

outcrop studies show that rocks deposited in such set-

tings rarely display systematic trends in vertical facies

stacking and generally exhibit low lateral facies con-

tinuity. Accordingly, patterns of depositional facies

do not define extrinsic controls (for example, sea level

rise and fall) but, instead, local controls on sediment

accumulation (e.g., paleotopography and climate).

In part of the Wichita section, however, it is pos-

sible to define cyclicity based on mineralogy and po-

rosity. In the northern part of the field, the upper

FIGURE 24. Comparison of core-defined facies and cyclicity with porosity logs in the Lower Clear Fork. (A) Tidal-flat–
capped cycles of HFS L2.3. (B) Subtidal cycles of HFS L2.2. FCU 6122. HFS = high-frequency sequence; FCU = Fullerton
Clear Fork Unit; m = mudstone; w = wackestone; p = packstone; gdp = grain-dominated packstone; GR = gamma-ray
log; SGR = spectral gamma-ray log; CGR = computed gamma-ray log. Modified from Ruppel and Jones (2006).
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Wichita contains multiple intervals of low-porosity

limestone interbeddedwithhigher porosity dolostone

(Figure 7). Because these dolostone-limestone cycles

are generally parallel to overlying andunderlying cycle

and sequence boundaries and because they are rela-

tively continuous (Figure 7), we believe that their for-

mation was related to cycle deposition, exposure, and

diagenesis. Early dolomitization of peritidal cycle tops

has been widely documented in low-accommodation

carbonate-platform successions of all ages. In thismod-

el, limestone beds represent undolomitized cycle bases,

whereas intervening dolostone beds represent early

dolomitized cycle tops. Oxygen isotope values for the

limestone beds are typical of calcite precipitated from

middle Permian seawater and, thus, are consistent

with such a model. This implies that the architecture

of these diagenetic cycles is closely tied todepositional

surfaces and thus represents a good approximation of

time surfaces. These surfaces are also especially useful

from a reservoir point of view because they define

layers of low and high porosity and permeability. The

top four cycles in theWichita are defined on the basis

of these cyclic dolostone (high-porosity)-limestone

(low-porosity) couplets (Figure 3).

Where limestone is not present in the Wichita

(southern part of the field and lowerWichita through-

out the field) (Figure 7) (Harrington and Lucia, 2012),

this approach is not possible. In these areas, porosity

alone must be used to construct the reservoir frame-

work.Accordingly, the framework established for these

parts of theWichita is far less geologically robust than

that defined for other parts of the reservoir. For this

part of the reservoir, we defined and correlated 12 sur-

faces on the basis of porosity. We are confident that

these surfaces are subparallel to time surfaces, given

their parallelism to overlying Lower Clear Fork cycle-

top surfaces and to themiddleWichita marine flood-

back that marks the L1-L2 boundary. However, we

cannot tie them rigorously to cyclicity.

Abo Reservoir Architecture

The fact that the Abo is dominated by clinoformal

bedding typical of outer-ramp carbonate deposits is

well demonstrated by both outcrop studies (Kerans

et al., 2000) and3-D seismicdata at Fullerton (Figure 8).

Abo architecture, therefore, differs significantly from

the generally subparallel, horizontal architecture of

theplatform-topWichita andLowerClear Fork succes-

sions. Outcrop studies and seismic studies at Fullerton

and elsewhere (Kerans et al., 2000; Ruppel et al., 2000)

also demonstrate that clinoformal outer-platform suc-

cessions like the Abo do not contain readily correlat-

able cyclic successions because of multiple and chang-

ing sources and distributional patterns and extreme

variations in lateral textures and fabrics of these

transported sediments. Accordingly, it is not possible

to establish an accurate internal architecture for these

deposits using wireline logs or 3-D seismic. For pur-

poses of reservoir modeling, we created a series of

conceptual clinoform surfaces to constrain themodel

FIGURE 25. Schematic depic-
tion of the reservoir frame-
work used for model construc-
tion at Fullerton Clear Fork
reservoir showing interrela-
tionships of stratigraphic se-
quences, rock fabrics, and
cycle-based reservoir frame-
work. HFS = high-frequency
sequence. Modified from
Ruppel and Jones (2006).
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architecture. Although these surfaces do not accu-

rately describe the architecture of the Abo, they do

illustrate the nonparallel and nonhorizontal nature

of these deposits.

Reservoir Model

Details of reservoir models developed for the Clear

Fork reservoir at Fullerton are discussed in detail by

Wang and Lucia (2012). However, the basic architec-

ture of the reservoir framework used in the models is

depicted in Figure 25. Key aspects of this model are

(1) subhorizontal and subparallel nature of Lower

Clear Fork and upper Wichita (L 2) surfaces, (2) effec-

tive pinchout of lowerWichita (proximal L1) surfaces

at the facies change from Wichita tidal flats to Abo

subtidal, and (3) clinoformal nature of Abo (distal L1).

Patterns of Porosity Distribution

Core and log data from wells that penetrate the

Abo indicate that the Abo locally contains high po-

rosity.However, well control is too sparse and incom-

plete to map porosity distribution accurately. Wang

and Lucia (2012) give an estimation of the 3-D distri-

bution of Abo porosity using a full-field model based

on available porosity data and a conceptual geologic

framework. However, the accuracy of this distribu-

tionmust be considered relatively low because of the

scarcity of Abo data.

The considerable well-log data for theWichita For-

mation demonstrate that it contains higher porosity�
height (phi�h) than either theAboor the LowerClear

Fork. Thehighest total phi�h lies along themarginsof

the field structural crest (cf. Figure 26 with Figure 4),

suggesting that porosity developmentmayhavebeena

function of structure. However, when phi � h is ex-

amined by stratigraphic horizon, this interpretation

seems less obvious. The key element of porosity dis-

tribution in the lowerparts of theWichita is themarked

decrease in phi � h to the southeast because of the

southeastward facies transition from Wichita tidal

flat to Abo subtidal facies (and accompanying de-

crease of Wichita thickness) along the margin of the

inner platform (Figure 27).

The lower part of the upper Wichita (Figure 28),

which represents the base of the L2 composite se-

quence and the beginning of L2 transgression (HFS

L2.0), displays a well-defined arcuate trend of porosity

that generally parallels the underlying L1Wichita-Abo

facies transition (Figure 27). Note that both wireline-

log data (Figure 28B) and 3-D seismic amplitude ex-

traction data (Figure 28C) image this trend well. The

transition fromL2.0upperWichita rocks toL2.0Lower

Clear Fork rocks is located just east of this belt of po-

rosity. The decrease inporosity southeast of this belt is,

thus, associated with a change from tidal-flat rocks to

subtidal-flat rocks—presumably the result of changes

in bathymetry and accommodation downdip on the

lower Wichita-Abo platform. The decrease in porosity

to the northwest, however, is not associated with any

apparent change in depositional facies. Accordingly,

the cause of porosity development must be more a

FIGURE 26. Map of total porosity � height in Wichita. The
low values are in the southeast corner of the field mostly
because of the change of facies from Wichita tidal-flat
facies to Abo facies in that area.
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function of diagenesis than deposition. A model of

this diagenesis is presented in the following section.

The uppermostWichita also displays strong differ-

ential development of porosity across the field that

does not appear to be related to depositional facies.

Areas of highest porosity are located in the north and

south parts of the field. The low porosity is encoun-

tered in the center and northwestern parts of the area

(Figure 28A). Like the lower Wichita, systematic dif-

ferences between tidal-flat deposits are not apparent

across the field. These variations must, therefore, be

the result of differential diagenesis. Porosity patterns

suggest that the upper Wichita porosity may exhibit

a similar, albeitwestward-displaced, arcuate trendmuch

like that in the lowerWichita. The high-porosity area

in the north extends southwestward and may con-

tinue west of the field to link up with porosity in the

southern end of the field. If so, it would imply a link

FIGURE 27. Maps of porosity
distribution in the lowerWichita
(sequence L1). (A) Porosity �
height (phi � h) map from wire-
line logs in the upper part of
the lower Wichita. (B) Phi � h
map from wireline logs in the
base of the lower Wichita.
(C) Amplitude extraction from
three-dimensional seismic vol-
ume for the combined lower
Wichita section. High negative
amplitude equals high porosity.
The zigzag line represents
Wichita-Abo facies transition.
Lower Wichita rocks are absent
at the east of this line. HFS =
high-frequency sequence.
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between reservoir development and platform geom-

etry similar to that suggested for the lower Wichita.

Themorewestwarddevelopment of this porosity trend

is consistent with progressive transgression of the L2

platform and backstepping of the Wichita tidal-flat

systems tract. Limestone is common in the upper

Wichita tidal-flat succession throughout the north-

ern part of the field but is unrelated to areal trends in

porosity. These nearly impermeable limestones do,

however, affect fluid flow through this part of the

reservoir.

The Lower Clear Fork HFS L2.1 displays an arcuate

trend in porosity development similar to that seen in

the upper Wichita (see map of wireline porosity in

L2.1, Figure 29B, C). Like the uppermost Wichita

(Figure 28A), a strong suggestion exists that the north-

ern trendmay extendwest of the field and curve south

to link up with the southern areas of porosity, as does

FIGURE 28. Maps of porosity
distribution in the upperWichita
(HFS L2.0). (A) Porosity� height
(phi � h) map from wireline
logs in the upper part of the
upper Wichita. (B) Phi � h map
from wireline logs in the lower
part of the upper Wichita.
(C) Amplitude extraction from
three-dimensional seismic vol-
ume for the combined upper
Wichita section. High negative
amplitude equals high porosity.
The zigzag line represents
Wichita-Lower Clear Fork facies
transition. Upper Wichita rocks
are absent at the east of this
line. Note that the porosity
concentrated along an arcuate
belt following the outer edge
of the Wichita inner-platform
tidal-flat complex. HFS = high-
frequency sequence.
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the lower upper Wichita (Figure 28B). As is the case

withWichita porositydevelopment, depositional facies

do not appear to be the controlling factor in the

development of this trend. The eastward decrease in

porosity (in the southernpart of the field) is associated

with a gradual change from middle-ramp grain-rich

packstones to outer-ramp fusulinid-rich wackestones.

The area of high porosity may represent a low-energy

ramp crest because the abundance of ooid-skeletal

grain-dominated packstones and grainstones is some-

what greater. But the change in depositional facies

associated with the major decrease in porosity into

thenorthwesternpart of the field is subtle (Figure 29B).

Instead, like the Wichita, the high porosity in L2.1 is

most likely the result of dominantly diagenetic pat-

terns. A direct relationship exists between limestone

abundance and high porosity in these rocks. Areas of

high porosity in the northern part of the field contain

FIGURE 29. Maps of porosity
distribution in the Lower Clear
Fork. (A) Porosity � height
(phi � h) map of HFS 2.2 from
wireline logs. (B) Phi � h map
of HFS L2.1. (C) Amplitude ex-
traction from three-dimensional
seismic volume for the HFS L2.1
interval. High negative ampli-
tude equals high porosity. The
areas of high porosity in HFS
L2.1 and HFS L2.2 correlate with
the areas of abundant lime-
stone (cf. Figures 23, 25). HFS =
high-frequency sequence.
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mixtures of porous dolostones and porous limestone;

the high-porosity area at the southern end of the field

is nearly all limestone.

No obvious trend in porosity is apparent in HFS

L2.2 (Figure 29A). However, like L2.1, areas of highest

porosity are associated with limestone. For L2.2, this

area is dominantly in the southern end of the field

(see Harrington and Lucia, 2012).

Models for Porosity Development

Although porosity is developed in all parts of the

Abo-Wichita-Lower Clear Fork reservoir section, ob-

vious areal variations in porosity exist that reflect a

combination of depositional, diagenetic, and struc-

tural controls on reservoir development. Most of the

major reservoir intervals exhibit spatial variations in

porosity development that parallel platform paleo-

topography, particularly in the lower and upper parts

of the upper (L2)Wichita and in the Lower Clear Fork

(HFS2.1) (Figures 28, 29). In eachof these cases, trends

of high porosity are situated immediately up the de-

positional dip from the position of the underlying

Wichita-Abo facies boundary. However, the mecha-

nism for porosity development must differ between

the Wichita (Figure 28) and the Lower Clear Fork

(Figure 29).

In the case of both Wichita intervals, the deposi-

tional facies in the high-porosity trend are essentially

identical with those in low-porosity areas both de-

positionally updip and downdip. This uniformity of

facies indicates that porosity formation is the result

of local diagenetic processes, instead of variations in

original depositional texture. Stable isotope data col-

lected in this study combined with those reported by

Ruppel and Jones (2006) suggest that high-porosity

dolomites in the Wichita were formed by seawater-

dominated fluids, perhaps mediated by meteoric mix-

ing. This is indicated by light �18O values (average,

+0.0% PDB) for these dolomites (Figure 30A). Restric-

tion of high-porosity rocks to the downdip margin of

the Wichita tidal flat suggests that porosity develop-

ment may be the result of early seawater-dominated

dolomitization and stabilization along the seaward

margin of theWichita tidal flat. Available data suggest

that less porous, updip Wichita, tidal-flat deposits

weredolomitizedduring a later event byverydifferent

fluids. These rocks contain heavier isotopes (�18O =

2.78% PDB; Figure 30A) that are typical of younger

Lower and Upper Clear Fork rocks and are more in-

dicativeof brines thatwere evaporatively concentrated

(Saller and Henderson, 1998; Ruppel, 2002). Possible

sources of such brines, given stratigraphic data, are

updip tidal flats developed at the tops of sequences

L2.1, L2.2, and L2.3 or those developed during L3

transgression (Tubbdeposition). The presence of lime-

stone interbeds in the Wichita in the northern less

FIGURE 30. Distribution of
facies, porosity, and stable iso-
tope data in the upper Wichita
and the Lower Clear Fork (L2
sequence). (A) Upper Wichita
(HFS L2.0). Note that porosity
is highest in tidal-flat dolo-
stones that display seawater
dolomite d18O signatures. Lower
porosity dolostones display
enriched d18O values indicative
of diagenesis by concentrated
reflux brines. (B) Lower Clear
Fork (HFS L2.1). Note that
porosity is highest in grain-rich
ramp-crest limestones that
display seawater calcite d18O
values. Lower porosity dolo-
stones exhibit enriched d18O
values that, like the underlying
Wichita, suggest diagenesis
by concentrated reflux brines.
HFS = high-frequency sequence.
Modified from Ruppel and
Jones (2006).
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porouspartof the field suggests suchadistaldiagenetic

setting (one that is distal to the source of diagenetic

fluids). The lack of porosity in the updip Wichita tidal

flats may reflect compaction and porosity reduction

caused by dolomitization and sulfate emplacement

during Clear Fork–Tubb reflux dolomitization.

The LowerClear ForkHFS L2.1 also displays a trend

in porosity development that closely parallels the

Wichita-Abo and Wichita-Clear Fork facies transi-

tions (Figure 29). In this case, however, a relationship

exists between both facies and mineralogy and po-

rosity development. Facies data suggest that the trend

of high porositymay represent a platform-ramp crest,

an area characterized bymore common ooid-bearing

grain-rich packstones and grainstones and by locally

more abundant tidal-flat caps. Ramp-crest de-

velopmentwasprobably controlledby inheritedpaleo-

topography over the L1 (Wichita-Abo) inner-ramp

margin and/or differential subsidenceover deep-seated

faults in the sameway that the position of theWichita-

Abo facies transition ismost likely controlled by such

deep structures.Mineralogical data show that this trend

is also an area of abundant calcite; lower porosity areas

to the east and west are nearly entirely dolomite (see

Harrington and Lucia, 2012). As previously discussed,

the oxygen isotope data from these calcites (�18O = –

3.0%) indicate that they are essentially unaltered orig-

inal marine precipitates (Figure 30B). Updip dolo-

mites, by contrast, display �18O values (�18O = 2.5%),

indicating that they were formed from evapora-

tively concentrated brines after deposition. These

data together suggest that theHFS L2.1 porosity trend

mayhave been formedby earlymarine calcite cemen-

tation in well-agitated and well-oxygenated conditions

along the ramp crest. The lower porosity in updip

dolomites is probably the result of predolomitization

compaction and possibly porosity occlusion by dolo-

mite and anhydrite cementation. Both compaction

anddolomitization, and thus, porosity loss,wereprob-

ably limited in the ramp crest because of early calcite

cementation and stabilization that occurred there.

History of Reservoir Development

The evolution of the Fullerton reservoir succession

can be summarized as follows. During the late L1 to

early L2, most of the Fullerton area was an area of

low-accommodation, peritidal, tidal-flat deposition

(Wichita facies). During periodic exposure of this

shallow-water platform (by relative fall of sea level),

these facies underwent early dolomitization and sta-

bilization of mineralogy and porosity by dominantly

FIGURE 31. Models for diagenesis and porosity formation
at Fullerton field. (A) Early seawater dolomitization on
a tidal flat; Wichita, L1–L2. Wichita porosity development
associated with early seawater dolomitization along the
outer margins of tidal-flat complex. (B) Early seawater
cementation and stabilization on a ramp crest; Lower
Clear Fork, L2.1. Porosity related to the preservation of
primary porosity in Lower Clear Fork ramp-crest lime-
stones. (C) Reflux dolomitization at sequence boundaries.
Most of the Wichita and the Lower Clear Fork was dolo-
mitized by evaporatively concentrated reflux brines. See
text for discussion. msl = mean sea level. Modified from
Ruppel and Jones (2006).
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marine waters. Isotopic data suggest that this diagen-

esis focused along the outer margins of the platform

in what may have been a tidal-flat island complex

(Figure 31A). More landward areas of the tidal flat

were not dolomitized at this time and lost porosity

through compaction and porosity occlusion.

During subsequent transgression of the platform in

L2.1, subtidal middle-platform (Lower Clear Fork) fa-

cies tracts were established across the area (Figure 15).

Earlymineralogical stabilization of high-energy grain-

rich sediments occurred along the ramp crest, which

also paralleled the platformmargin (Figure 31B). This

early stabilization served to preserve both the original

seawater chemistry of these rocks and much of the

primary porosity.

Isotope data suggest that the remainder of the un-

stabilized reservoir succession (Wichita–Lower Clear

Fork) was later dolomitized by evaporatively concen-

trated reflux brines (Figure 31C). The exact timing

of this diagenesis, which resulted in dolomitization

of all parts of the succession except for early dolo-

mitized L1 (Wichita) tidal-flat areas and the early sta-

bilized L2 (Lower Clear Fork) ramp crest, is poorly

constrained. Stratigraphic relationships and stron-

tium isotope data (Ruppel and Jones, 2006) suggest

that dolomitizing reflux brines were most likely gen-

erated during L2, presumably at one ormore sequence

boundaries, including the top of the L2-L3 sequence

boundary.

SUMMARY AND CONCLUSIONS

Theprocedures used to develop the reservoir frame-

work at Fullerton field and many attributes of this

framework offer important guidelines for the charac-

terization ofClear Fork reservoirs and for the develop-

ment of predictivemodels of the distribution of reser-

voir properties. Key findings from this study include

the following.

The Leonardian reservoir succession in the Perm-

ian Basin consists of three formations or facies suc-

cessions (fromoldest to youngest): Abo,Wichita, and

Lower Clear Fork. Each of these formations is char-

acterized by distinctive facies, cyclicity, depositional

architecture, and porosity development.

The Abo consists mostly of porous outer-ramp,

open-marine, fusulinid-crinoid facies whose clino-

formal architecture is clearly expressedon seismicdata.

Lateral facies continuity in these rocks,which represent

all but themost proximal facies of thebasal Leonardian

(L1) sequence, is poor. As a result, porosity distribu-

tion is complex and probably highly discontinuous.

The Wichita, which includes both a lower section

that is part of the L1 HST and an upper section that is

part of the L2 TST, consists of a thick succession of

aggradational, restricted, tidal-flat facies. These rocks

contain high porosity but commonly relatively low

permeability and display poor small-scale continuity.

Cyclicity is poorly developed; reservoir architecture is

more controlled by diagenesis than by depositional

facies. Limestone intervals in the dominantly dolo-

mitized Wichita display extremely low porosity and

permeability and act as local fluid-flow baffles be-

tween thehigherporosity intervals of dolostone.Karst

features (including inclined beds and monomict

[Figure 20B–E] and polymict cave-fill breccias) are

common in the Wichita. Neither wireline-log data

nor core-analysis data reveal anydefinitive differences

between karsted and unkarsted sections of Wichita.

Nevertheless, these karst zones, which are definable

only on image logs and cores, may locally affect fluid

flow.

The Lower Clear Fork consists of three HFSs within

sequence L2, each recording sea level rise (transgres-

sion) and fall (regression). Reservoir development is

restrictedmostly to subtidal facies (late transgression

and early highstand). The highest porosity and per-

meability in the Lower Clear Fork are associated with

incompletely dolomitized grain-rich packstones and

grainstones. Cyclicity is well developed. However,

facies are discontinuous at the cycle scale.

Gamma-ray logs are useful for general correlations

only. As inother Leonardian reservoirs, ahighgamma-

ray response is commonly an indication of the pres-

ence of clays and silt in tidal-flat facies; a low gamma-

ray response indicates subtidal facies. Porosity logs

or image logs must be used for high-resolution cycle-

scale correlation. Three-dimensional seismic provides

excellent resolutionof both reservoir architecture and

distribution of reservoir porosity at the HFS scale.

Porosity development is mostly a function of early

diagenesis controlled by platform-margin geometry.

Zones of highest porosity in theWichita are the result

of early dolomitization and stabilization along the

outermargin of theWichita inner platform. A similar

subparallel zone in the Lower Clear Fork was created

by early calcite cementation and mineralogical sta-

bilization in the platform-ramp crest.
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