











































































































































































































































































































































































































































































































Oklahoma Geological Survey Circular 104, 2001

Clear Fork Group (Leonardian, Lower Permian) of North-Central Texas

W. John Nelson

Illinois State Geological Survey
Champaign, Illinois

Robert W. Hook

The University of Texas at Austin
Austin, Texas

Neil Tabor

The University of California at Davis
Davis, California

INTRODUCTION

The Clear Fork Group (Leonardian, Lower Permian)
of North-Central Texas (Baylor, Foard, Knox, and
Wilbarger Counties; Fig. 1) has long been known for its
diverse record of early terrestrial vertebrates (e.g.,
Romer, 1928). Equally significant plant assemblages
have been collected recently from these same rocks by
field parties supported by the U.S. National Museum
(Chaney and others, 1993). On the basis of over 500
outcrop observations and 197 subsurface records from
an area of approximately 5,500 km?, we outline strati-
graphic and sedimentologic findings that provide a
broader understanding of Clear Fork paleoenviron-
mental and paleoclimatic conditions.

STRATIGRAPHIC RELATIONSHIPS

The Clear Fork Group in our study area of North-
Central Texas consists predominantly of continental
redbeds that were deposited in alluvial-valley to
coastal-plain settings on the eastern shelf of the Mid-
land basin (Fig. 1). These rocks intertongue southward
along the outcrop and westward into the subsurface
with marine carbonates, mudstones, and evaporites. In
North-Central Texas, the Clear Fork is approximately
380 m thick. It overlies interbedded red to gray mud-
stones and thin carbonates of the Albany Group and
laterally equivalent red mudstones and sandstones of
the Wichita Group (Fig. 2), and underlies the San
Angelo Formation, a siliciclastic wedge that pinches
out abruptly downdip to the west (Smith, 1974).

Beede and Waite (1918) divided the Clear Fork of
Runnels County (200 km south of our study area) into
the Arroyo (oldest), Vale, and Choza Formations. Ver-
tebrate workers such as Romer (1928) and Olson (1958)
extended use of this nomenclature into North-Central
Texas. The Arroyo, Vale, and Choza Formations, how-
ever, are not mappable in our study area, because of
facies changes and northward pinch-out of the carbon-

ate beds that serve as formation boundaries in the type
area. We informally divide the Clear Fork of North-
Central Texas into lower, middle, and upper units and
recognize several informal beds and members (Fig. 2).

Regional dip of the Clear Fork in the study area is
0.2°-0.3° toward the west—-northwest. Subsurface map-
ping shows slight anticlinal folding of the Clear Fork
across the Matador Uplift, an east-trending basement
uplift active chiefly during the Pennsylvanian.

LITHOFACIES AND PALEOENVIRONMENTS

Lower Clear Fork

The lower Clear Fork in North-Central Texas (ap-
proximately equivalent to “Arroyo” of Romer and Ol-
son) is 55-70 m of red claystone, siltstone, and sand-
stone with common carbonate nodules and no gypsum.
Plant and vertebrate fossils are abundant at several
stratigraphic levels.

The Craddock dolomite bed (informal; Fig. 2) is a
zone of thin (<0.5 m) intertidal to supratidal dolomite
layers and nodules about 12 m above the base of the
Clear Fork. The Craddock persists at least 32 km along
strike, and likely correlates with either the Lytle or
Rainey Limestone Member to the south.

The Red Tank sandstone member (informal), 24-30
m above the base of the Clear Fork (Fig. 2), consists of
one to three, upward-fining, multistory, suspended-
load, high-sinuosity, meandering-channel deposits. As-
sociated channel fills in the Red Tank have yielded the
majority of lower Clear Fork vertebrate and plant re-
mains.

The Brushy Creek sandstone member (informal) at
the top of the lower Clear Fork is a ledge-forming unit
3-15 m thick. Its sheet-like and broad, shallow chan-
nel-form sandstone bodies probably represent braided-
stream deposits. Large-scale crossbeds, upper—flow-
regime planar beds, and conglomerates are indicative
of high-energy—flow conditions. Northward coarsening

Nelson, W. J.; Hook, R. W.; and Tabor, Neil, 2001, Clear Fork Group (Leonardian, Lower Permian) of North-Central Texas,
in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern Midcontinent, 1998 sym-
posium: Oklahoma Geological Survey Circular 104, p. 167-169.
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Figure 1. Study area location in North-Central Texas and
major late Paleozoic paleogeographic and structural features
in Texas and adjoining areas of Okiahoma and New Mexico.

and increase in feldspar content implies a source in the
Wichita Mountains. Fossils are sparse and poorly pre-
. served in the Brushy Creek.

The remainder of the lower Clear Fork is domi-
nantly reddish-brown, massive to blocky mudstones.
These are largely floodplain deposits that contain mul-
tiple paleosols with abundant carbonate nodules and
stringers. Fossils are sparse, except for vertebrate aes-
tivation assemblages (Olson and Bolles, 1975). Small,
silt-dominated, meandering channel deposits are asso-
ciated with floodplain mudstones. Plant and vertebrate
fossils are common in channels, particularly in local
deposits of laminated bluish- to greenish-gray mud-
stones that represent channel abandonment. Limonite
nodules, malachite and azurite masses, and fusain
(mineralized charcoal) commonly accompany fossils in
abandoned channel-fills (Chaney and others, 1993).

Middle Clear Fork

The middle Clear Fork, 125-160 m thick, is approxi-
mately correlative to the “Vale” of Romer (1928) and
Olson (1958), and is composed largely of floodplain
mudstones and high-sinuosity, suspended-load, chan-
nel deposits similar to those of the lower Clear Fork.
Floodplain deposits exhibit multiple paleosols and
lack fossils, except for sparse aestivation assem-
blages. Whereas pedogenic carbonate nodules gradu-
ally decrease in abundance upward, gypsum nodules,
stringers, and veins increase. Several thin (0.3-0.9 m)
ripple-laminated, mud-cracked, calcareous sandstones
are mappable across many square kilometers. These
sandstones grade laterally to silty or sandy carbonate
beds. Possibly they are monsoonal tidal-flat deposits
and updip equivalents of carbonate beds to the
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Figure 2. Left, uppermost Pennsylvanian and Lower Permian
stratigraphic column, central and North-Central Texas. Right,
schematic stratigraphic column, Clear Fork Group, central to
North-Central Texas. Formally named members of the
Abilene area are shown on the left, informally named mem-
bers and beds of study area on the right. Scale applies only
to north-central part of the column; the Clear Fork is about
150 m thinner in the Abilene area.

west and south. Silty channel-fills yield sparse plant
remains.

Three sandy meander-belt units have been mapped
in the middle Clear Fork. Informally called the Cedar
Top, Rt. 1919, and Ignorant Ridge members, these
meander-belt units resemble the Red Tank sandstone
and (like the latter) commonly are fossiliferous.
Edwards and others (1983) analyzed channel geometry
and flow patterns of the Cedar Top member.

Upper Clear Fork

The upper 165-180 m of the Clear Fork Group is
approximately equivalent to the “Choza” Formation of
Romer (1928) and Olson (1958). This monotonous suc-
cession of reddish-brown, gypsum-rich, coastal-plain
mudstones contains common nodules, irregular
masses, stringers, veins, and thin (0.5 m) beds of gyp-
sum. Several thin (6-10 cm) beds of microgranular do-
lomite are laterally traceable for kilometers; some may
correlate with thicker carbonate beds interpreted on
nearby geophysical logs. Gypsum and dolomite beds
may represent either hypersaline lakes or coastal
sabkhas (Smith, 1974). Siltstone and sandstone occur
mainly as thin (0.3-0.9 m), planar, semi-tabular units
and less commonly, in small, isolated meandering
channels. Aside from plant fossils collected from chan-
nel-fills in the lowermost part of the upper Clear Fork,
this interval is nonfossiliferous (Olson, 1958; Murry
and Johnson, 1987).



Clear Fork Group of North-Central Texas

PALEOSOLS

Clear Fork paleosols have features that suggest they
were all hydromorphic soils: (1) sparse to dense rooting
horizons 75—-100 cm thick, (2) red to brownish-red col-
ors with distinct gray to brown mottling, (3) pedogenic
calcite nodules and cemented horizons, and (4) ped-
ogenic slickensides. Both simple (noncumulative) and
cumulative hydromorphic paleosols (sensu Kraus and
Aslan, 1993; Alsan and Autin, 1998) have been identi-
fied. Simple paleosols typically are thin red mudstones
with weak horizonation and weak secondary enrich-
ment of calcite and iron minerals. Cumulative paleosols
are thick (to 7 m) and exhibit large slickensides, com-
mon to abundant calcite nodules, rhizoliths, and ce-
mented horizons. Rooted and calcic horizons recur
throughout cumulative paleosol sequences.

Simple paleosols, classified as entisols or inceptisols,
developed in areas of rapid sedimentation (such as al-
luvial meander belts and natural levees) where rapid
burial halted weathering and pedogenesis in their early
stages. Cumulative paleosols, all of which are classified
as vertisols, reflect slow, continuous sedimentation and
several generations of uninterrupted pedogenesis in
settings such as back-swamps. Thus, position on the
paleo-landscape rather than climatic change probably
was the key control on soil formation in the Clear Fork
Group.

Several inferences about paleoclimate can be made.
Pedogenic slickensides indicate a seasonal climate un-
der which clays swelled and shrank with changing
moisture. Calcite nodules and cemented horizons attest
to an extended dry season. The transition from abun-
dantly rooted lower and middle Clear Fork soils to
sparsely rooted upper Clear Fork soils attests to in-
creasingly arid climate and decrease in vegetation
cover through time.

SUMMARY

The lower half of the Clear Fork Group in North-
Central Texas records an Early Permian landscape of
coastal to alluvial-valley environments. Fluvial depos-
its, paleosols, and diverse floral and faunal records in-
dicate a range of habitable environments that were far
less xeric than previously portrayed. The absence of
fossils in the upper Clear Fork is attributed mainly to
a paleoenvironmental shift to evaporite-dominated,
coastal-plain (sabkha) settings that lacked fluvial con-
ditions suitable for the preservation of terrestrial
plants and animals. Paleoclimate was seasonal with
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extended dry seasons and became more arid through
time.
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Permian Sedimentation and Diagenesis on the Northern Margin

of the Wichita Uplift

R. Nowell Donovan, Kathy Collins, and Steve Bridges
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AssTtrACT.—Early Permian sedimentation on the northern margin of the Wichita uplift
took place in the interior of a large continent—Pangaea. The area was located in an
arid to semi-arid climatic belt developed in low latitudes in the Northern Hemisphere.
As the tectonic definition of the southern Oklahoma area drew to an end in the latest
Pennsylvanian, creation of the Wichita uplift ceased and the topographic relief of the
area was reduced gradually. Various distinctive continental facies record the destruc-
tion of this relief: (1) fault-scarp—recession breccias; (2) talus deposits; (3) alluvial-fan
deposits; (4) small, constantly avulsing, braided-river—system deposits; and (5) calcrete
accumulations.

Variation in conglomerate clasts can be used to establish paleo-drainage patterns.
The calcretes, which can be used as chronostratigraphic and lithostratigraphic mark-
ers in subsurface correlation, record periods of geomorphic and hence tectonic stabil-
ity. The increased frequency of calcretes in sections adjacent to the mountains suggests
that they are condensed by comparison to sections farther to the north in the Anadarko
basin.

Rocks available for destruction in the area were dominantly either carbonates or
igneous (mostly acidic, but including some basic and ultrabasic units). The carbonates
were subject to intense karst weathering, as attested by numerous small caves. The
igneous rocks underwent considerable hydrolysis, leading to the formation of tors and
the production of large amounts of clay minerals. Increasing aridity in the Permian led
to the gradual cessation of weathering and eventual entombment of the landscape.

INTRODUCTION

For the last 550 million years, the dominant tectonic
control in southern Oklahoma has been a zone of
crustal weakness that begins in the neighborhood of
Durant, Oklahoma, and trends N. 60° W, into the
Texas Panhandle. This zone is recognized in a general
sense as the southern Oklahoma aulacogen (Shatski,
1946). The first (Cambrian) stage of aulacogen evolu-
tion involved the intrusion and extrusion of a bimodal
suite of igneous rocks within an extensional-rift set-
ting. Following a cessation of thermal activity and a
period of crustal subsidence, the aulacogen redefined as
a linear depocenter during the Late Cambrian and
Early Ordovician. This second stage, which lasted from
the Cambrian until the Mississippian, was a period of
cratonic sedimentation. Quantitatively, most of the
rocks deposited during this period were carbonates.
Sediment-entrapment rates within the aulacogen were
approximately 2—4 times those on the adjacent craton;
the overall rate of sediment entrapment declined with
time (Donovan, 1986).

The southern Oklahoma aulacogen differentiated
into a series of linear uplifts and basins under a gener-
ally transpressive-stress regime associated with assem-
bly of the Pangaean supercontinent during the late
Paleozoic. As a result of this partial inversion, erosion
of the entire lower Paleozoic sedimentary sequence, as
well as substantial parts of the igneous basement, took
place in various linear uplifts such as the Wichita,
Criner, and Arbuckle uplifts. Sediment shed from these
uplifts was deposited in adjacent linear basins, such
as the Ardmore, Anadarko, Hardeman, and Marietta
basins. The aulacogen terrane has, by and large,
functioned subsequently as an undefined and inert
component of the Laurentian (i.e., North American)
craton.

This paper examines the sedimentary record of a
period of time in the Early Permian when the tectonic
definition of the uplifts and basins was drawing to a
close. The particular focus of the paper is the area
known as the Slick Hills, a hilly terrain situated be-
tween the Wichita Mountains and the Anadarko basin
(Fig. 1).

Donovan, R. N.; Collins, Kathy; and Bridges, Steve, 2001, Permian sedimentation and diagenesis on the northern mar-
gin of the Wichita uplift, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern
Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 171-184.
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Figure 1.

THE SLICK HILLS AREA

The Slick Hills of southwestern Oklahoma consti-
tutes the exposed portion of the frontal fault zone, an
area of great tectonic complexity lying between the
Wichita uplift and the Anadarko basin. Deformation
during the Pennsylvanian and earliest Permian re-
sulted in a maximum stratigraphic displacement of the
Cambrian igneous basement of ~13,720 m across the
zone. This displacement is the sum of two distinct ar-
chitectural elements. During the Pennsylvanian, the
lower Paleozoic sedimentary basin was partly inverted.
The Wichita uplift is the area of greatest inversion. Up
to ~3,300 m of lower Paleozoic strata, plus perhaps
~1,650 m of igneous basement, have been eroded from
the uplift (Donovan and Butaud, 1993). The Anadarko
basin developed as a complex syntectonic depocenter,
in which up to ~10,000 m of Late Mississippian, Penn-
sylvanian, and Permian rocks were deposited atop the
lower Paleozoic sequence. Movements on very large,
oblique (left-lateral) reverse faults produced most of the
displacement within the frontal fault zone.

The Slick Hills are built of Cambro—Ordovician sedi-
mentary rocks that unconformably overlie the Cam-
brian igneous basement (Fig. 2). The great bulk of the
outcrop is formed by carbonates (mostly limestones, but
with some dolomites) assigned to the Arbuckle Group.

Exhumed Topography

Both the Wichita Mountains and the Slick Hills are
impressive examples of exhumed topography that
formed during the Early Permian and were then buried

Permian rocks and overlying Pleistocene/Recent deposits
Lower Paleozoic igneous and sedimentary rocks in the Slick Hills (undifferentiated)
Wichita Mountains igneous rocks (undifferentiated)

Map showing location of Slick Hills, southern Oklahoma, and related features.

beneath a blanket of later Permian alluvium, eolian
sandstones, and evaporites (Donovan, 1986). Previous
work has analyzed the Permian geomorphology of the
area. Gilbert (1982) described a tor topography in the
granitic terrains of the Wichitas. Such topography
forms as a result of feldspar hydrolysis, i.e., spheroidal
weathering. Tor topography is also developed in the
ultrabasic rocks of the Meers Valley. In the limestones
of the Slick Hills, pediment surfaces, ancient cliff lines,
and megabreccia deposits of two types have been docu-
mented. They are breccias formed by gravity-driven
cliff collapse and fault-scarp recession (Collins, 1985;
Donovan, 1986; Donovan and others, 2001). In addi-
tion, karst is widespread, mostly in the form of solu-
tion-enlarged fissures (Simpson, 1979; Donovan, 1982;
Donovan and Busbey, 1991; Donovan and others,
1992). These caves are securely dated as Lower Per-
mian on the basis of their vertebrate-fossil content.

LOWER PERMIAN DEPOSITIONAL PATTERNS
Quality of Outcrops

Outcrop quality of the enveloping Permian rocks is
moderately good to nonexistent in contrast to the
Wichita Mountains and Slick Hills. Conglomerates,
consisting of various sizes of limestone pebbles, are
generally well exposed, especially where they have
been incised by recent drainage patterns, as on the
northern flank of the Meers Valley. In this area, cliffs
up to ~9.1 m yield valuable information. Throughout
the Slick Hills, conglomerate outcrops mantle the sub-
Permian unconformity and, in some cases, form large
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Figure 2. General stratigraphic relationships in the Slick Hills and surrounding areas

outliers. The disposition of these basal conglomerates
clearly suggests that the present profile of the Slick
Hills is close to that which had developed during the
Permian.

Finer-grain-size deposits are generally poorly ex-
posed, again being seen as small cliffs associated with
recent incision. Other significant exposures occur on
the eastern shore of Lake Lawtonka and on some road
cuts. Elsewhere, particularly to the north, exposures
are essentially nonexistent.

Permian Stratigraphy

The formal Lower Permian stratigraphy of the
Wichita is complex and has been the subject of consid-
erable debate (e.g., Chase, 1954; Miser, 1954; Havens,
1977; Al-Shaieb and others, 1980). For the current
study, the classification of Bridges (1985) is preferred
(Fig. 3). The problem has three dimensions. First, in an
area of poor exposures, it is difficult to correlate facies
that are tied to the Wichita—Slick Hills topography to
those of the adjoining basins (i.e., the Anadarko and
Hardeman basins to north and south, respectively).
Second, the uplift-tied facies traditionally has been di-
vided into a subsurface unit—the “Granite Wash,” so-
called regardless of its petrographic composition—and
a surface unit, the “Post Oak,” also known as the “Post
Oak Conglomerate” or “Post Oak Formation.” Logi-

cally, it is improbable that the present land surface
bears any relationship to the Permian correlation prob-
lem. Therefore, we use the two terms in an informal
sense, as descriptive of a homotaxial facies, without
any suggestion of chronostratigraphic equivalence.
Third, the uplift-tied facies consist of alluvium that
shows rapid facies variation and is internally very dif-
ficult to correlate.

A further dimension of the correlation problem re-
lates to the differential rates of subsidence between the
uplift and basin. The net result of this differential
movement is that the facies in the uplift area are “con-
densed” with respect to those in the adjacent basin
(Fig. 4).

Facies and Provenance
in the Post Oak Formation

General Controls

Both Granite Wash and the Post Oak consist of allu-
vium of various types that in part mantles the Permian
topography. In consequence, it is highly varied in char-
acter and thus difficult to correlate. In general, clast
composition is an inverted record of the lower Paleozoic
stratigraphy. Thus, carbonate-derived detritus is over-
lain by siliciclastic detritus derived from the adjacent
inverted basement (Donovan and Butaud, 1993). Con-
temporary tectonism, however, locally has obscured
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Figure 4. Schematic cross profile illustrating the condensation of
section that occurs in the Permian above the Wichita uplift. Calcrete
formation is dependent upon geomorphic stability; more calcretes
occur in any given section in the Wichita area than in the actively
subsiding Anadarko area. Note the numerous hiatuses (marked by
calcretes) near Wichita uplift and the thinning of the stratigraphic
sequence beneath these time lines. (Based on Collins, 1985;
Bridges, 1985; Donovan, unpublished data.)
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and even reversed this trend and additionally
has led to considerable variation in thickness
(Donovan and others, 2001).

The intensity of tectonism in the area de-
creased from the Pennsylvanian into the Lower
Permian, as basin definition slowly ceased. One
result of this is that the younger (Permian) con-
glomerates are simply the result of topographic
planation, whereas the older conglomerates
record a topographically more unstable setting.

The tectonic assembly of Pangaea accompa-
nied a gradual drift northward of the area into
the desert latitudes of the Northern Hemisphere.
As aresult, “Oklahoma” became increasingly iso-
lated from maritime influences, and an increas-
ingly arid climate developed in the area. This
aridity is recorded both by “fossilization” of the
topography (as recorded above) and by climatic
indicators in the lower Permian sedimentary
rocks (Donovan and Butaud, 1993).

Specific Facies

Conglomerates, sandstones, and shales each
exhibit different geometries and sedimentary
structures in and around the Slick Hills. Types of
conglomerate deposits, all of which are domi-
nated by limestone clasts, are: (1) complex,
multistoried deposits, up to 5 m thick and 8 m
wide, that may be deeply incised into the under-
lying beds (Figs. 5, 6); (2) lenticular deposits that
are not incised into the underlying beds; (3)
multistoried, flat-based sheetsup to 1.5 m thick
and 15 m wide (Fig. 7); and (4) megabreccia hori-
Zons.

Most of the megabreccia horizons, which are
composed of colossal limestone blocks (some as
large as a small house), are restricted to the
southern margin of the western Slick Hills on the
northern edge of the Meers Valley. At this loca-
tion they have been interpreted as cliff-collapse
deposits following tectonic activity on the Meers
fault (Collins, 1985; Donovan and others, 2001).
Two other megabreccias in Blue Creek Canyon
have been interpreted as fault-scarp—retreat de-
posits (Donovan and others, 1988).

The other types of conglomerate are found at
various sites around the entire Slick Hills. In
general, pebble size in these deposits decreases
away from the nearest Permian topography, and
clast composition is similarly parochial. This is
perhaps best demonstrated in Blue Creek Can-
yon, where conglomerates from either side of the
canyon closely reflect the basement lithologies
that have been juxtaposed by the Blue Creek
Canyon fault (Donovan, 1986). Most limestone
clasts are angular to subangular to subround; it
is difficult to determine the relative roles of abra-
sion and dissolution in determining pebble
shape.

Only in the finer conglomerates are bed forms
such as parallel laminations and trough cross-
bedding preserved (Fig. 7). Orientations of the
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calcrete mantling higher channel margins
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by conglomerate
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Figure 5. Schematic section showing complex channeling in conglomerates on the southern flank of the Slick Hills. Multiple
calcrete formation suggests slow rates of sediment accumulation; the channel probably records a major avulsion event. (Re-
drawn from Donovan, 1988.)

Figure 6. Outcrop photograph of multistoried limestone-pebble conglomerate section on the southern flank of the Slick Hills.
The section is built of lenticular beds, some of which have erosive bases (e.qg., bottom right and top left). Cliff is approximately
6.1 m high.

Figure 7. Outcrop photograph of flat-based limestone-pebble conglomerate resting on a calcrete developed in red shale. Planar
cross bedding, which is developed only in the finer part of the conglomerate, suggests transport to the south (to the right), in
the direction of the Meers Valley.
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Figure 8. Measured section of sequence exposed on stream bank in southeastern part of the Meers Valley (NW'4, sec. 2,
T.3N., R. 12 W.). Section is interpreted as braided alluvium distal to fans lying to the west. Note numerous calcrete horizons.

latter, admittedly few in number, are consistent with
transport away from the Permian topography.
Sandstone deposits are less common than might be
expected. This is largely because the limestones of the
Slick Hills did not weather to form abundant sand-
sized particles. Most of the sandstones are found in
areas where there is a siliciclastic source, most notably
the Mount Scott granite, which outcrops to the south of
the Meers Valley (Collins, 1985; Donovan and others,

2001). Thus, in the southeastern part of Meers Valley,
reddish-brown arkosic sandstones form erosive-based,
lenticular sandstones up to 2 m thick and 20 m wide.
They are generally interbedded with sequences of shale
and siltstones (Fig. 8). Some sandstones exhibit basal
lags of granite, limestone, and calcrete fragments, most
of which display parallel lamination and medium-scale
trough cross bedding. In some cases, opaque heavy
minerals, chiefly magnetite presumably derived from
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the gabbros and ultrabasic rocks of the Wichita uplift,
accent individual laminations (Fig. 8). Some of the
sandstones grade upward into siltstones and shales,
whereas others are discretely, non-upward grading
beds, defined by sharp top surfaces.

Most shale deposits are reddish-brown, less com-
monly green and gray. They are generally poorly ex-
posed. Some show silt-mud laminations, others consist
entirely of mud. Subaerial mud is occasionally present.

Calcretes

Calcretes are ancient accumulations of authigenic
carbonates that formed in soil horizons; caliche is the
most commonly used name for recent equivalents. Al-
though calcretes are strictly a diagenetic product, they
are presented in this section because they yield impor-
tant clues as to the nature of the depositional history of
the Permian. In addition, it is clear that some have
been reworked into the base of channel-filling sand-
stones and conglomerates, where they are seen as an-
gular limestone pebbles.

Factors that play a role in calcrete development in-
clude carbonate supply, temperature, rainfall, geomor-
phic stability, and sedimentation rate. In general, the
interplay of these factors results in optimum calcrete/
caliche formation in tectonically, and hence geomor-
phically stable settings, characterized by hot semiarid
conditions in which annual precipitation ranges from
10 to 60 cm (Reeves, 1970; Steel, 1974; Leeder, 1975).
Sedimentation rates must be minimal if thick calcretes
are to form. Ideal locations for calcrete development
include the stable portions of alluvial fans and, more
commonly, floodplains and braided-stream channels
adjacent to alluvial fans.

Calcrete formation begins when calcium carbonate
is reprecipitated from rainwater about 50 cm below the
ground surface. The carbonate initially fills pore
spaces, and, as drainage is plugged, intense carbonate
impregnation takes place. This impregnation may be
both displacive and replacive. Watts (1978) noted that
some calcretes contain 2.5 times the amount of calcium
carbonate needed to fill the void space of normally
packed sediment. The excess of carbonate must either
expand the original volume of the host rock (displacive
impregnation) or destroy the host material (replacive
impregnation). With time, this plugged horizon extends
upward toward the surface and is seen as massive and
laminar horizons. As the calcrete plugs the soil horizon,
the underlying sediments may be reduced, and herein
lies the origin of the green shales that are found be-
neath some calcretes.

Successive stages in calcrete and caliche formation
have been identified by various authors (Gile, 1970;
Steel, 1974; Leeder, 1975). These stages develop within
a temporal framework, measured in terms of thou-
sands of years, the most “mature” profiles taking a
minimum of 10,000 years to develop (Leeder, 1975). In
addition, they are seen in sections as spatially superim-
posed—i.e., in any given example, “mature” profiles
overlie less mature ones (Figs. 9-11). In nongravelly
sediments, the initial calcrete deposits are seen as
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small (about 1-2 cm) nodules that are widely scattered
throughout the host rock. In gravelly sediments, the
original pebbles act as nuclei for carbonate precipita-
tion. Although many of these nodules are more or less
circular, others are elongate and apparently form as
rough approximations of root casts, the roots them-
selves having functioned as permeability pathways.
With time, the nodules enlarge in size, occupying more
and more of the soil profile, replacing and displacing
the host clastic sediment. Individual nodules may
record periods of wetting and drying in the form of
sparite-filled, circum-granular cracks. The profile even-
tually becomes completely plugged by carbonate. The
zones above the plugged horizon are typified by lami-
nated, brecciated, and pisolitic textures. In such “ma-
ture” or “old-age” profiles, non-organic chert may pre-
cipitate along with the carbonate, presumably record-
ing fluctuations in alkalinity in the upper part of the
profile.

Calcrete horizons are abundant in all lithologies and
at all stages of development in the Permian rocks un-
der discussion, (Figs. 5, 7, 11). In general, “old-age”
calcretes commonly are found in the conglomerates
(e.g., Donovan, 1982), whereas calcretes in the finer-
grained rocks are generally less mature. This suggests
either that the sedimentation rate in the areas of con-
glomerate was less than that in the areas of finer depo-
sition and/or that reworking of previously deposited
material was more common in the latter areas. The lat-
ter explanation is perhaps more likely, because, once
cemented, the conglomerate would be very difficult to
rework.

Facies Interpretation

Previous authors have interpreted the Permian de-
posits that mantle the Wichita uplift as a complex of
talus, alluvial-fan and braided-river-channel, and
floodplain deposits (Al-Shaieb and others, 1980;
Bridges, 1985; Collins, 1985; Donovan, 1986). This
model is reaffirmed in this study both with respect to
the Wichita uplift as a whole and the Slick Hills in par-
ticular (Fig. 12).

In the context of the Slick Hills, the limestone-clast
conglomerates are interpreted as alluvial talus that
has been partly reworked by small flashy streams and
deposited around the Slick Hills as alluvial fans. Little
fine-grained matrix is present in the conglomerates.
Consequently, they effectively functioned as sieve de-
posits. Such deposits are generally described as poorly
imbricated, mostly angular, and well sorted (Collinson,
1996); such is the case here. The high initial porosity of
these deposits was infilled by calcrete, sparry cement,
or limited amounts of hematite “dust,” probably of
aeolian origin. In places, calcrete deposits are devel-
oped directly on the unconformity, and most sections
show one or more calcrete horizons. These horizons are
commonly plugged, although they are generally no
more than 50 cm or so thick. The great concentration of
calcretes suggests that sedimentation rates were ex-
tremely slow, a suggestion that is supported by the fact
that avulsion channels are common.
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Figure 9. Measured section of sequence exposed in the SEY4, sec. 5,
T.3 N., R. 12 W,, on the eastern shoreline of Lake Lawtonka in
Meers Valley. The calcrete records a period of geomorphic stability,
following which a braided fluvial system inundated the area. Clast
composition in the conglomerates above and below the calcrete
varies, suggesting an adjustment to drainage patterns. Average size
of the 10 largest pebbles in conglomerates is given in centimeters.
Figures 10 and 11 are keyed to the log.

This picture of environmental torpor is con-
sistent with the notion that the rate of weather-
ing was slowing dramatically in the increas-
ingly arid environment and eventually led to
the preservation of the Permian topography
beneath a veneer of slowly accumulating detri-
tus. The major caveat to this interpretation is
that, although tectonic activity in the area was
gradually ceasing, movement was still taking
place on the Meers fault and, less certainly, on
the Blue Creek Canyon fault. This movement
led to the formation of several “megabreccia”
horizons with clasts up to 30 m in diameter
(Collins, 1985; Bridges, 1985; Donovan and oth-
ers, 2001). The megabreccias apparently record
catastrophic cliff collapse, probably involving
rock falls, landslips, and perhaps air cushion
transport.

The finer deposits in the area generally occur
distally to the Slick Hills. They are generally
less well exposed than the conglomerates, and
the best sequences are found in the Meers Val-
ley. It is suggested that the sandstones were
deposited in the channels of braided-stream
complexes and that the siltstones were depos-
ited as floodplain overbank deposits. Avulsion
was common, as suggested both by channel ge-
ometries and by the abundance of reworked
calcrete fragments in the bases of channel de-
posits. Details of the local paleogeography are
difficult to determine; there is good evidence
that drainage in the Meers Valley was axial to
the southeast (Donovan and others, 2001). Less
certainly, drainage was axial and to the north-
west in the valley of the Blue Creek Canyon
fault between the eastern and western Slick
Hills. Elsewhere, paleocurrent evidence is lack-
ing.

DIAGENESIS

Major post-depositional events affecting the
Permian rocks around the Slick Hills include
several phases of cementation and hydrocarbon
migration. Various forms of calcium carbonate
cement most rocks. Textures observed include
the spectrum of types associated with calcrete
formation, plus anhedral, fibrous, pendant, and
poikilitic sparite. Clay cements are virtually
absent in the limestone-derived detritus, al-
though authigenic kaolinite is widespread in
the granite-derived detritus around the Wichita
Mountains (Al-Shaieb and others, 1980).

Calcrete textures are “classic,” involving
original dense micritic fabrics that are cut by
several generations of spar-filled shrinkage
veins (Fig. 13). These veins, which commonly
curve around the circumference of micritic nod-
ules, probably record periods of desiccation of
the soil profile. Evidence of replacement is seen
as corroded quartz grains, and evidence of dis-
placement is seen in a general lack of grain-to-
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Figure 10. Portion of the section depicted in Figure 9, showing a dense layer of calcrete abruptly overlain by cross-bedded
arkose with heavy-mineral bands, which is, in turn, overlain erosively by conglomerates. About 0.8 m of section is shown in
photograph.

grain contacts and the splitting of detrital grains, such as
biotite, along cleavage. More mature textures are seen as
micritic laminae and poorly shaped pisolites.

The open, matrix-free framework of the limestone con-
glomerates, in many places and especially close to the basal
unconformity, was coated by fibrous calcite precipitated
from saturated vadose water (Fig. 14). Such crystals are up
to 10 cm in length, showing crystallographic continuity
across growth bands that are marked by the inclusion of
hematite “dust” into the crystal structure. Pendant or drip-
stone calcite cements associated with the limestone con-
glomerates provide further evidence of vadose precipita-
tion. Because fibrous calcite and calcretes both occur as the
earliest cements in different parts of the same rock units, it
is possible that they formed simultaneously. In other
words, subsurface fibrous calcite cementation occurred
within the fan at the same time that calcrete formed at the
surface of the fan.

Anhedral drusy sparite occurs as the latest calcium-car-
bonate cement in both the sandstones and conglomerates.
In general, this sparite records competitive crystal growth
from numerous pore-margin nucleation sites under
phreatic conditions. In this case, most of the spar is
nonferroan, indicating oxidizing conditions and suggesting
that burial depths may not have been too great when this
cement formed.

The least-common calcite cement is poikilitic calcite in

Figure 11 (left). Portion of the section depicted in Figure 9, show-
ing a calcrete profile with increasing upward displacement of the
host sediment by calcrete nodules. Scale marked in inches.
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Figure 12. Depositional model for the Post Oak facies developed around the exposed portion of the Wichita uplift as a whole.

the form of large equant crystals up to 2 cm in diameter
(Fig. 15). Cement of this type has been encountered in
only a few of the sandstones in the Meers Valley. This tex-
ture forms in clastic sediments when pore waters are
saturated and ponded and there are few nucleation sites
for precipitation.

Euhedral-dolosparite cement occurs locally in conglom-
erates that consist of predominantly dolomite clasts. For
example, dolosparite cement occurs in the deposits that
mantle the Maukeen dolomite (Kindblade Formation) in
the Saddle Mountain area of the western Slick Hills.

Other cements include hematite, which occurs as par-
ticulate coats around clastic grains (including some car-
bonate clasts) and generally appears to be an early event.
It is responsible for the red coloration of shales and silt-
stones. The origin of the mineral is uncertain, but some
could have been derived from weathering of the igneous
basement rocks of the Wichita uplift.

Barite and pyrite cements are uncommon late cements
that generally exhibit euhedral crystals (Fig. 16). Younger
and others (1986) documented an active barite-precipitat-
ing spring at Zodletone Mountain in the northwestern
Slick Hills. They suggested that the spring waters are
modified oil field brines that have migrated upward from
the Anadarko basin along faults and fissures. Such mi-
gration may have led to the formation of both pyrite and

Figure 13 (right). Photomicrograph of a calcrete developed in
limestone conglomerate in Blue Creek Canyon, showing origi-
nal dense micritic fabrics that are cut by several generations of
spar-filled shrinkage cracks that probably formed during periods
of desiccation. Long axis of photograph is ~3.2 cm.
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Figure 14. Outcrop photograph of fibrous caicite developed in limestone-pebble conglomerate above the sub-Permian
unconformity in Blue Creek Canyon. Growth bands in the crystals are defined by hematite inclusions. Individual crystals are

up to 5 cm long.

Figure 15. Outcrop photograph showing poikilitic calcite cementing a medium-grained arkose in the southeastern part of the

Meers Valley.

barite. Certainly numerous traces of hydrocarbons are
present in the Permian strata, including datable Per-
mian speleothems and fracture-fills in calcrete nodules
(Donovan, 1986). Hydrocarbon traces tend to be more
common in the vicinity of the Meers fault, suggesting

that the latter was a conduit for migration. In a similar
vein, traces of copper mineralization in the form of
chalcopyrite, chalcocite, and malachite are associated
with basal Permian conglomerates that lie atop the
major fault trace in Blue Creek Canyon.
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Figure 16. Outcrop photograph of a “bow tie” of euhedral barite crystals in a dense laminated calcrete developed on the western

edge of the Slick Hills. Long axis of photograph is ~3.5 cm.

Diagenetic Sequence

The timing of the various diagenetic phases is
straightforward. The earliest cements were essentially
penecontemporaneous including: (1) widespread
calcrete formation on fan and floodplain surfaces; (2)
speleothem formation in karst-enhanced tectonic fis-
sures related to the sub-Permian unconformity; (3) fi-
brous-calcite precipitation from vadose waters (most
likely to be located at or close to the sub-Permian
unconformity); and (4) hematite precipitation in the
form of particulate grain coatings and as a minor con-
stituent in speleothems where it defines growth lines.

Poikilitic calcite and drusy spar are somewhat later
cements, precipitated from phreatic groundwater. The
latter constitutes the youngest cementation event and
is by far the most common in most of the limestone con-
glomerates. Nonetheless, much primary porosity still
remains in the conglomerates.

All the cements noted in the preceding paragraph
owe their origin to surface-tied hydrology. This is con-
sistent with burial-curve analysis, which indicates that
the area has never been deeply buried (Donovan, 1986).
It is clear, however, that deep-basin brines and hydro-
carbons have migrated through the sequence, resulting
in the precipitation of barite and pyrite and very small
amounts of copper minerals. This migration was due to
structural overpressuring of basin brines in the Ana-
darko basin, which lies to the north and partially
beneath the Slick Hills (Donovan, 1986). The extraordi-
nary depth of the Anadarko basin resulted in the matu-
ration of source rocks in the Paleozoic section (particu-
larly the Upper Devonian—lowermost Mississippian?
Woodford Formation. Although the sulfates and sul-

fides appear to have formed later than most of the car-
bonate cements, evidence from speleothems indicates
that hydrocarbons were migrating to the surface prior
to-and at the time of Permian deposition (Donovan and
others, 1992).

CONCLUSIONS

The dismemberment of the southern Oklahoma
aulacogen during the Pennsylvanian and earliest Per-
mian resulted in the partial inversion of the lower Pa-
leozoic basin to form the Wichita uplift. To the north of
the uplift the Slick Hills is the exposed portion of the
frontal fault zone, a region of intense tectonism that
defines the southern margin of the immensely deep
Anadarko basin. Detritus shed from the uplift into the
basin falls into two categories: (1) earlier syntectonic
deposits, that formed rapidly and is seen as immensely
thick deposits of alluvium (referred to informally as the
“Granite Wash”); and (2) relief-related detritus, that
formed more slowly and is seen as much thinner, con-
densed alluvium (referred to informally as the “Post
Oak”).

The Post Oak around the Slick Hills generally con-
sists of a few to several tens of meters of limestone-clast
conglomerates, sandstones of various grain sizes, silt-
stones, shales, and nodular carbonates, interpreted as
calcretes. The following deposits, representing discrete
palecenvironments, are recognized. (1) Fault-scarp—
recession breccias record the last events in the late
Paleozoic tectonism. (2) Talus deposits are present. (3)
Alluvial-fan deposits formed. Individual fans were
small and subject to flashy discharge. In the absence of
fines, many of the fan conglomerates had very high
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initial porosities. (4) Braided-river flood-plains deposits
are characterized by small streams and frequent avul-
sion. In addition, nodular limestones, interpreted as
calcretes (calcareous soil profiles) are common in both
the fan and braided-river deposits and may mantle the
sub-Permian unconformity surface.

The character of the Post Oak is controlled by an
interplay of (1) the amount of associated tectonism, (2)
variation in the rate of sediment entrapment, and (3)
an overall change in environment from humid to arid.
The general pattern is one of decreasing rates of sub-
sidence so that the final detritus is a relatively thin
veneer associated with the reduction of available relief,
This relief was essentially fossilized as active weather-
ing ceased. The result is that the sub-Permian uncon-
formity is extremely irregular—in essence, a buried
range of hills.

Most diagenetic imprint on the sequences discussed
took place early in the history of the deposit and in-
volved the precipitation of several varieties of calcite,
including both vadose and phreatic textures, and he-
matite. In addition, hydrocarbons migrated through
the sequence, sourced from the adjacent Anadarko ba-
sin; brines from the same source precipitated pyrite
and barite.
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AsstracT.—The Artificial Neural Network (ANN) is a general-purpose exploration
and development tool that allows an easy transformation of log data into any desired
output parameter. Specific mathematical relationships between predictors (logs) and
target values (rocks) need not be known. Even the relative importance of the predic-
tors need not be known.

The authors believe that ANNS offer significant advantages over traditional regres-
sion-analysis methods. ANNs, for example, do not force predicted values to lie near
mean values and better preserve original data variability. In addition, ANN software
uses a feature called depth-interval sampling (DIS), which allows the ANN to incorpo-
rate and apply peripherally related data to the specific “training” points chosen by the
investigator.

In this paper, ANN software is demonstrated to successfully enhance limited log
suites in the Morrow channel-sandstone play in Beaver County, Oklahoma. ANNs are
trained to recognize patterns using a complete, accurate, modern log suite in a control
well. Using back-propagation network architecture and input data from adjacent wells
with limited log suites (i.e., spontaneous potential and deep resistivity), the ANN
successfully predicts log responses that would have occurred if modern logs had been
run (i.e., gamma ray, density porosity, and acoustic travel time) and creates reliable
synthetic logs.

In the example developed herein, stratigraphic correlation and petrophysical calcu-
lations were modified significantly by incorporating the ANN -synthesized control. The
viability and accuracy of the ANN predictions were confirmed by known initial-poten-
tial and cumulative-production data.

INTRODUCTION

What Are Neural Networks?

The human brain is a biclogical neural network com-
prised of approximately 10 billion interconnected neu-
rons. Artificial Neural Networks (ANNSs) are relatively
new data-processing mechanisms that transform input
data into desired output data. This is accomplished by
use of an internal architecture that is patterned after
engineering maps and resultant descriptive equations

describing the inner workings of the human nervous
system. They have been shown to be effective in provid-
ing sophisticated data-processing solutions to complex
and dynamic problems (i.e., problem diagnosis, decision
making, prediction, and other classifying problems
where both empirical pattern recognition is critical and
precise algorithm-derived answers are either not re-
quired or are not easily obtained).

Because the ANN mimics the problem-solving proc-
ess of the human brain, the network can apply knowl-

Arbogast, J. S.; Butler, M. L.; Franklin, M. H.; and Thompson, K. A., 2001, Enhancement of “limited” log suites using neu-
ral networks, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern Midcontinent,
1998 symposium: Oklahoma Geological Survey Circular 104, p. 185-195.
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edge gained from past experience to new problems and
situations. The ANN, in effect, uses a “training” expe-
rience to build a system of neurons and weight links
that allow it to make new decisions, classifications, and
predictions.

One of the most popular architectures of ANNs is
the back-propagation neural network (BPNN), a super-
vised learning algorithm which is flexible, easy to use,
and suitable to predicting problems where non-linear
associations between input/output functions need to be
learned from experience (i.e., no model is required).
The BPNN “learns” by adjusting the interconnection
weights between layers of neurons when the weight
changes are back-propagated (sent backward) through
the network after the output layer is evaluated (Fig. 1).
Like the human brain, repeated training using good
data will improve these associations. Accordingly,
training using bad data will yield poor results.

Why Use Neural Networks to Tie Rocks to Logs?

The effective use of neural networks allows a rela-
tively easy transformation of log data into any desired
output parameter, as long as truthful relationships
between input log curves and output log curves are
used in the training and learning process. The specific
mathematical relationships between predictors (logs)
and target values (rocks or pseudo-logs) need not be
known. Even the relative importance of the predictors
need not be known. Complex, non-linear predictions
are easily solved, and the ANN offers some advantages
over traditional regression analysis. For example, the
ANN does not require known algorithmic ties between
input and output parameters (i.e., model equations). In
addition, the ANN does not force predicted values to lie
near mean values and thereby preserves raw-data vari-
ability.

Historical Use of Neural Networks
in Petrophysical Problem Solving

The theory behind ANNs and their application in
mineral identification from well logs was introduced by
Halliburton Logging Services, Inc., and is discussed in
some detail in Baldwin and others (1990). Specific ap-
plications relating to permeability prediction (espe-
cially in difficult-to-predict, mixed carbonate/clastic
lithologies) are well presented in Thompson and others
(1996) and in Rogers and others (1995). ANN applica-
tions to support log-derived, bulk-volume water calcu-
lations used to prospect for producible hydrocarbons
are discussed in Franklin (2001).

METHODOLOGY
General

The ANN learns from good data as well as from bad
data. Thus, it is important to train it on the best data
available. Choosing appropriate predictors and values
for training points is critical to the efficient and accu-
rate use of ANNs in petrophysical evaluations and pre-
dictions. Prior to applying ANN software, all digital
data must be cleaned up by using a high-quality, digi-
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“Hidden”
Layer Output
Input Layer
(Synthetics)

spP Gamma
Ray
Induction
Resistivity Density

Figure 1. Diagram showing back-propagation neural-network
architecture for generating synthetic gamma-ray and density-
porosity logs from spontaneous-potential and deep-induc-
tion—resistivity logs.

tal log-analysis program. Specifically, the investigator
must be able to depth-shift, normalize, patch, and
baseline-shift curves. In addition, “bad hole” areas
must be identified (caliper and bulk density correction
curves work well) and avoided when choosing ANN
training points. The data clean-up and the choice of
training examples requires experience with digital log
data and a knowledge of the relationships between li-
thology and log response in the study area.

What to Use as Predictors

The investigator should use predictors (input curves)
that are generally available in the vast majority of
wells in the study area and that are known to relate to
the observed output in the control (training) well. The
investigator should never use a predictor that is be-
lieved to be irrelevant to the relationship.

Selecting Training Examples

The ANN will yield accurate results only if it learns
from logical, accurate data relationships. The following
tips will help make the best use of the predictive abili-
ties of the ANNS:

¢ Provide examples only where you have good ties
between predictors and target values.

¢ Select examples where you can “see” the relation-
ship.

¢ Select examples over the range of values that you
want predicted.

¢ Select examples only at points where logs are
fully resolved.

¢ Do not select training examples where the predic-
tors are very close to each other and the predicted
output values are widely different.

¢ Include new examples only that contain new in-
formation.

¢ Do not include any training data that you have
not examined in detail.
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Figure 2. Depth interval sampling (shaded area) helps the ANN accommodate the fact that well logs are not perfectly resolved
vertically (i.e., thin-bed effects, etc.). By incorporating data above and below the specific training example chosen, the ANN
can be trained to learn the differences in the curve patterns in the three logs shown, even though the specific training examples

chosen yield identical gamma-ray (GR) values (45 API Units).

Depth Interval Sampling

The authors recommend the use of ANN software
that uses depth-interval sampling (DIS) on the input
data. DIS allows the neural network to incorporate and
apply peripherally related data to the selected training
examples. In effect, this enhancement allows the ANN
to compensate for the well-known fact that logs are not
perfectly resolved vertically. An example of DIS struc-
ture and a potential application are shown in Figure 2.

Testing and Applying ANN Results

To evaluate the practical application limits of any
given ANN in a study area the synthetic results should
be compared to those recorded in modern logs in offset
wells. If the ANN results match those shown by logs in
an offset well, the investigator can be reasonably confi-
dent that the ANN can be applied to all wells located
between the training well and the offset well. If the
ANN results do not match those shown in an offset
well, the investigator can simply retrain another ANN
on the log data from the offset well and subsequently
test its practical application limits.

BALKO (SOUTHEAST) AREA,
BEAVER COUNTY, OKLAHOMA

The example used for this paper is the Balko South-
east area of Beaver County, Oklahoma, which is a
mature oil and gas province that produces prolifically
from Lower Pennsylvanian (upper Morrowan) point-
bar sandstones (Fig. 3). Isopach and structure maps of
the upper Morrow “A” and “B” sands show a southeast
regional dip superimposed on discontinuous point-bar—
sandstone deposits (Fig. 4) that are difficult to corre-
late.

L_/..:— Beaver County

Study Area

Oklahoma

Figure 3. Index map of the study area.

The Problem

The investigator was tasked with correlating discon-
tinuous point-bar sandstones and evaluating hydrocar-
bon prospects using data from both recent and older
wells. Data constraints (old electric-log suites) in this
and many other mature provinces severely limit accu-
rate formation evaluation. ANNs were used success-
fully to evaluate hydrocarbon production potential in
the upper Morrow “A” and “B” sandstones in four wells
by generating synthetic bulk-density (porosity),
gamma-ray, and acoustic (porosity) logs from the lim-
ited, older log data that were available. The addition of
these synthetic data resulted in a more accurate evalu-
ation of the older wells and facilitated prospect genera-
tion capabilities in the study area.

This paper shows the results derived from four wells
in the study area to illustrate the application of ANN
technology. (1) The Pounds #2-34 well had a relatively
complete suite of modern logs, including gamma-ray
(GR), spontaneous-potential (SP), deep-induction—re-
sistivity (DIR), and density-porosity (DPL) logs. (2) The
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Figure 4. Structure and isopach maps of the upper Morrow “A” and “B” sandstones (lithologic correlations strongly influenced
by synthetic logs generated with ANN software). Contour lines in feet; structure contour lines in feet below mean sea level.

Schlehofer #1 well had only GR, SP, and DIR logs. (3)
The #1 Elnora Schlehofer had only SP, DIR, and PSL
(acoustic-porosity) logs. (4) The #1 Helen Bradley had
only the SP and DIR logs.

Training the ANN “Brain”

The Pounds #2-34 well had a complete, high-quality
log suite. Therefore, it was the clear choice for the
training well. Four neural-net training examples (Fig.
5) were selected (three in the point-bar sandstone and

one in the underlying shale). These four training ex-
amples allowed the DIS-supported ANN to learn the
interrelationships among all four actual log curves.
After the ANN was trained, its predictions were
tested or ground-truthed. The ANN predictions were
checked by comparing its synthetic gamma-ray and
density-porosity logs (derived by using only the SP and
DIR logs) with the pre-existing, recorded gamma-ray
and density-porosity logs (Fig. 5). A second ANN was
applied (using only the DIR curve) to generate a syn-
thetic acoustic-porosity log. The successful match
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Figure 5. Comparison of recorded logs and neural-network—derived synthetic logs (bold, dashed curves) in the Trueblood
Resources, Inc., Pounds #2-34 well used to train the ANN. Depth in feet below mean sea level.
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between the ANN-generated synthetic logs and the ac-
tual logs in the training well justified applying the
ANN to other wells in the study area.

Applying the ANN “Brain” to Other Wells

The neural-net software applied the ANN that was
generated in the training well to the Schlehofer #1 well
(Fig. 6) and produced a synthetic gamma-ray curve
(bold) that was tested against an actual gamma-ray
curve run in the well. The two curves overlaid nearly
perfectly. The ANN-generated, synthetic, neural-net
density-porosity log yielded values ranging from 10% to
14% in the “A” sandstone. Before applying ANN tech-
nology to this well there was no porosity control in this
well bore and no data from which to calculate water
saturation (Sw) or bulk-volume water (BVW).

Next, the ANN was applied to the #1 Elnora Schle-
hofer well to yield a synthetic gamma-ray curve and a
synthetic density-porosity curve (Fig. 7). The synthetic
gamma-ray curve better defines both the “A” and “B”
point-bar sandstones (especially the upper lobe of the
“B” sandstone). In the point-bar sandstones, the syn-
thetic density-porosity curve nearly overlays the re-
corded acoustic-log—derived porosity curve (density-
porosity and acoustic-porosity values are expected to
diverge widely in the shales).

Finally, the ANN was applied to the #1 Helen Brad-
ley well to yield a synthetic gamma-ray log and a syn-
thetic density-porosity log that enhanced thin-bed reso-
lution in the “B” sandstone and indicated up to 20%
porosity in the massive “A” sandstone.

Cross-section A—A’ (Fig. 8) was correlated initially
using only the logs that were actually run on the four
wells. The “A” sandstone appeared to be relatively con-
tinuous in all four wells, and the “B” sandstone ap-
peared to be absent in the Pounds #2-34 and the #1
Schlehofer wells. After the ANN was applied to all four
wells and synthetic gamma-ray and density-porosity
logs were generated, cross-section A—A’ yielded a sig-
nificantly different interpretation (Fig. 9).

With accurate gamma-ray and density-porosity logs
in all four wells, hydrocarbon producibility was evalu-
ated. The Archie equation (with parameters appropri-
ate for the rocks in the study area), was used to calcu-
late water saturation (Sw). Bulk-volume water (BVW),
the amount of water in the reservoir expressed as a
fraction of total reservoir volume, was then calculated.
When used with porosity, BVW is commonly a better
indicator of producibility than is Sw, especially in
tighter reservoirs.

The “A” sandstone in the Helen Bradley #1 well (av-
erage BVW value of 2.5) initially produced 1,278 bar-
rels of oil per day (BOPD) with a cumulative production
of 215 thousand barrels of 0il (MBO) (Fig. 10). The “A”
sandstone in the E. Schlehofer #1 well (average BVW of
4.0) initially produced 276 BOPD plus 3.7 million cubic
feet of gas per day (MMCFD) and cumulatively pro-
duced 139 MBO. The “B” sandstone in the Schlehofer
#1 well (average BVW value of 5.0) initially produced
120 BOPD but quickly watered out with a cumulative
production of only 7,317 BO. The “B” sandstone in the

dJ. S. Arbogast and others

Pounds #2-34 well (average BVW value of 6.0) was
drill-stem tested and shown to be water productive,
recovering 110 ft of muddy water.

A new, qualitative BVW “quick-look” technique is
discussed in detail in Franklin (2000). He observed that
the “shape” of the BVW curve generally conforms to the
shape of the gamma-ray curve in hydrocarbon-produc-
tive clastic reservoirs. Conversely, in water-productive
reservoirs, the shape of the BVW curve varies signifi-
cantly from that of the gamma-ray curve. This relation-
ship is based on the theory that the gamma-ray curve
indicates clay content and “fines” that account for
“bound” (irreducible) water in the reservoir. The
BVW curve matches the shape of the gamma-ray curve
where the only water in the reservoir is irreducible.
Where movable water is present, these curves do not
appear to track.

A comparison between the BVW/gamma-ray rela-
tionship in the water-productive “B” sandstone of the
Pounds #2-34 well and the BVW/gamma-ray relation-
ship (based on neural-net—derived synthetic-density
porosity and gamma-ray curves) in the hydrocarbon-
productive “A” sandstone of the Elnora Schlehofer #1
well supports Franklin’s conclusions (Fig. 10).

The additional information provided by the ANN
will have a significant impact on future prospect evalu-
ation in the study area.

OTHER APPLICATIONS

The ANN is a general-purpose tool that can be ap-
plied to solving any complex, non-linear, dynamic
petrophysical problem. A few of the more obvious appli-
cations include:

¢ Producing synthetic logs (i.e., acoustic logs to tie
two- and three-dimensional seismic data).

¢ Interpreting old E-logs (after using inversion soft-
ware).

e Synthesizing special log measurements (NMR,
porosity, bulk-volume irreducible fluids).

¢ Synthesizing properties measured from cores or

cuttings.

Total organic carbon.

Shear-wave acoustic velocity.

Capillary-pressure properties.

Total fluid-flow capacity.

Lithology or rock-type classification.

Expected production rates.

CONCLUSIONS

The ANN is a general-purpose data-processing tool
that can be applied to solving any complex, non-linear,
dynamic petrophysical problem provided that the ANN
is trained on accurate digital data that reflect “truth-
ful” input/output relationships. The ANN allows an
easy transformation of log data into any desired output
parameter. Specific mathematical relationships be-
tween predictors (logs) and target values (rocks) need
not be known. Even the relative importance of the pre-
dictors need not be known.

The specific applications discussed in this paper rep-
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Thomas and Brewer
Schlehofer #1
34-2N-23 ECM, Beaver County, Oklahoma
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Figure 6. Neural-network—derived density-porosity log (bold, dashed curves in Track 3) for Thomas and Brewer, Schlehofer
#1 well, based only on input data from spontaneous-potential and deep-induction—resistivity logs. Neural-network—derived
gamma-ray log (bold, dashed curve in Track 1) is also based on data from spontaneous-potential and deep-induction—resis-

tivity logs and is compared with an actual recorded gamma-ray log in the well as a check on ANN reliability. Depth in feet below
mean sea level.
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Humble Oil and Refining Co.
E. Schiehofer #1
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respectively) based only on input data from spontaneous-potential and deep-induction—resistivity logs for Humble Qil and
Refining Co., E. Schlehofer #1 well. A recorded acoustic log in Track 4 is used to check the ANN synthetic acoustic log. Depth
in feet below mean sea level. Note how well the ANN-derived synthetic-density—porosity log and the recorded acoustic-porosity
log agree in the clean sandstones in Track 3 (acoustic-porosity and density-porosity logs are expected to differ widely in the
shale sections).



Log Enhancement Using Neural Networks

Stratigraphic Cross Section
A Datum Top Morrow Shale
Beaver County, Oklahoma
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Trueblood Resources, inc.
Pounds #2-34
34-2N-23 ECM, Beaver County, Oklahoma

0 Bulk VgLL_lm_e_W_a_teE_ _0.%
0 Gamma Ray 150 1 Shallow Resistivity 100 0.25 Density Porosity 0
KL TS RO 0 _1_ _ Deep Induction Resistivity 10010 Sw 0 025  BulkVolume Water 0
7600 |
|
DST
Rec. 1107
MXW
7650 ‘K“
Humble Oil and Refining Co.
E. Schiehofer #1
2-1N-23 ECM, Beaver County, Oklahoma
2 _NN BuI_V(&JmIEWater_ _9.2
0 NN Gamma Ray 150 0.25 NN Density Porosity 0
00 e BR 0 _1__ Deep Induction Resistivity 100 1.0 NNSw 0 0.25 NN Bulk Volume Water 0
A
L -
B
P ] A =
276 Bopml_:_ A o
3.7MMCFD Soe
7700 —
‘f
\
[
3
J |
U
f d
)Y
\
L ]
AY
)
| 3
'\
7750 —
‘I
¢
"y
‘GB” ’__‘
K
)
A
-
Pl
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resent only the tip of the iceberg regarding the poten-
tial use of this very powerful formation evaluation and
exploration tool. The effective use of neural-network
technology need not be confined to major oil companies
and large service companies. User-friendly, modestly
priced software has recently become available, which
allows virtually anyone with a modern personal com-
puter (and the skills to work with digital log-analysis
software) to effectively apply ANN technology to petro-
physical-problem solving, and petrophysical consulting
companies specializing in neural-network applications
are available to the industry.
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Hydrocarbon Prospecting Using “Quick-Look” Bulk-Volume Water

Mark H. Franklin
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ABsSTRACT.—Bulk-volume water (BVW) is the amount of water in a formation ex-
pressed as a fraction of the total volume. BVW-analysis techniques provide a conve-
nient method for identifying producible water and hydrocarbons using wireline logs.
Traditional applications are reviewed briefly and a new, “quick-look” bulk-volume
water (QLBVW) technique is introduced.

Previous BVW analysis required the generation of cross-plots of porosity and wa-
ter saturation. Its usefulness was limited in complex and inconsistent lithologies. Pref-
erable techniques, including QLBVW, use depth plots of measured and calculated logs
to quickly predict whether a formation will produce water, hydrocarbons, both, or nei-
ther.

The QLBVW technique accommodates complex and changing lithologies and pro-
vides higher resolution in “simple” and consistent lithologies. The QLBVW technique
plots gamma-ray (GR) and BVW curves together (versus depth) and compares the rela-
tive shapes of these curves. A similarity in the respective shapes of GR and BVW
curves implies no movable water. QLBVW analyses provide quick assessments of
movable water, even when porosity logs are not available. By synthesizing GR curves
using neural networks, this technique can be extended to older wells with “limited” log

suites.

METHODOLOGY
What is Bulk-Volume Water?

Bulk-volume water (BVW) is a log-derived value rep-
resenting the amount of water in a formation. Quanti-
tatively, BVW is the product of porosity and water
saturation:

BVW = & x Sw

Where:
¢ = Log-derived porosity
Sw = Log-derived water saturation

For example:

If ® = 10% and Sw = 45%,
Then, BVW = (0.10) x (0.45) = 0.045 or 4.5%.

How Is BVW Used?

Geoscientists commonly use log-derived-BVW tech-
niques to determine movable fluids in rocks and to clas-
sify petrophysical rock types. Morris and Biggs (1967)
noted that, in a homogeneous rock with no movable
water, BVW is constant. Conversely, BVW varies with
porosity in formations with movable water. Therefore,

in many homogeneous reservoir rocks, the “activity”
(the change in shapes and values) of the BVW curve
alone may be an indication of the type of movable fluid
present.

For illustration purposes, consider a porous, perme-
able, water-wet reservoir that contains both movable
oil and water (Fig. 1). The buoyancy of hydrocarbon in
water produces a zone of irreducible water at the top of
the formation in which the only movable fluid is hydro-
carbon. Beneath the hydrocarbon-only productive zone
is a transition zone, where both hydrocarbon and water
are producible in varying amounts. Below the transi-
tion zone only water will be produced.

In a reservoir above the transition zone, water satu-
ration (Sw) is equal to irreducible-water saturation
(Swy,,). Irreducible-water saturation, however, is not
constant; it changes with porosity. Water-cut can be
difficult to interpret from Sw. For example, Sw,, can be
a large number (i.e., 70%) for a reservoir with high clay
content (or microporosity) that produces water-free
hydrocarbons. Sw can also be misleading because Sw
also changes with porosity (even in zones with no mov-
able water). The application of BVW techniques helps
distinguish movable from nonmovable water.

Franklin, M. H., -2001, Hydrocarbon prospecting using “quick-look” bulk-volume water, in Johnson, K. S. (ed.), Pennsyl-
vanian and Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Sur-

vey Circular 104, p. 197-205.
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Figure 1. Schematic diagram of an oil/water reservoir.

Example: Oil Creek Sandstone,
Garvin County, Oklahoma

Wireline logs from an Oil Creek Sandstone well in
West Whitebead Field in Garvin County, Oklahoma,
are shown in Figure 2. The Oil Creek sandstone is a
relatively homogeneous, clean, quartzarenite encased
in nonporous shales. The display format of this log vs.
depth plot is important in the application of this tech-
nique. Most of the “raw,” recorded logs are displayed on
the first three tracks (gzamma-ray, SP, caliper, resistiv-
ity, and porosity curves). Calculated curves, such as
Archie Sw, effective porosity, and BVW are shown on
the two right-hand tracks. This format is beneficial
because the raw curves provide quality control for the
calculated results and allow a visual comparison of
many different measurements. This format offers sig-
nificant advantages over two-dimensional cross-plots
(which allow less than five different quantities to be
viewed simultaneously) and facilitates the visualiza-
tion of hydrocarbon/water systems, especially when
looking at multiple wells in a structural cross section.

The Archie equation is adequate, in most cases, to
calculate Sw and BVW. Barring conductive minerals,
the total water component reflected in Sw and BVW
analyses can be used to differentiate the movable from
nonmovable fractions of water in a reservoir. The
power of this technique is based on the ability of the
analyst to quickly “get on paper” the simple curves
needed for BVW interpretation.

In Figure 2, this interpretation of “classic” BVW
analysis shows irreducible water at depths between
6,010 and 6,034 ft. In this interval, BVW calculated
from logs has a “flat” shape and is equal to irreducible
bulk-volume water (BVW,,.), which is approximately
0.05 for this rock type. The flat shape of the BVW curve
at the top of the sandstone means that water content is
at an irreducible level, compared to varying amounts of
water in the reservoir below 6,034 ft.

Water-free hydrocarbon (0il) would be produced from
the interval above 6,034 ft. From 6,034 to 6,050 ft the
shape of BVW “curve” begins to follow that of the poros-
ity curve, indicating the transition zone. Both oil and
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water would be produced from this interval. From
6,050 ft to the base of the zone at 6,114 ft, BVW is ap-
proximately equal to porosity and is much higher than
BVW,_,, indicating producible water. In this example,
BVW analysis discouraged completion attempts in the
transition zone.

How Does BVW Handle
Heterogeneous Lithology?

Most reservoir-characterization problems are diffi-
cult because they involve heterogeneous lithologies (es-
pecially clay content variability). BVW analysis is criti-
cal in predicting movable fluids in changing rock types
where:

BVW,,, = ® X SWi,.

The irreducible bulk-volume water (BVW,,,) is a
property of the rock that is related to the permeability
of the rock (Fertl and Vercellino, 1978). It may differ
from BVW, which is a log-derived quantity indicating
the total amount of water in a reservoir including both
movable and nonmovable water.

If a reservoir is water-wet and has a homogeneous
pore structure throughout, BVW,,. is fixed, because itis
related to the pore structure of the rock and the ability
of the rock to hold water by capillary force against the
buoyancy force of hydrocarbons—hence, the correlation
with permeability. Under these conditions (homoge-
neous pore structure and water-wet), BVW,,,. remains
constant even as porosity increases because the larger
pore spaces will be occupied by either movable water or
movable hydrocarbons.

Commonly, BVW,_, is constant even in adjacent for-
mations and even when lithologies change because
BVW,,, occupies the small spaces in the rocks and these
spaces commonly result from shared diagenetic phe-
nomena. Historically, investigators experienced only
limited success in using these “traditional” BVW meth-
ods in inconsistent lithologies.

A New, Qualitative “Quick Look” Technique

A new, qualitative BVW technique can help evaluate
difficult and complex lithologies. For example, the gen-
eral “shape” of the BVW curve conforms to the shape of
the GR curve in hydrocarbon-productive reservoirs
with no movable water. Conversely, in water produc-
tive reservoirs, the shape of the BVW curve varies sig-
nificantly from that of the GR curve. The theory that
the GR curve is indicating clay content and the “fines”
that account for “bound” water in the reservoir explain
this empirically derived relationship. The BVW curve
“tracks” the shape of the GR curve when the only water
present in the reservoir is irreducible. In other words,
these curves track where all water in the formation is
tied to the lithology.

Where movable water is present, these curves do not
appear to track. In a water-producing formation, BVW
will commonly increase in value as GR decreases. To
view this effect, display the gamma-ray and BVW
curves together on the strip log, scaling them so that
they track each other in productive zones. In Figure 2,
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Figure 2. Example of bulk-volume water calculated in a homogeneous sandstone oil/water reservoir in the Lario Oil and Gas
West Whitehead #2-2 (sidetrack) in Garvin County, Oklahoma. Depth in feet. Abbreviations: QLBVW—"quick-look” bulk-

volume water, BVW—Dbulk-volume water, GR—gamma ray.

these curves are displayed in the fifth track, called
“QLBVW.” The scales used in Figure 2 work well for
most sandstones. Notice the similar curve shapes (GR
to BVW) in the irreducible-water zone above 6,030 ft.
Below 6,030 ft, these curves no longer track. This curve
separation indicates movable water.

This technique may be used even when porosity in-
formation is unavailable, because BVW is dependent

primarily on Rt (the resistivity of the uninvaded forma-
tion). The Archie equation for water saturation illus-
trates this dependency. The Archie equation is com-
monly expressed as:

a+Rw
Sw=nf
o™ . Rt
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Figure 3. Stratigraphic section and type log for Morrowan interval, southwestern Kansas. Depth in feet.

where @ is porosity. For this demonstration, assume
KM « N W »”

that Archie parameters “a”, “m”, “n”, and “Rw” are con-
stant and “m” is equal to “n.” This equation reduces to:

e

By multiplying Sw by porosity to obtain BVW, the
equation reduces again to show that—under these as-
sumptions—BVW is dependent only on resisitivity.

1
Swed=BVW=f|l —
v (“JRJ

USING QLBVW TO INDICATE PRODUCIBILITY

An example from the Morrow Sandstone in south-
west Kansas documents the successful application of
this new, QLBVW technique. Morrowan rocks of the far
western Midcontinent region produce hydrocarbons
from incised-valley networks that trend southeastward
toward the Anadarko basin in Oklahoma (Figs. 3, 4).
During the Morrowan, the network drained the sur-
rounding highlands including the Amarillo-Wichita
uplift to the south, the Sierra Grande uplift to the
southwest, the Ancestral Rockies to the northwest, the
Transcontinental arch to the north, and the central
Kansas uplift to the northeast.

The study area is located on the south plunge of the
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Figure 4. Isopach map (in feet) of Morrowan interval, southwestern Kansas and surrounding area.

Keyes dome in eastern Cimarron County, Oklahoma.
Three distinct packages are productive from the
Morrowan interval, including the basal Keyes interval
(the main productive interval at Keyes dome), a mid-
Morrowan incised valley that trends generally east—

west, and the upper Morrowan stacked-channel se-
quence that is the subject of this study. Individual flu-
vial channels of the upper Morrowan interval are typi-
cally 5-30 ft thick, yielding 20-70 ft of clean sandstone
in the sequence.
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Figure 5. Example of quick-look bulk-volume water (QLBVW) “curve-shape” interpretation using gamma-ray (GR) and bulk-
volume water (BVW) curves in the Cities Service Oil Company #1 Warren “B”, in sec. 27, T. 2 N., R. 8 E. CM, Cimarron County,
Oklahoma. Similar curve shapes indicate irreducible water. Depth in feet. Abbreviations: CFGPD—cubic feet of gas per day,

DST—drill-stem test, GWPH—gallons of water per hour.

Discriminating pay from nonpay in these sandstones
has been difficult. Water saturation in productive zones
can be as high as 70%, and BVW can be as high as 12%.
Lithologic effects on resistivity measurements (due to
deep invasion and conductive clays) partly explain
these unusually high numbers. Traditional log inter-
pretation (using Sw and porosity cutoffs) fails and com-

monly causes operators to test wet zones unnecessarily.

Figure 5 is a log from the Cities Service Oil Co. #1
Warren “B” well in sec. 27, T. 2 N., R. 8 E. CM, Cimar-
ron County, Oklahoma. The upper two sandstones
were tested in this well with widely different results.
The drill-stem test (DST) of the top part of the lower
zone (4,488-4,500 ft) recovered 300 ft of salt water.
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Figure 6. Example of quick-look bulk-volume water (QLBVW) “curve shape” interpretation using gamma-ray (GR) and bulk-
volume water (BVW) curves in the Cities Service Oil Company Dungan “A”-1 in sec. 21, T.2N., R. 8 E. CM, Cimarron County,
Oklahoma. Similar curve shapes indicate irreducible water. Depth in feet. Abbreviations: COF—calculated open flow,
CFGPD—cubic feet of gas per day, DST—drill-stem test, G+MCSW—gas plus mud-cut salt water.

Using the QLBVW technique, this could have been pre-
dicted from the dissimilar GR- and BVW-curve shapes.
Compare this top portion of the lower zone to the top
zone (4,465-4,475 ft), in which the GR and BVW curves
have similar shapes. The top zone tested an initial po-
tential of 280 thousand cubic feet of gas per day

(MCFGPD). The lower zone (4,590—4,600 ft) was not
tested, but should be hydrocarbon productive according
to the QLBVW plot.

Figure 6 shows a nearby well, where tests of the
uppermost and lowermost members resulted in a com-
bined potential of 6,300 MCFGPD. Sandwiched be-
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Figure 7. Example of quick-look bulk-volume water (QLBVW) “curve shape” interpretation using bulk-volume water (BVW)
curves and synthetic gamma-ray (GR) curves generated using neural networks. No GR was run on this older (1964) log
(Texaco Rod Taylor Unit #1 in sec. 9. T. 2 N., R. 8 E. CM, Cimarron County, Oklahomay). Similar curve shapes indicate irre-
ducible water. Depth in feet. Abbreviations: CFGPD—cubic feet of gas per day.

tween these two producing formations are two sand-
stone formations that together tested 954 ft of salt
water on a drill-stem test. Again, these results (gas
versus water) could have been predicted using the
curve shapes in the QLBVW track, and expensive test-
ing could have been eliminated.

Figure 7 shows a nearby well that was drilled and
logged in 1964. No gamma-ray was run on this well. To
apply the QLBVW technique, a synthetic GR curve was
created using neural-network methods (Arbogast and
others, 2001). For this neural-network application, the
spontaneous potential (SP), and deep-induction logs
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were used as predictors of GR response. This relation-
ship was “trained” on examples from nearby modern
wells. The QLBVW technique works just as well using
the neural-network—derived synthetic-GR log, and
identifies the productive intervals by similar curve
shapes (4,455-4,465 ft and 4,488-4,507 ft). The re-
maining intervals with different curve shapes are
likely to be water bearing. The powerful combination of
neural-network and QLBVW methods greatly reduces
risk when looking for bypassed pay in older wells where
only SP and resistivity logs are available.

CONCLUSIONS

This QLBVW technique is easy to use, requiring
only a strip-log display of simple “Archie” calculations.
The relative shapes of the GR and BVW curves indicate
water vs. hydrocarbon producibility. The author has
applied the technique with success in many geographic
settings in both sandstone and carbonate lithologies;
however, carbonate reservoirs on occasion require addi-
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tional measurements to determine lithology (such as
photoelectric effect) in combination with or in place of
the GR. QLBVW techniques can be applied in areas
with inconsistent or limited logging suites by using
neural networks to generate required synthetic-curve
data.
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INTRODUCTION

The Oklahoma Geological Survey (OGS) has parti-
cipated in the U.S. Geological Survey’s (USGS)
COGEOMAP (Cooperative Geologic Mapping) and
STATEMAP (State Mapping) programs every year
since 1984 (fiscal year 1985). To date, the OGS has re-
leased 30 detailed 7.5’ geologic maps (scale 1:24,000) as
open-file reports and five 1:100,000-scale digital geo-
logic maps (Fig. 1). Most of the earlier COGEOMAP
1:24,000-scale mapping was resource-oriented and fo-
cused on the Ouachita tectonic belt-Arkoma basin
transition zone (Fig. 2), an area undergoing significant
natural-gas exploration, discovery, and development
(Johnson and Suneson, 1996). In 1992, President
George Bush signed the National Geologic Mapping
Act (NGMA) into law. One component of NGMA is
STATEMAP, which is designed to provide federal assis-
tance to state geological surveys in support of new geo-
logic mapping and digital compilation. Beginning in
FY93, STATEMAP replaced COGEOMAP.

GEOLOGIC MAPPING

The Oklahoma Geologic Mapping Advisory Commit-
tee (OGMAC) recommended in late 1994 that, begin-
ning in FY96, the OGS map the geology of the growing
McAlester, Oklahoma, area, which is adjacent to previ-
ously mapped areas of the Arkoma basin. Therefore,
part of the FY96 STATEMAP proposal emphasized
land-use issues as well as resource concerns and strati-
graphic problems. In addition, OGMAC recommended
that the OGS prepare a series of 1:100,000-scale digital
geologic maps that would serve as the basis for a new
1:500,000 Geologic Map of Oklahoma (Furr, 1999).
The Watonga and Foss Reservoir quadrangles (Fig. 1)
were proposed (FY96) to test OGS compilation efforts
and digital capabilities. These quadrangles were
chosen because the bedrock geology, which consists
mostly of very gently dipping Permian redbeds, is rela-
tively simple and well known. The highly dissected ter-

rain, however, results in complex cartographic pat-
terns.

In September 1996, OGMAC recommended that
new detailed geologic mapping of the Oklahoma City
(OKC) metropolitan area be started in FY97. The OGS
identified twelve 7.5’ quadrangles that included most
of the metropolitan area and developed a three-year,
four-quadrangles/year mapping program of OKC and
major suburbs to the west, north, and east (Fig. 3;
FY97, FY98, FY99). The purpose of the OGS FY97
STATEMAP program (year one) was to provide a basis
for addressing environmental and engineering con-
cerns as well as Permian stratigraphic problems in the
northern tier of quadrangles (Piedmont, Bethany NE,
Edmond, and Arcadia). Similar concerns in the next
tier of four quadrangles to the south (Bethany, Britton,
Spencer, and Jones) were the focus of the FY98 map-
ping program. The geologic maps of these eight quad-
rangles have been completed and are available. New
1:24,000-scale geologic mapping of the Mustang, Okla-
homa City, Midwest City, and Choctaw 7.5’ quad-
rangles (Fig. 3) is under way, and the maps are avail-
able as of June 2000.

Also in 1996, OGMAC recommended that the OGS
prepare 1:100,000-scale digital geologic maps of the
Oklahoma Panhandle, because of increasing transpor-
tation-infrastructure needs, numbers of stockyards and
meat-processing plants, and to complement ongoing
studies of the area by the Oklahoma Water Resources
Board and Water Resources Division of the USGS. In
November, the OGS proposed (FY97) to the USGS that
the geology of the Boise City 1:100,000-scale map in the
Panhandle (Fig. 1) be compiled and digitized. New
1:100,000-scale digital geologic maps of the remainder
of the Oklahoma Panhandle (Guymon and Beaver
quadrangles) (Fig. 1) are part of the OGS FY98
STATEMAP project. The five 1:100,000-scale digital
geologic maps in northwest Oklahoma proposed as
parts of the FY96, FY97, and FY98 STATEMAP pro-
grams have been completed and are available to the

Suneson, N. H.; Hemish, L. A.; Stanley, T. M.; Furr, T. W.; and Gregory, M. S., 2001, Progress report on geologic mapping
of Pennsylvanian—Permian strata in Oklahoma: the STATEMAP project, in Johnson, K. S. (ed.), Pennsylvanian and
Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular

104, p. 207-211.
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Figure 1. Map showing geologic maps produced as part of COGEOMAP and STATEMAP projects. Areas shown as "“in

progress” are part of FY99.

public. Field work in the Buffalo 1:100,000-map area
(Fig. 1), proposed for FY99, is in progress.

In September 1999, the OGS recommended and
OGMAC agreed that detailed 1:24,000 geologic map-
ping of the Oklahoma City metropolitan area continue
and should include major suburbs to the south and to
the east, where an “outer-loop” interstate bypass had
been proposed by the Oklahoma Department of Trans-
portation. The OGS submitted a proposal to map the
first tier of southern quadrangles (Oklahoma City SW,
Oklahoma City SE, Moore, and Franklin) (Fig. 3) to the
USGS in November 1999. The proposal was accepted in
March 2000, and mapping is to begin in the 2000-2001
winter field season.

MAPPING AND PRODUCTION PROCEDURES

Current Procedures

The OGS procedure for producing the 1:24,000-scale
geologic maps and supporting information is:

1. Review existing maps and literature and/or inter-
pret aerial photographs;

2. Map in the field on 1:24,000-scale topographic base
maps;

3. Hand-transfer field data to stable-base mylar,
greenline base maps, including oil- and gas-well lo-
cations. Well locations are determined from scout
tickets, Oklahoma Corporation Commission 1002A
well-completion forms, and Herndon Map Service
maps;

4. Construct geologic cross-section(s) based on surface
geology and interpretation of electric logs;

5. Prepare description and correlation of units, list of
wells, symbols, title block, etc.;

6. Lay out map components (mockup);
7. Enlarge or reduce items in number 5 as appropri-
ate;
8. Register base-map negatives to geologic data;
9. Prepare and composite film negatives;
10. Prepare single-film positive of entire map sheet;
11. Reproduce (in black and white) for customers, as
needed, on a large-format engineering copier.

OGS geologists currently perform procedures 1
through 5; OGS cartographic staff completes proce-
dures 6 through 10; and the OGS print shop does pro-
cedure 11.

Past Procedures

Past OGS procedure for producing the 1:100,000-
scale digital geologic maps was (Furr, 1999):

I. OGS geologist does the following:

1. Conducts library research and compiles all ex-
isting modern geologic maps on 1:24,000-scale
base maps;

2. Supplements compilation and resolves differ-
ent geologic interpretations with aerial-photo-
graphic interpretation and/or reconnaissance
field checking;

3. Drafts by traditional “pen and ink” methods
the geologic data on to a stable 1:100,000-scale
mylar greenline base map;

4. Colors the formations on a paper print of the
1:100,000-scale map, checking for gaps or open
formation contacts;

5. Prepares description and correlation of units,
symbols, area of investigation map, title block,
etc.;
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Figure 2. Map showing 1:24,000 detailed geologic maps of northern Ouachita Mountains and southern Arkoma basin. Geo-
logic maps were produced as part of U.S. Geological Survey-sponsored COGEOMAP and STATEMAP programs.

6. Turns this information over to the OGS carto-
graphic staff for processing.

II. OGS cartographic staff does the following:

7. Using scribing, makes a line-work separation
of the geologic contacts from the base map;
8. Prepares a geologic color-selection guide;
9. Prepares a map layout guide;
10. Makes a clear film or paper photo print of the
geologic line work;
11. Turns over to the GIS specialist the photo print,
color selection guide, and map layout guide.

II1. The GIS specialist does the following:

12. Scans 100:000-scale photopositive of geologic
map sheet at 400 dots per inch on an ANAtech
3640 Eagle optical scanner;

13. Converts scanned (raster) image to vector poly-
gons utilizing LtPlus raster-to-vector conver-

14.

15.

16.

17.

18.

sion software on a SUN SPARC workstation;
Plots digital vector data at 1:100,000-scale on
an HP650C plotter and visually compares re-
sults with original map compilation to ensure
completeness and precision of scanning and
data conversion;

Within LtPlus, creates polygon topology, at-
tributes each polygon twice, and performs a se-
ries of quality-control checks with software
macros (programs);

Exports digital base-map data from LtPlus in
standard USGS DLG-3 format and imports
digital data into Arc/Info version 7.0.3;
Writes and executes Arc Macro Language pro-
gram to utilize the digital geology polygons as
part of the 1:100,000-scale geologic map;
Places geologic-polygon and base-map image
file layers on OSU (Department of Plant and
Soil Sciences) file server in ArcView shapefile
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Figure 3. Map of the Oklahoma City metropolitan area showing completed (FY97, FY98), in progress (FY99), funded (FY00),
and to-be-proposed (FY01, FY02) 1:24,000-scale geologic maps.

format. These data are used by the OGS carto- by adding title, explanation, index map(s), geo-
graphic staff. logic letter symbols, and colors;
IV. Th . . 22. Creates file formats for printing maps and
. The OGS cartographic staff does the following: . i
sends formats to printer;
19. Transfers file to OGS computer network using 23. Exports geologic map database in ArcView
standard file transfer protocol (ftp); shapefile format for use in GIS applications;
20. Moves ArcView shapefiles into Adobe Illustra- 24. On request, makes available to the public the
tor using MAPublisher’s import filter; completed map data sets in one of the following
21. Using Illustrator, performs necessary carto- formats: (a) Arc/Info export format (.e00), (b)

graphic work to bring map to OGS standards ArcView shapefiles, or (c) USGS DLG-3 format
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for access throughout the World Wide Web via
a Web browser or by ftp.

Future Procedures

The OGS currently is reevaluating its procedures for
producing the 1:100,000-scale digital geologic maps. In
an effort to streamline the process and increase produc-
tion speed, many of the steps outlined above will be
dropped, and others will be handled by OGS personnel.
We probably will digitize the field-checked and/or
remapped 1:24,000 geologic maps directly into ArcView
or by using a digitizing tablet. These detailed map data
sets will then be compiled at a scale of 1:100,000. In the
future, the OGS also will digitize the detailed 1:24,000
geologic maps; this may enable colored maps to be
printed on demand at an economical cost. In addition,
the maps may be made available in a geographic infor-
mation system (GIS).

SUMMARY

The OGS STATEMAP program and preceding
COGEOMAP program have been unqualified suc-
cesses. In addition to the 35 1:24,000- and 1:100,000-
scale maps released to the public, the geologists associ-
ated with the mapping have published more than 60
abstracts and papers in scientific journals. Five guide-
books on the geology of southeastern Oklahoma are
available, and two of them contain numerous papers by
non-OGS geologists. Much of the information published
in the OGS guidebooks by industry and university ge-
ologists would not be available to the public if the
new mapping completed under the STATEMAP and
COGEOMAP programs had not been undertaken.
More than 200 geologists attended field trips held in
conjunction with publication of the guidebooks. In addi-
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tion, OGS geologists conducted numerous field trips for
industry geologists, university groups, and organiza-
tions such as Elderhostel. The maps and field experi-
ence also provided the basis for several theses by uni-
versity graduate students.

The OGS will continue to support geclogic mapping
in Oklahoma, the NGMA, and the USGS STATEMAP
program. At the time this paper was rewritten (Spring
2000), the OGS was planning to apply for STATEMAP
funds to complete mapping the OKC metropolitan area.
Completion of the southernmost four-quadrangle
tier south of OKC in FYO01 will accomplish the goal
of providing city planners and engineers as well as
homeowners with new, detailed geologic maps of this
rapidly growing part of Oklahoma. For FY02, the OGS
will propose detailed geologic mapping of a north—south
strip of quadrangles directly east of the OKC metropoli-
tan area because this area is the site of a possible fu-
ture “outer loop” or interstate bypass around OKC.
If the outer loop is built, it will be the focus of new busi-
ness and residential development. The OGS will also
continue and potentially accelerate its program of
100,000-scale digital geologic-map compilation, with
the ultimate goal being a new geologic map of Okla-
homa.
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Evolution of the Meers Valley, Southwestern Oklahoma

R. Nowell Donovan, Kathy Collins, and Steve D. Bridges
Texas Christian University
Fort Worth, Texas

ABstrRACT.—The modern Meers Valley trends east-southeast-west-northwest and lies
between the eastern Wichita Mountains and the Slick Hills in southwestern Okla-
homa. These two ranges are the exposed part of the Wichita uplift, a major Pennsyl-
vanian terrain. The valley is about 15 mi long and opens to the east-southeast. The
valley is floored by Recent and Pleistocene soil, alluvium, and regolith, Permian con-
tinental facies (talus, fan, braided alluvium, and calcretes), and a variety of Cambrian
igneous rocks {(mostly basic and ultrabasic rocks plus some rhyolite).

The form of the valley is intimately linked to the east-southeast—west-northwest—
trending Meers fault. This structure has a long and complicated history. During the
Cambrian, the fault probably helped to define the early igneous development of the
southern Oklahoma aulacogen. Specifically, the fault may have formed to locus for
intrusion of basic dike-like intrusions, while, during a later phase, the petrography of
basal Cambrian sediments is compatible with the presence of a substantial fault that
was downthrown to the east-northeast.

The fault was reactivated in the Pennsylvanian as a major member of the frontal
fault zone, a linear zone of intense transpressive tectonic deformation that separates
the Wichita uplift from the Anadarko basin. At this time, the fault facilitated a strati-
graphic separation of at least 4,000 ft (~1,220 m) between the Slick Hills and Wichita
Mountains. Structural styles in the Slick Hills suggest a-major component of left-lat-
eral displacement at this time.

Differential erosion across the Meers fault scarp during the Early Permian led to
the first period of formation of Meers Valley. Initial Permian drainage and erosion off
the rising Wichita Mountains to the north-northeast (into the Anadarko basin) re-
moved a thick, lower Paleozoic sedimentary section plus a substantial thickness of
Cambrian acidic igneous rocks (the Carlton Rhyolite and Mount Scott Granite).

Definition of the Meers Valley as a subsequent drainage system controlled by the
fault trace began when ultrabasic rocks beneath the Mount Scott Granite were rapidly
eroded. The northern front of the Wichita Mountains evolved as a fault-line scarp
retreating to the south-southwest. Permian facies in the Valley are compatible with
drainage to the east-southeast by fans and braided rivers in a semiarid environment.

Permian rejuvenation of the Meers fault with a modest throw down to the south-
southwest is recorded by megaclast breccias on the northern edge of the Valley. Blocks
of limestone as much as 60 ft (~18 m) across in this area apparently fell from an active
fault scarp. Subsequently, the Permian landforms in the area were preserved in the
extreme aridity of the area before entombment by later Permian rocks.

EXHUMED PERMIAN TOPOGRAPHY

The Wichita uplift in southern Oklahoma formed
during late Paleozoic inversion of the southern Okla-
homa aulacogen. During the Pennsylvanian and Early
Permian, erosion removed much of the lower Paleozoic
sedimentary cover to expose a complex igneous base-
ment. This erosion was particularly severe in the
Meers Valley, a linear declivity that lies between the
Slick Hills and Wichita Mountains (Fig. 1). As the tec-

tonic inversion ceased, the resulting land surface was
gradually buried beneath Lower Permian sediments,
collectively referred to the Post Oak Formation (Chase,
1954; Donovan and others, 1982; Donovan, 1986a).
Preservation of significant topography was possible
because the climate in the area became increasingly
arid, probably because of a combination of two factors.
(1) The Laurentian craton was drifting into the north-
ern hot-desert belt during this time. (2) Concurrently,
the area of what is now Oklahoma was becoming in-

Donovan, R. N.; Collins, Kathy; and Bridges, S. D., 2001, Evolution of the Meers Valley, southwestern Oklahoma, in
Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern Midcontinent, 1998 sympo-
sium: Oklahoma Geological Survey Circular 104, p. 213-223.
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Figure 1. Map showing location of Meers Valley and some specific sites and features.

creasingly isolated from moisture sources during the
tectonic assembly of Pangaea (Donovan and others,
1992). Thus, in a sense, the topography of the Wichita
Mountains area is a Permian inheritance, exhumed
from its cover and only slightly altered during the
present erosion cycle. Permian topography is preserved
in surprising detail, from ancient granite and gabbro
tors and scarps (Gilbert, 1982) to extensive fissure-
karst and pediment surfaces (Donovan, 1992). This
paper examines some details of the geomorphic evolu-
tion of the Meers Valley.

THE PRESENT GEOGRAPHY
OF MEERS VALLEY

Structural Control

The Meers Valley in southwestern Oklahoma lies
between the Wichita Mountains to the south and the
Slick (or “Limestone”) Hills to the north. The valley
trends east-southeast—west-northwest, parallel to the
trace of the Meers fault, a major structure that has
been the dominant control on the geomorphic evolution
of the Valley (Fig. 1). Pennsylvanian movement on this
fault resulted in several thousand meters of strati-
graphic displacement down to the north and east. This
movement ultimately determined the character of
Meers Valley.

The axis of the Valley can be traced presently for
approximately 15 mi (~24 km) from a gentle divide at
1,725 ft (~540 m) in the west-northwest near the

Saddle Mountain Indian Mission to the line of Cache
Creek north of Lawton, where the Valley opens into the
plains of southern Oklahoma at around 1,200 ft (~375
m). The topographic fall from west-northwest to east-
southeast is thus about 35 ft per mi (~7 m per km).

The northeastern divide of Meers Valley is located in
the Slick Hills (Fig. 1), an area of intensely folded and
faulted Lower Paleozoic rocks—mostly carbonates as-
signed to the Cambro-Ordovician Arbuckle Group (Fig.
2). The Hills are built of slopes with angles of up to 25°
and are heavily dissected by a number of small, mostly
ephemeral streams. Summits on the divide rise from
approximately 1,500 ft (~470 m) in the southeast to
almost 2,100 ft (~660 m) near the Indian Mission. This
means that the orthogonal fall from this divide to the
valley axis ranges from 300 to 400 ft (about 95 to 125
m) in a distance of about 2 mi (~3.2 km).

The southwestern divide of the valley is a dissected,
cliff scarp formed by the Mount Scott Granite, a sill-like
intrusion that lies atop basic and ultrabasic intrusives
and is itself overlain by the Carlton Rhyolite. This
scarp is the most dramatic topographic element in the
Wichita Mountains and effectively defines almost the
entire southwestern side of the Valley. Relief on the
scarp is steepest in the vicinity of Meers, where Mount
Scott and Mount Sheridan both rise to over 2,400 ft
(~750 m). The orthogonal fall from the top of Mount
Scott to the valley axis is around 1,100 ft (~340 m)in a
distance of about 2 mi (~3.2 km). Clearly, the valley has
a highly asymmetric cross profile (Fig. 3).
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Modern Drainage Patterns

Modern drainage patterns are superimposed on the
Meers Valley, principally in the form of a number of
south-southeast—draining streams that flow into Medi-
cine Creek, which itself is deeply incised into the igne-
ous core of the Wichita Mountains (Fig. 1). Few of the
streams show any clear systematic control by inversion
tectonics. The principal examples of this are (1) linear
segments of Medicine Creek in the neighborhood of the
Meers Township, which seemingly relate to large frac-
tures in the ultrabasic core (Crawford and others,
1991), and (2) the course of Blue Creek Canyon Creek,
which partly follows the trace of the fault of the same
name (Donovan and others, 1982).

In places, the modern drainage is partly incised into
the exhumed Permian land surface, although most of
the ancient contours are still clear. No modern drain-
age follows the axis of Meers Valley.

GEOLOGICAL FRAMEWORK
OF MEERS VALLEY

Pre-Permian Rocks and Structure

As noted, lower Paleozoic rocks of dissimilar charac-
ter form the flanks of the Meers Valley. Thus, the Slick
Hills contain principally carbonate rocks that are un-
derlain locally by the Carlton Rhyolite, whereas the
Wichita Mountains in the Meers area consist of granite
that overlies both basic and ultrabasic intrusives.
These two suites of rocks are juxtaposed by the Meers
fault, a major structure with a history of movement
that dates back to at least the Cambrian (Cecil-Jones
and others, 1995). The principal phase of movement on
the fault took place during Pennsylvanian inversion of
the southern Oklahoma aulacogen. It was at this time
that the geologic framework that would determine the
form of the Meers Valley was set; subsequent move-
ments on the fault have but slightly modified the Penn-
sylvanian setting (Donovan and others, 1983; Gilbert,
1983).

The Meers fault trace approximately demarcates the
northern edge of the Valley (i.e., the southern edge of
the Slick Hills). To the southwest of this fault, the floor
of the Valley is mostly composed of ultrabasic rocks.
The latter are well exposed at the northwestern end of
the valley and are increasingly covered by a veneer of
Permian sediments to the southeast.

Permian Sediments in Meers Valley

None of the sedimentary rocks in the Meers Valley
has yielded diagnostic fossils; they are assumed to be of
Early Permian age on the basis of their similarity in
general facies to more securely dated strata in the area
surrounding the Wichitas. In addition, karst fissures at
a number of sites in the Slick Hills appear to be part of
the same erosional cycle as the Permian deposits that
overly them. This karst contains an abundant and var-
ied Lower Permian vertebrate-fossil assemblage
(Donovan and Busbey, 1991; Donovan and others,
1992).

R. N. Donovan and others

Permian sediments in Meers Valley rest with a pro-
found unconformity on all underlying rocks. The sur-
face of unconformity is highly irregular in many places,
and it is clear that the Permian deposits entombed a
landscape that was remarkably similar to that of today.
The general pattern of sedimentation is clear through-
out the valley—coarse conglomerates pass upward and
laterally (from positive topography) into poorly sorted
sandstones and shales. The finer-grained rocks are
found principally in the southeast part of the valley,
where they are generally poorly exposed. Few units of
any kind are laterally persistent. There is one note-
worthy exception; fossil calcareous soils (calcretes) are
abundant throughout the Valley and can be found in all
lithologies (Donovan, 1978; Bridges, 1985; Collins,
1985). Most of these calcretes are thin, about 12 in.
(~30 cm) thick; one or two are much thicker, as much as
6 ft (~2 m).

The assemblage and distribution of facies in the val-
ley is compatible with a gradual infill of the topography
by the coalescence of small alluvial fans in a semiarid
environment (Fig. 4). The few reliable paleocurrent
indicators found indicate axial drainage to the south-
east. This interpretation is supported by sediment-
provenance studies, discussed subsequently in this
paper. Similar alluvial facies mantle the entire Wichita
uplift.

- Permian Sediment Provenance

Within Meers Valley, local patterns of sediment
provenance are of great importance in interpreting the
history of the valley. The following four trends are note-
worthy.

Basal Conglomerates

The basal conglomerates contain no clasts of basic or
ultrabasic igneous source rocks, nor are any mafic min-
erals preserved in the sandstones, with the exception of
magnetite grains that form discrete laminae associated
with some cross-bedded sequences. Some heavily
weathered feldspars encountered in arkosic sandstones
in the area of Lake Lawtonka may have been sourced
by mafic rocks. The near absence of mafic-sourced ma-
terials indicates that these rocks were subject to in-
tense chemical weathering. Such weathering implies a
hot and moist environment. In places in the Meers
Valley, heavily weathered tors of ultrabasic rocks, pre-
served beneath a covering of Permian sediment, fur-
ther attest to this mode of weathering.

Sediment Contribution by Mount Scott Granite

The biggest contributor of clastic sediment to the
Permian sediments was the Mount Scott Granite. As
noted, this intrusion forms an escarpment along the
entire southern edge of the Valley (Fig. 3). Detritus
from this scarp can be found over much of the southern
part of the Valley, extending northward almost to the
line of the modern Meers fault scarp. This detritus
takes the form of conglomerates consisting of well-
rounded pebbles and cobbles and a spectrum of gener-
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ally poorly sorted arkosic sandstones. Mineralogically
similar sand forms the matrix of the conglomerates.
Doubtless some of the rounding of the conglomerate
pebbles is due to abrasion, but most is due to in situ
rounding of granitic outcrops due to hydrolysis (i.e.,
spheroidal weathering). Such weathering is a charac-
teristic feature of tor formation (Gilbert, 1982) and can
be observed occurring today at many places in the
Wichitas.

Contrast in Alluvial Fans on Sides of Meers Valley

The northern edge of the valley is more complex
than the southern. In the Blue Creek Canyon area,
rhyolite clasts are a conspicuous feature in some con-
glomerate lenses, reflecting the underlying basement
(Donovan and others, 1982, 1986). In general, rhyolite
clasts are subrounded and are associated with some
arkosic sandstones. Most of the alluvial fans on the
northern edge of the valley are composed of conglomer-
ates built of varieties of carbonate rocks derived from
the Arbuckle Group. For several reasons, the geometry
of these fans is both complex and unusual. First, given
the nature of the parent material, fines are limited to
small amounts of hematitic clays that are probably in-
filtrates of eolian origin. Second, instead of being held
together by a detrital matrix, the conglomerates are
generally cemented by drusy calcsparite or, more com-
prehensively, by calcretes. The result of this cementa-
tion is that the “carbonate” fans form an area of posi-
tive topographic relief on the northern side of the

Valley. Third, calcretes are remarkably abundant and
show cross-cutting relationships that suggest rework-
ing of fan surfaces, an interpretation supported by the
common occurrence of avulsion channels (Donovan,
19864, 1988).

Megabreccias

The fourth and most spectacular feature of the
northern fans is the occurrence of megabreccias, bed-
ded deposits of immense, angular limestone boulders
(Fig. 5). Clasts are up to the size of a small house and
can be mapped as individual exposures. In fact, it is not
always possible to demonstrate that the largest frag-
ments are independent clasts (i.e., that they are de-
tached from their parent outcrop). However, in other
cases megabreccia deposits are clearly interbedded
with pebble conglomerates of “normal” character (Fig.
6). The megabreccias are restricted in area (see Fig. 1),
being exposed only in sec. 19, T. 4 N., R. 13 W., where
they extend about half a mile from the nearest outcrop
of the Arbuckle Group.

The preferred explanation for their existence is that
they formed as the result of the collapse of one or more
limestone cliffs either as individual rock falls and/or by
more comprehensive collapse, perhaps associated with
“air cushion” flow. The most likely cause of cliff forma-
tion is by rejuvenation of the Meers fault. In this con-
text, it is noteworthy that no outcrops of megabreccia
occur to the north of the line of the modern fault scarp.
Following this line of argument, the fault reversed its
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Figure 5. Photo showing megabreccia deposit overlying more typical carbonate fan conglomerates in sec. 19, T. 4 N.,
R. 13 W. Height of cliff is ~20 ft (6 m).
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Figure 6. Measured section on the northeastern flank of the Meers Valley, sec. 19, T. 4 N., R. 13 W. Carbonate detritus overlies
granitic detritus, illustrating the increasing importance of relief in the Slick Hills. The megabreccias are most likely tied to re-
activation of the Meers fault and collapse of the resulting fault scarp. Two periods of fault movement may be recorded by the
variation in megaclast type.

sense of throw in the Early Permian, with a small = more complex scenario. For example, the megabreccia
movement of uncertain magnitude down to the south  deposits are spatially restricted, suggesting that any
and west. This sense of downthrow is the same as that  cliff-forming displacements were similarly restricted.
of the most recent movements on the fault. Further, some of the megaclasts are from lithologies

This interpretation probably simplifies a potentially ~ from formations of the Arbuckle Group that are not



Meers Valley, Southwestern Oklahoma

present in the immediately adjacent Slick Hills. This
observation suggests that strike-slip movement may
have taken place. On the present emplacement of for-
mations in the Slick Hills, the most likely strike-slip
displacement would be a left-lateral movement of 2-3
mi (about 3.5-5 km). Such a movement would also be
one possible way of explaining the large numbers of do-
lomite clasts in the megabreccias—considerably more
than are found in the adjacent sequences in the Slick
Hills (Donovan and Ross, 1991). One final point needs
to be made; the trace of the modern Meers fault is a
compellingly straight, yet geologically modest feature.
The nature of the late Paleozoic fault trace is unknown
in detail (being covered by Permian conglomerates). It
is possible that the megabreccias record a deviation in
the older fault trace, perhaps an en echelon splay or
restraining bend. Such a scenario might explain their
localized occurrence.

Fan Overlap

One feature of the various alluvial-fan deposits is
the degree of overlap that can be demonstrated or in-
ferred. In this context, a critical section in sec. 19, T. 4
N.,R. 13 W, shows a “normal” sequence of granite-
pebble conglomerates and cross-bedded arkoses, the
latter grading upward into reddish-brown siltstones
that are sharply overlain by limestone-pebble conglom-
erates (Fig. 6). Within these limestone conglomerates
are two megabreccia horizons, the lower of which con-
tains boulders of both limestone and dolomite, and the
upper of which is dominated by dolomite boulders. This
section and a similar one nearby suggest strongly that
recession of the Mount Scott escarpment predated the
emergence of the Slick Hills as a positive topographic
feature. This suggestion adds support to the notion that
the megabreccias were a response to down-to-the-south
faulting along the line of the Meers fault. On the other
hand, the Slick Hills originally may have been defined
as a range in response to climatic change. The carbon-
ates would have been increasingly resistant to dissolu-
tion in an increasingly arid climate.

As noted, the Valley opens to the south and east.
Conglomeratic exposures in the general area of Lake
Lawtonka show a more heterogeneous suite of pebbles,
including granite, rhyolite, Arbuckle Group carbonates,
and fragments of reworked calcrete (Collins, 1985).
These facts suggest both reworking of fan surfaces and
mixing of detrital-grain populations along the opening
axis-of the Valley.

INFERRED SEQUENCE OF EVENTS
IN THE EVOLUTION OF MEERS VALLEY

The linear Wichita uplift formed in the Pennsylva-
nian as a result of the partial inversion of the southern
Oklahoma aulacogen. Concurrently, the Anadarko ba-
sin developed to the northeast of the uplift; the net
structural relief between basin and uplift is enor-
mous—between 40,000 and 50,000 ft (12,500-15,500
m). The trend of the uplift, east-southeast to west-
northwest, is parallel to the Meers fault and other re-
lated fractures in the frontal fault zone, a region of in-
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tense tectonic deformation between uplift and basin.
The Slick Hills are the surface expression of these
features.

The initial drainage off the uplift was presumably
consequent (i.e., orthogonal to the axis of the uplift)
(Figs. 7, 8) and directed generally toward the north-
northeast. Detrital products of this drainage, in the
form of fan deltas, are encountered in the subsurface on
the southern flank of the Anadarko basin. Conglomer-
ates in these sequences generally record an “inverted
stratigraphy,” as increasingly older rocks were stripped
off the uplift (Donovan and Butaud, 1993). Much of the
lower Paleozoic sequence that was removed during this
time consisted of carbonates (Fig. 2). Given the moist
equatorial climate of the Pennsylvanian in the area
that is now Oklahoma, Donovan and others (1992) es-
timated that karst-dissolution processes could have
removed much of the section.

Eventually, tectonic definition of the area drew to a
close in the Late Pennsylvanian and Early Permian. At
the same time, the climate became increasingly arid.
This Early Permian aridity is indicated by intensive
calcrete development, and, subsequently, major eolian-
dune formation and evaporite precipitation took place.

Definition of the Meers Valley began when erosion
removed the Mount Scott Granite (and perhaps other
acidic rocks) from the top of the basic and ultrabasic
intrusives beneath (Fig. 9). As the Meers fault formed
the northeastern edge of the granite/basic terrain, sub-
sequent drainage developed parallel to the fault. The
northern edge of the resulting valley was formed by
carbonate terrain. The evolution of the latter into topo-
graphic relief was probably a consequence of a combi-
nation of: (1) the more rapid weathering and erosion of
the ultrabasic/basic terrain; (2) decreasing dissolution
of the carbonates in an increasingly arid environment;
and (3) tectonic enhancement of the Slick Hills terrain
by rejuvenation of the Meers fault with a net south-
southwest downward displacement. Details of this
process are given in Figures 10-12.

RETROSPECTIVE

The scenario outlined above is just a small part of
the story of the topographic evolution of the Wichita
uplift. The interpretation presented is based on evi-
dence contained within the Meers Valley. Two addi-
tional lines of evidence offer support.

In the first case, a core cut in Lower Permian rocks
north of the Slick Hills shows fine limestone conglom-
erates overlying granitic conglomerates and arkoses
(Donovan, unpublished data). Such a reversal of prov-
enance may record the emergence of the Slick Hills as
a topographic barrier between the Anadarko basin and
the Wichita Mountains.

The second line of evidence is more whimsical and
concerns the topographic evolution of a part of the fault
trace of the modern Meers fault. One small segment of
the fault, described by Donovan (1986b, 1988), displays
a cameo copy of the Permian Meers Valley. In this seg-
ment, the southwest-facing fault scarp has interrupted
a northeast-draining stream system; at the present
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time, a subsequent drainage is evolv-
ing along the line of the fault. In es-
sence, this is a near perfect mimic of
the processes that molded the Meers
Valley in the Early Permian.
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Sequence Stratigraphy and Stratigraphic Framework
of the Upper Morrow, Anadarko Basin

Zuhair Al-Shaieb and Jim Puckette

Oklahoma State University
Stillwater, Oklahoma

AnsTrACT.—Oil and gas production from the Upper
Morrow interval in the Anadarko basin is primarily
from channel-fill reservoirs. On the northwestern shelf
of the basin, these are mainly incised valley-fill depos-
its that formed during marine transgressions that fol-
lowed regional drops in sea level. A series of southeast-
trending valleys were eroded as a result of decreased
accommodation space during these sea-level lowstands.
During the subsequent transgressions, the valleys
filled with a variety of fluvial, floodplain, estuarine,
and marine sediments. Marine muds blanketed the
valley-fill deposits during the major highstands. The
complex depositional pattern and resultant diverse
lithofacies contributed to reservoir heterogeneity and
affected reservoir quality. The primary reservoirs are
typically coarser-grained fluvial sandstones. Marine-
influenced sandstones with abundant skeletal grains
commonly exhibit low porosity as the result of exten-
sive calcite cement. Tidal-influenced, estuarine, fine-

grained sandstones are poor-quality reservoirs due to
burrowing that destroyed primary porosity.

Along the Wichita~Amarillo uplift, the upper Mor-
row reservoirs were deposited by a system of north-
ward-prograding fan-delta complexes that are sepa-
rated by highstand marine muds. There, depositional
style was strongly influenced by uplift and basin sub-
sidence rates. Distribution patterns and internal char-
acteristics of specific reservoirs reflect the changes in
sediment supply and accommodation space. Increased
uplift (abundant sediment supply) formed the Puryear
deltaic complex in the W. Cheyenne and Reydon fields.
Diminished accommodation space during tectonically
or eustatically induced lowstands forced stream inci-
sion that resulted in the valley-fill reservoirs of the
Hollis interval. The influx of granitic rock fragments
from the core of the Wichita uplift during lowstands
was critical to the development of porosity and evolu-
tion of quality reservoirs.

Al-Shaieb, Zuhair; and Puckette, Jim, 2001, Sequence stratigraphy and stratigraphic framework of the Upper Morrow,
Anadarko basin, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern
Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 225.
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Red Fork Sandstone of Oklahoma: Depositional History,
Sequence Stratigraphy, and Reservoir Distribution

Richard D. Fritz!

Masera Corporation
Tulsa, Oklahoma

ABSTRACT.—The Middle Pennsylvanian Red Fork
Sandstone formed as a result of progradation across
eastern Kansas and most of Oklahoma. It is one of sev-
eral transgressive-regressive sequences (cyclothems)
developed within the Desmoinesian “Cherokee” Group.
Sea-level changes together with varying subsidence
were dominant factors controlling the general strati-
graphic (correlative) characteristics of the Red Fork
interval. Progradation was episodic with sand deposi-
tion in the more active part of the basin during lower
sea-level stands and valley-fill deposition in the more
stable areas during sea-level rises.

The Red Fork was correlated, subdivided, and
mapped using data from more than 27,000 wells. Maps
of Red Fork sand trends reveal a fluvial-deltaic
complex covering most of Oklahoma. The Red Fork con-
sists primarily of undifferentiated alluvial-valley and
alluvial-plain (fluvial) bodies in the northernmost part
of Oklahoma; fluvial-deltaic bodies in most of the re-
maining parts of shelf area; and off-shelf, submarine-

fan and slope-basinal-floor complexes within the
deeper part of the Anadarko basin. The basinal facies
can also be interpreted as lowstand deltaic deposits.

The Red Fork appears to represent a single, Vail-
type third-order sequence. It can be divided into
at least three parasequences, which, for the purpose
of this study, are called upper, middle, and lower.
Each parasequence represents a transgressive-
regressive episode commonly separated by thin re-
gional limestones or shale markers. Correlation
of these parasequences is relatively easy from the
lower shelf to the basin but more difficult on the upper
shelf.

The provenance for the Red Fork was most likely an
extensive drainage system to the north and northeast
of Oklahoma. This drainage system probably extended
as far as the Canadian Shield or even Greenland and
appears to be subparallel to the Midcontinent rift. A
secondary source for the Red Fork was the Wichita-
Amarillo Mountains in the south.

1 Current address: American Association of Petroleum Geologists, Tulsa, Oklahoma.

Fritz, R. D., 2001, Red Fork Sandstone of Oklahoma: depositional history, sequence stratigraphy, and reservoir distribu-
tion, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern Midcontinent, 1998
symposium: Oklahoma Geological Survey Circular 104, p. 226.
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Trace and Rare-Earth Elemental Variation in a Midcontinent
Carbonate Sequence—A Key to Understanding Reservoir Development

Peer Hoth

GeoForschungsZentrum
Potsdam, Germany

Timothy R. Carr

Kansas Geological Survey
Lawrence, Kansas

Michael Bau and Peter Dulski

GeoForschungsZentrum
Potsdam, Germany

ABSTRACT.—Subaerial exposure surfaces and associ-
ated features are common components of shallow-
marine Paleozoic sequences in the Midcontinent. Rec-
ognition of such surfaces is of economic importance
because the distribution of reservoir facies is closely as-
sociated with subaerial exposure. Problems in litho-
stratigraphic correlation at both the reservoir and re-
gional scales are caused by the absence of unambiguous
lithologic and petrographic evidence of subaerial expo-
sures in these sequences.

Selected Upper Pennsylvanian carbonate sequences
of the Kansas City Group (Bronson Subgroup) in south-
east Kansas and northwest Missouri have been inves-
tigated to understand the style of alteration associated
with subaerial exposure, to derive criteria to recognize
distinctive signatures in both the surface and subsur-
face, and to better understand the genesis of the car-
bonate sequences. Detailed field descriptions, petro-
graphic examination, spectral gamma-ray logs, and
analysis of trace elements and rare-earth elements
(REE) were the bases of our study. Geochemical in-
vestigations included Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), using two methods for
sample decomposition (decomposition with 8 M HNO4
in open beakers and bulk decomposition with HF +
HCIO, in pressure vessels). The different methods
provide independent information about trace and
rare-earth element concentrations of carbonate and de-
trital phases (alumino-silicates and heavy minerals).
Investigated rocks include different types of oolitic
grainstones, skeletal packstones, wackestones, and
different shale types. Signs of subaerial exposure
such as root traces, root tubes filled with micritic inter-
nal sediment, rhizolite crusts, and in situ brecciation
were recognized through fieldwork and microscopic
analysis.

Geochemical investigation shows that detrital influx

during carbonate sedimentation of the Bronson Sub-
group generally increased toward the exposure sur-
faces. Zr, Rb, Th, and total REE content are the most
useful geochemical indicators of this trend. Shale nor-
malized REE-patterns of the limestones (normalized
against PAAS) have very characteristic features. Im-
portant differences between upper and lower parts of
the limestone members are shown by differences in
Ce and Y signatures of the shale-normalized REE-
patterns. Other than these distinctive signatures, typi-
cal trends of the Y/Ho ratios were detected through the
limestone sequences.

The lower part of the Benthany Falls Limestone
(mainly wackestones and skeletal packstones/grain-
stones) is characterized by negative Ce anomalies, posi-
tive Y anomalies and Y/Ho-ratios between 55 and 40.
Both of the REE-anomalies are typical for carbonates
and other minerals precipitated in equilibrium with
seawater. Magnitude of the Ce and Y anomalies gener-
ally decreases upward to the top of the limestone mem-
ber. Flat REE-patterns are typical for the oolitic-grain-
stone facies and for the in situ brecciated and mottled
wackestones of the upper part of the Benthany Falls
Limestone. Y/Ho ratios of these limestones are lower
than 35. Although a general correlation between the
decreasing size of the Ce and Y anomalies and the in-
crease of detrital phases is obvious, several exceptions
exist (e.g., laminar calcretes).

In addition to IGP-MS analysis, relative uranium
enrichment was detected by measurement of gamma
radiation using a hand-held spectral scintillometer in
outcrops, and by the analysis of existing spectral
gamma-ray well logs in the subsurface. In several se-
quences, distinctive change in uranium concentration
is observed at the contact of the vadose and marine-
phreatic zones. Based on detailed examination, the
uranium anomalies cut across primary sedimentary

Hoth, Peer; Carr, T. R.; Bau, Michael; and Dulski, Peter, 2001, Trace and rare-earth elemental variation in a Midcontinent
carbonate sequence—a key to understanding reservoir development, in Johnson, K. S. (ed.), Pennsylvanian and Per-
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structures, and are caused by selective inclusion of ura-
nium in micrite cements and associated clays concen-
trated at the contact between vadose and marine-
phreatic environments.

Porosity development and preservation in the Ben-
thany Falls Limestone oolitic-grainstone facies, a major
oil-producing interval in Kansas, appear related to the

Peer Hoth and others

position of the overlying exposure surface. Recognition
of previously undetected vadose-phreatic contacts can
provide insight into porosity trends in other units. The
study of trace and rare-earth elemental variations can
improve our understanding of genetic mechanisms in-
fluencing reservoir development in similar shallow-
marine Midcontinent reservoirs.
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Facies and Sequence Stratigraphy of the Upper Permian Yates Formation
on the Western Margin of the Central Basin Platform of the Permian Basin

Ron Johnson and Jim Mazzullo

Texas A&M University
College Station, Texas

ABsTrRACT.—This abstract examines the facies, stratig-
raphy, and reservoir properties of the Upper Permian
Yates Formation in North Ward Estes field, Ward and
Winkler Counties, Texas. The study is based upon the
descriptions and petrographic analyses of 11 Yates
cores and 38 well logs from North Ward—Estes field,
part of the “River of Sand” that stretches along the
western shelf margin of the central basin platform.

The Yates of North Ward-Estes field consists of
subarkosic sandstones and siltstones and dolomitic
mudstones and wackestones that were deposited in flu-
vial, deltaic, eolian, sabkha, and shallow-subtidal set-
tings during two successive cycles of relative sea-level
fall and rise. Six facies are distinguished in the forma-
tion:

1. Massive, well-sorted sandstones with occasional
planar laminae, root casts, and paleosols—inter-
preted as eolian sand-sheet deposits;

2. Laminated silty to very fine grained sandstones
with mud drapes, ripples, load structures, fluid es-
cape structures, and bioturbation traces—inter-
preted as desert braided-stream and fan-delta
deposits;

3. Graded beds of gravelly to fine sandstones with
dolomicrite clasts—interpreted as channel and dis-
tributary deposits of braided streams and deltas;

4. Poorly stratified reddish-brown fine sandstones
and siltstones with evaporite nodules, clay drapes,
and haloturbation structures—interpreted as
clastic-dominated sabkha deposits;

5. Massive dolomitic mudstones and wackestones
with cryptalgal laminae, stylolites, and collapse
breccias—interpreted as shelf-interior deposits;
and

6. Nodular-mosaic anhydrites and anhydrite-rich,
gray sandy siltstones— interpreted as evaporite-
dominated sabkha deposits.

Two sequences and 12 stacked “upward-drying”
high-frequency cycles (HFCs) are recognized in the
Yates. Each sequence consists of a basal transgressive
systems tract (TST) overlain by an upper highstand
systems tract (HST) and is thought to record a single
cycle of relative sea-level rise and fall. Each HST
consists of stacked HFCs, which become thicker
and more clastic-rich upward, whereas each TST con-
sists of stacked HFCs, which become thinner and more
carbonate-rich upward.

The eolian sandstones of the Yates, with porosities of
up to 20% and permeabilities of several hundred milli-
darcies, are the major reservoirs in North Ward-Estes
field, and the gravelly channel sandstones form minor
reservoirs. The porosities in these two sandstones are
largely secondary in origin and are the product of the
dissolution of evaporite and carbonate cements and
labile grains during burial diagenesis. The seal for the
reservoirs is the contact between the Yates and updip.
and overlying evaporites of the Yates and Tansill For-
mations. The thickest and most extensive reservoirs
are in the upper of the two Yates sequences, which con-
tains abundant eolian sandstone beds.

Johnson, Ron; and Mazzullo, Jim, 2001, Facies and sequence stratigraphy of the Upper Permian Yates Formation on the
western margin of the central basin platform of the Permian basin, in Johnson, K. S. (ed.), Pennsylvanian and Permian
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Depositional Facies of the Lower Permian Section, Northeastern
New Mexico: Preliminary Observations and Interpretations

Jennifer L. P. Kessler and Gerilyn S. Soreghan

University of Oklahoma
Norman, Oklahoma

ABSTRACT.—The Lower Permian section (Abo and Tubb
Formations) in northeastern-most New Mexico consists
of complexly interbedded mudstone, siltstone, sand-
stone, and conglomerate that was deposited southeast
of the Sierra Grande uplift and buried the Bravo dome
uplift. In this region, the study section lies directly on
Precambrian basement and is overlain by the Cimar-
ron Anhydrite. The depositional facies of the section are
poorly known but are important for constraining Early
Permian paleogeography and paleoclimate in this re-
gion. Preliminary observations from subsurface data
suggest that deposition occurred in a variety of conti-
nental to possibly marginal-marine (sabkha) environ-
ments.

This preliminary analysis is based on facies studies
of core from three wells (Amoco #1 Pittard, Amoco
State 1IN, and Amoco Heimann #2) that form an east-
west dip transect through the Bravo dome high in
northeastern New Mexico.

In these wells, we distinguish four distinct facies.
The first facies consists of alternating matrix- and
clast-supported conglomerate. It ranges in thickness
from 10 cm to 10 m and is typically sharply to erosively
based. The conglomerate commonly grades upward into
the second facies, a medium- to coarse-grained, planar-
to cross-bedded sandstone ranging up to 2 m thick.
Based on sedimentary fabrics, structures, and bedding
relationships, we interpret this two facies to record
deposition in ephemeral, fluvial (wadi-type) streams.
The third facies consists of red mudstone ranging up to
4 m thick and occurring as two subfacies: (1) gypsifer-
ous mudstone (with displacive evaporite nodules) asso-
ciated with root traces, and (2) rubbly mudstone dis-
playing apparent pedogenic features such as conchoidal
fractures and slickensided fracture surfaces. We inter-
pret both mudstones as paleosols—specifically, gypsi-
sols (subfacies 1) and vertisols (subfacies 2). Gypsisols

reflect formation in regions that receive less than 25 cm
mean annual precipitation, whereas vertisol formation
is promoted by semiarid conditions with seasonal pre-
cipitation (Mack, 1997). Further, gypsisols suggest the
influence of a marginal-marine (sabkha) environment.
The fourth facies is a locally bioturbated, massive to
parallel-laminated siltstone. The siltstone is commonly
associated with paleosols, suggesting a dominance of
continental depositional processes. The siltstone is very
well sorted and commonly massive, which may reflect
eolian transport processes. The local presence of planar
and ripple laminations, however, suggests the influ-
ence of water reworking. Local association with sharp-
based conglomeratic sandstone (of suspected fluvial
origin) also suggests probable fluvial reworking.

The four facies described above reflect deposition in
continental (fluvial and possible eolian-influenced) en-
vironments to probable marginal-marine (sabkha) en-
vironments in a generally arid system. Within the
study interval, older strata are fluvial-dominated,
coarse-grained, poorly sorted, and immature (possibly
reflecting proximity to source), whereas younger strata
are finer, better-sorted, more mature, and influenced
by possible eolian deposition. Continental deposits pre-
dominate in the western wells and yield eastward to
increasingly gypsiferous, marginal-marine strata. Pres-
ence of gypsisols and vertisols suggest an arid to sea-
sonally wet paleoclimate.

Additional data collection is needed to refine facies
associations and paleoclimatic and paleogeographic
interpretations.
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Overpressure and Hydrocarbon Generation in the Anadarko Basin,
Southwestern Oklahoma

Youngmin Lee and David Deming

University of Oklahoma
Norman, Oklahoma

ABsTRACT.—The Anadarko basin is the deepest sedi-
mentary basin on the North American craton; total
sediment thickness is greater than 11 km. Although it
has been tectonically quiescent for more than 100 mil-
lion years, the Anadarko is known to have extensive
areas of overpressuring. Static hypotheses explain the
existence of high fluid pressures in the Anadarko basin
by invoking pressure seals—rock units that are essen-
tially impermeable over geologic time. Dynamic hy-
potheses explain the existence of overpressures in the
Anadarko basin as a transient imbalance caused by a
geologic process (e.g., hydrocarbon generation) creating
overpressures faster than they may be dissipated from
low-permeability rocks.

We have constructed single-phase models of over-
pressuring in the Anadarko basin due to oil and gas
generation from kerogen. These models are constrained

by the geologic history, paleothermal indicators,
present-day estimates of the thermal gradient and heat
flow, and geochemical analyses of source rocks. Our
preliminary results indicate that recent gas generation
may be one of the most important causes of present-day
overpressuring in the Anadarko basin. Modeling indi-
cates that excess pressure due to gas generation from
kerogen dissipates completely within a relatively short
period of time (ca. 10 Ma). Also, our results show that
low average permeability (~1071° m? = 104 mD) and an
almost constant thermal gradient (>23°C/km) over geo-
logic time are required if present-day overpressures in
the Anadarko basin are to be explained through hydro-
carbon generation in the basin.

At the present time, we are refining models that
will incorporate geologic constraints of the Anadarko
basin.
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Depositional and Diagenetic Origins of Sandstone Reservoirs
in the Queen Formation, Permian Basin of Texas

Jim Mazzullo

Texas A&M University
College Station, Texas

ABSTRACT.—The Queen Formation is a sequence of in-
terbedded and interfingering carbonates, clastics, and
evaporites that was deposited on the back-reef shelves
of the Permian basin during the Late Permian (Guada-
lupian). The origins of the carbonates and evaporites in
the formation are fairly well understood, but consider-
able disagreement has existed about the origins of the
clastics, and, specifically, whether they represent depo-
sition during sea-level low stands or high stands.

This abstract presents data from a decade-long se-
ries of core, log, and petrographic studies of the Queen
Formation in oil fields on the central basin platform
and northwest shelf. The results of these studies show
that the clastics of the formation were largely deposited
in continental and coastal environments that were es-
tablished on the back-reef shelves during periods of
lowered sea level. Five clastic facies are recognized in
the Queen Formation. They are:

1. Braided-stream facies—characterized by shoe-
string bodies of massive, cross-laminated, gravelly
channel and channel-bar sandstones;

2. Desert, fluvial-sand-flat facies—characterized by
shoestring bodies of massive- and cross-bedded
channel sandstones encased in sheets of rippled
and laminated silty sandstones and siltstones;

3. Fan-delta facies—characterized by lenticular (lo-
bate) bodies of rippled, laminated, bioturbated, and
slumped sandstones, siltstones, and mudstones;

4. Eolian sand-sheet facies—characterized by sheets
of massive and laminated well-sorted fine sand-
stones; and

5. Clastic-dominated sabkha facies—characterized by
sheet bodies of poorly laminated and haloturbated
silty sandstones and siltstones with thin beds and
displacive nodules of halite and anhydrite.

The results of these studies also determined the
depositional and diagenetic origins of the sandstone
reservoirs in the Queen. Generally, the most productive
reservoirs are the well-sorted sandstones of the eolian
sand-sheet facies, which have average porosities in
excess of 15% and permeabilities of hundreds to thou-
sands of millidarcies, and, to a lesser extent, the
moderately sorted channel sandstones of the braided-
stream and fluvial-sand-flat facies, which have porosi-
ties in excess of 8% and permeabilities on the order of
tens to hundreds of millidarcies. The pores in these
reservoir facies are generally secondary in origin and
appear to be largely formed by the dissolution of early
evaporite or carbonate cements and labile detrital
grains.
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Tectonic Overview of the U.S. Southern Midcontinent
during the Pennsylvanian and Permian

Thomas L. Thompson and James R. Howe

Consulting Geologists
Boulder, Colorado

ABSTRACT.—Ye and others (1996) provide new insight
to Pennsylvanian—Permian tectonics of the U.S. south-
ern Midcontinent with their recognition that defor-
mation associated with the greater Ancestral Rocky
Mountains (including the Wichita-Arbuckle trend) rea-
sonably reflects flat-plate subduction of Paleozoic
oceanic crust beneath southwestern North America,
thereby transmitting stress far inland beneath the con-
tinent. This mechanism readily explains the synchro-
nism and similarity of late Paleozoic deformation be-
tween the Rocky Mountain and the southern Midcon-
tinent geographic regions. In this view, the Ancestral
Rocky Mountains are a direct analog of the later Rocky
Mountain Laramide orogeny, for which the prevailing
tectonic model is one of low-angle subduction of the oce-
anic crust of the Farallon Plate. Emplacement of the
Marathon, Ouachita, and Appalachian Mountains ter-
ranes along the southeast margin of late Paleozoic
North America most likely did not strongly deform the
continental interior because subduction was away from
North America when Gondwana (combined Africa and
South America) collided with North America during
the assembly of Pangaea.

Late Paleozoic transpression across rifted and sub-
sided Precambrian basement blocks in southern Okla-
homa accounts for dominant structural styles along the
Wichita-Arbuckle trend. The various structures and
their mechanical linkages find common explanation in
context of east-northeast—-west-southwest compression
and reactivation of west-northwest—trending basement
faults. This fault reactivation and associated basin in-

version resulted in structural relief of at least 6 mi (10
km) and accumulation of a 3-mi (5-km) thickness of
synorogenic sediment, dominant oblique-slip faulting,
extensive thrusting, and left-slip faulting. Dip-slip
shortening of the preorogenic rocks amounts to about 9
mi (15 km), whereas net left-slip displacement exceeds
18 mi (30 km).

Dynamic interplay among basement blocks under
transpression inverted igneous-filled grabens and
formed several types of mechanically linked structures
in the overlying sedimentary sequences. First, north-
westerly trending, left-reverse, oblique-slip faults vary
in attitude, depending on the attitude of basement-
block interfaces, with greater structural relief and im-
bricate faulting at confining bends in the basement
block pattern (e.g., the Wichita uplift-Cyril basin pair
and the Criner Hills—Ardmore deep pair). Second,
northeasterly trending basement fractures apparently
provided antithetic adjustment to the dominant north-
west-trending en echelon folds and faults. Third, flower
structures formed at several scales, including the com-
plex Cumberland anticline and faulting above the
Criner, Tishomingo, and Wichita-Marietta basement
blocks.
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