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PREFACE

The transfer of technical information will aid in the search for, and production of,
our oil and gas resources. To facilitate this technology transfer, the Oklahoma Geo-
logical Survey (OGS) and the Bartlesville Project Office of the U.S. Department of
Energy (BPO-DOE) co-sponsored a symposium dealing with the petroleum geology
and reservoir characterization of fluvial-dominated deltaic (FDD) reservoirs in the
southern Midcontinent. The symposium was held on March 2324, 1993, at the Okla-
homa Center for Continuing Education, The University of Oklahoma, Norman. This
volume contains the proceedings of that symposium.

Research reported upon at the symposium focused on the following: types of FDD
reservoirs, depositional settings, diagenetic history, reservoir characterization, and
enhanced oil recovery. In describing the various FDD petroleum reservoirs in the
southern Midcontinent, the researchers have increased our understanding of how the
geologic history of a river/delta complex can affect reservoir heterogeneity and our
ability to efficiently recover the hydrocarbons they contain. We hope that the sympo-
sium and these proceedings will bring such research to the attention of the geoscience
and energy-research community, and will help foster exchange of information and in-
creased research interest among industry, university, and government workers.

Nineteen papers were presented orally at the symposium, and they are presented
here as full papers or abstracts. An additional 13 reports were given as posters, and
they are presented here as short reports or abstracts. About 250 persons attended the
symposium. Stratigraphic nomenclature and age determinations used by the various
authors in this volume do not necessarily agree with those of the OGS.

This is the sixth symposium in as many years dealing with topics of major interest
to geologists and others involved in petroleum-resource development in Oklahoma
and adjacent states. These symposia are intended to foster the exchange of informa-
tion that will improve our ability to find and recover our nation’s oil and gas resources.
Earlier symposia subjects were: the Anadarko basin (published as OGS Circular 90);
Late Cambrian—Ordovician geology of the southern Midcontinent (OGS Circular 92);
Source rocks in the southern Midcontinent (OGS Circular 93); Petroleum-reservoir
geology in the southern Midcontinent (OGS Circular 95); and Structural styles in the
southern Midcontinent (OGS Circular 97).

Persons involved in the organization and planning of the FDD reservoirs sympo-
sium include: Kenneth Johnson, Jock Campbell, and Charles Mankin of the OGS; and
Tom Wesson, Michael Ray, and Edith Allison of BPO-DOE. Other personnel who
contributed include: Michelle Summers and Tammie Creel, Registration Co-Chairs;
LeRoy Hemish, Poster-Session Chair; Connie Smith, Publicity Chair; and Gwen
Williamson and Judy Schmidt, Exhibits Coordinators. Appreciation is expressed to
each of them and to the many authors who worked toward a highly successful sympo-
sium.

KENNETH S. JOHNSON
General Chairman
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Oklahoma Geological Survey Circular 98, 1996

Distinction, or Indistinction,
of Fluvial-Dominated Deltaic Reservoirs

John W. Shelton
Masera Corporation
Tulsa, Oklahoma

ABSTRACT.—Fluvial-dominated deltas are characterized by elongate, lobate, and other
shaped protuberances of the coastline and of associated shoreface and shallow-marine
isobaths. The configuration of deltaic sandstone bodies, or reservoirs, varies widely, but
commonly sandstone trends do net parallel regional interdeltaic depositional strike. Distin-
guishing subsurface deltaic reservoirs and estimating with a reasonable level of certainty the
relative riverine input operating at the time the reservoirs were deposited commonly are for-
midable tasks—not just extrapolating features of Holocene deltas or invoking hierarchical ter-
minology. The complexity of the task of distinguishing the general type of sandstone reservoirs
(specifically, deltaic in this case—or, in even more detail, flavial-dominated deltaic) is related
in part to the changes of sea level that have characterized geologic history and the problems
of detailed correlation required to interpret the depositional environment of individual sand-
stone reservoirs.

Nevertheless, fluvial-dominated reservoirs are thought to be commonly channelized in the
upper part of the deltaic regime and to express some sort of downslope bulge of sand in the
lower part. In the upper part they may be indistinguishable from alluvial (or fluvial) reser-
voirs, and in the lower part they may be indistinguishable from shoreface, shallow-marine, or
even deep-marine deposits.

In the southern Midcontinent, Carboniferous (Upper Mississippian and Pennsylvanian)
sandstones contain the most common representatives of fluvial-dominated reservoirs. In fact,
older (middle and lower Paleozoic) sandstones in the region do not reflect deltaic deposition.
Late Mississippian and Pennsylvanian times were characterized by frequent sea-level changes
during a >100-m.y. period of overall relative highstand. Although fluvial-dominated Carbon-
iferous reservoirs are commonly channelized, some significant channelized bodies are marine
bodies (e.g., Spiro sandstone). A significant percentage of the fluvial-dominated reservoirs
probably were deposited in fluvial, as opposed to deltaic, settings during lower or rising sea-
level stands (e.g., Bartlesville sandstone in southeast Kansas and northeast Oklahoma). Dur-
ing sea-level lowstands, deltaic systems may have extended into “offshelf” areas; alternatively,
reservoirs in those areas were deposited as distal units in deeper waters (e.g., Red Fork sand-
stone).

INTRODUCTION

Sandstone reservoirs are known to have devel-
oped in almost every depositional environment—
from piedmont to deep marine. Volumetrically,
deltaic reservoirs are most important because of
(1) the dominance of streams in transportation of
sediments to depositional sites with good to excel-
lent chances for preservation (at or below sea
level), (2) concomitant subsidence rates conducive
to significant storage, (3) their dominant develop-
ment during sea-level lowstands, and (4) spatial
association with potential source rocks.

There is no shortage of literature on deltas and

deltaic reservoirs—i.e., on both Holocene deposits
and processes and their ancient counterparts.
Even so, a number of interpretations concerning
deltaic reservoirs are conjectural because of inad-
equate data and/or the equivocal nature of certain
features generally available for study of ancient
subsurface sands and sandstones. For example,
geometry and distribution are not of themselves
diagnostic criteria. In fact, the only unequivocal
criteria for depositional environment are those fea-
tures that are indigenous (e.g., paleosoils, certain
fossils). Consequently, a reasonable interpretation
of a deltaic reservoir, or more specifically a fluvial-
dominated deltaic reservoir, generally requires the

Shelton, J.W., 1996, Distinction, or indistinction, of fluvial-dominated deltaic reservoirs, in Johnson, K. S.
(ed.), Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Cir-

cular 98, p. 3-17.
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convergence of various types of data, beginning
with geologic setting, toward that conclusion.

TYPES OF DELTAS

Although modern deltas are present in a wide
variety of geographic settings, one common feature
in each is that the river provides clastic material
to the coast, shoreface, and associated shallow-
water environment more rapidly than it is re-
moved by marine processes. Deltas (excluding fan
deltas) may be classified according to the domi-
nant process or group of processes at and near the
river mouth (riverine and marine—tides, waves,
and other currents) (Fisher and others, 1969;
LeBlanc, 1972; Coleman, 1976). Correspondingly,
deltas in general terms may be regarded as fluvial-
dominated, wave-dominated, and tidal-dominated
(Fig. 1). The fluvial-dominated type itself may be
divided according to overall shape into various
subtypes, such as elongate or lobate (Fisher and
others, 1969). In numerous reservoir studies, the
latter subdivisions are not applicable, because the
area of study is too small to allow for determina-
tion of the overall shape of the inferred delta.

Internally, modern deltas have been subdivided
by some workers into upper deltaic plain, lower
deltaic plain, and subaqueous deltaic plain
(Coleman, 1976; Coleman and Prior, 1982). Upper
deltaic plain, as the transitional element to the
alluvial valley, is dominated by riverine deposi-
tional processes (fluvial-dominated). In a number
of reservoir studies, upper deltaic plain is indistin-
guishable from alluvial plain. Coleman (1976) has
grouped the various modern deltaic deposits into
six basic types of (deltaic) sand distribution,
largely on the basis of the relative intensity of the
major processes—river, tides, and waves, includ-
ing longshore drift (Fig. 2).

DELTAS THROUGH TIME

Although significant deltaic deposition un-
doubtedly has occurred during the course of
sedimentary history, it seemingly has not been
uniform through time because of two major factors
that may not be entirely independent—tectonism
(time and intensity) and changes in sea level. Ero-
sion, sediment transportation, and deposition are
obviously stimulated as a result of significant tec-
tonic events. Deltaic deposition is more likely to
occur during lowstands, although there are a num-
ber of major Holocene deltas that have formed
during this relative highstand.

FEATURES OF FLUVIAL-DOMINATED
DELTAIC RESERVOIRS

Common features of fluvial-dominated deltaic
reservoirs are markedly channelized (distributary)
deposits closely associated with nonchannelized

deposits (i.e., delta fringe—distributary-mouth
bar, delta front and margin, and splay) that show
an overall orientation at an high angle to the
paleocoastline (or depositional strike). However,
these features are not restricted to fluvial-domi-
nated deltaic reservoirs. Additionally, common
internal features include a coarsening-upward sec-
. tion overlain abruptly by a ﬁmng-upward or uni-
| form grain-size section, abundant organic mate-
_rial, and turbid-water (relatlvely shallow-water)
j fauna. Yet these are not unique to fluvial-domi-
. nated deltaic reservoirs.

DELTAIC AND OTHER CHANNELIZED
DEPOSITS IN THE SOUTHERN
MIDCONTINENT

Excluding the fluvial-deltaic deposits in the
Dakota Group, deltaic deposits of this region
formed only in the late Paleozoic. The older sand-
stones of the Simpson Group and of the Misener
Formation are marine. Even Cambrian sand-
- stones are dominantly marine, with a lowermost
i fluvial unit. This chronostratigraphic distribution
of sandstone types may reflect higher global sea
levels during early and middle Paleozoic time than
during late Paleozoic time, as shown by Vail and
others (1977) (Fig. 3). A relatively long-term
highstand existed for almost 200 m.y., beginning
in the Late Mississippian and extending well into
the Mesozoic. The unusually common occurrence
of fluvial-deltaic sedimentation during the Penn-
sylvanian probably reflects favorable combina-
!tions of humid climate, high-frequency eustatic
Isea-level changes (Fig. 4), and geographic and
chronologic linkage with orogenic belts. The
prominence of channelized sandstones within the
vanous deltaic packages is characteristic of much
'of the region, especially that part corresponding to
‘the more stable parts of the craton. In many cases,
‘the dominance of riverine processes is rather clear,
‘but the depositional site may be in doubt. The op-
tlons for one set of conditions, are fluvial or flu-
vial-dominafed deltaic; for another set, the options
are fluvial-dominated deltaic or deeper-marine
deposits. Selected examples are presented herein
!to illustrate reservoirs that are (1) channelized,
'but marine units; (2) channelized fluvial units;
:and (3) complexes of fluvial and fluvial-dominated
'deltaic sediments with and/or without offshelf
marine units.

‘ Channelized Marine Reservoirs
|Misener Sandstone

i The Upper Devonian Misener sandstone, de-
'posited on an unconformable surface in parts of
Kansas, Oklahoma, and northern Arkansas (Figs.
5,6), is a significant reservoir, especially where
the underlying surface shows significant relief.
Correspondingly, good Misener reservoirs are
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6 J. W. Shelton
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Figure 2. Sand distribution patterns in modern deltas (after Coleman and Wright, 1975; Coleman, 1977).
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POST-SIMPSON

OZARK UPLIFT
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Figure 5. Generalized areal distribution of Devonian Misener sandstone (after R. D. Fritz and others, personal
communication, 1988). Cross section A—A’ shown in Figure 6.

characterized by greater-than-average thicknesses
and abrupt bases and lateral contacts. They con-
tain fossil fragments—such as conodonts and fish
scales, phosphate fragments, glauconite, and
bioturbated structures (Mansfield and Breckon,
1985). Even though the channels in which Misener
reservoirs were deposited may have been parts of
valleys in an alluvial system, the depositional
record is of marine units that formed in embay-
ments, possibly by tidal action.

Spiro Sandstone

The Atokan Spiro sandstone, developed in the
Arkoma basin (Fig. 7), contains a widespread
nonchannelized unit, a limestone facies in the
western part of its area of development, and local-
ized lower channelized units with sharp bases and
lateral contacts (Lumsden and others, 1971;
Houseknecht, 1987; Al-Shaieb and others, 1989)
(Figs. 8,9). The Spiro was deposited on an uncon-
formable surface. The Spiro, in the relatively thick
sections, consists of several units in which grain

size decreases upward. These sections contain fos-
sil fragments, glauconite, chamosite (as peloids
and grain coatings), and collophane, pointing to an
embayed marine environment (Porrenga, 1967; Al-
Shaieb and others, 1989).

Fluvial Reservoirs
Bartlesville Sandstone

In northeastern Oklahoma, the Desmoinesian
Bartlesville is generally considered to represent
part of a deltaic complex (Visher and others, 1971;
Mason, 1982; Kuykendall, 1983) (Figs. 10,11).
Some linear thick trends of reservoir sandstone
are >2 mi wide, and their thicknesses are >100 ft.
These multistoried units commonly show upward
fining and cross-bedding above a sharp base. The
width and thickness suggest a fluvial setting
(valley fill), rather than a deltaic-distributary
setting. Thinner, more sheetlike sandstones, of
limited reservoir quality, probably formed as
delta-fringe units during an earlier relative
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Figure 7. Paleogeographic map of Arkoma basin and environs during early Atokan, showing distribution of
the Spiro sandstone (from R. D. Fritz and others, personal communication, 1990). Cross section B—B’ shown

in Figure 8; type log shown in Figure 9.

highstand—earlier with respect to the sea-level
stand during which the valleys were incised. Simi-
lar units may also have formed after development
of the valleys.

Carter Sandstone, Muldon Clastic System

The Chesterian Carter sandstone in the Black
Warrior basin (Figs. 12—14) consists of several se-
quences, each of which contains a thick sandstone
interval along a linear trend. One interval is >200
ft thick. Linear trends are present within areas
characterized by thinner, lenticular, and more
sheetlike sandstones. The thicker intervals repre-
sent fluvial (valley-fill) deposits.

Fluvial-Dominated Deltaic Complexes

Bartlesville Sandstone

The Bartlesville sandstone—developed as an
elongate, coarse-clastic complex between the
Nemaha and Ozark uplifts—contains, in addition
to the fluvial units noted above, various deltaic
sandstone bodies representing distributaries as
well as delta-front and marginal delta-fringe set-
tings (Fig. 11).

Red Fork Sandstone

The Red Fork sandstone forms a lobate mass,
extending from the craton into south-central Okla-
homa and the inner part of the Anadarko basin
(Fig. 15). Two basic types of sandstone units are
present over much of the stable area of Red Fork
development: (1) thick (>100 ft), multistoried, lat-
erally restricted, and channelized sandstones; and
(2) thin, relatively widespread sandstones (Tate,
1985). In the “deeper” part of the Anadarko basin,
three thick sections (each >500 ft thick) are recog-
nized. The channelized sandstones in the stable
area include both fluvial and deltaic distributary
units. The former developed as sea level rose after
lowstands, whereas the latter were probably de-
posited both before and after lowstands. The thick
sections in the deeper part of the Anadarko basin
reflect (1) deltaic deposition during lowstands
when sea level was lower than the shelf edge, thus
separating areas of thinner and thicker Red Fork
sections, or (2) off-shelf marine deposition (con-
taining various sediment-flow units) when the
shoreline was near or at the shelf edge (Johnson,
1984; Clement, 1991). Probably during lowstands,
both types of deposits formed there. In either set-
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T. 8N, R. 22 E. (location shown in Fig. 7) (from R. D. Fritz and others, personal communication, 1990).

Figure 9. Representative stratigraphic section of Spiro sandstone in Monsanto no. 1, Lone Star, sec. 8,
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Figure 10. Gross-thickness map of Bartlesville
sandstone in northeastern Oklahoma, showing
width and thickness of channelized sandstone
(after Visher and others, 1971; from Shelton,
1973). Correlation section A-A’ not shown in cur-
rent report.

Figure 11. Paleogeographic map for Bartlesville sand-
stone in northeastern Oklahoma (after Visher, 1968;
from Shelton, 1973).
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Figure 12. Generalized areal distribution of Chesterian Carter “B” sandstone, Black Warrior basin (after
R. D. Fritz and others, personal communication, 1992). Cross section C—C’ shown in Figure 14.
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Figure 13. Stratigraphic nomenclature for Carbonifer-
ous sandstone-bearing rocks in the Black Warrior ba-
sin (after Cleaves, 1983).

ting, thick sandstone units were deposited distally
(down depositional dip) before much of the updip
channelized sandstone was deposited in this lo-
bate deltaic complex. The shoreline shift was prob-
ably hundreds of miles, measured from its most
landward position during deposition of either the
underlying Inola Limestone (or equivalent shale)
or the overlying Pink Limestone to its most sea-
ward position during deposition of the Red Fork in
the deeper part of the Anadarko basin.

Carter Sandstone, Muldon Clastic System

The Carter sandstone units form an elongate
area of development in the Black Warrior basin
(Fig. 12). In these units are various deltaic sand-
stones, representing distributaries, delta-front,
and delta-fringe sands, in addition to the fluvial
sandstone intervals noted above. Swann (1964) in
his study of Chesterian sedimentary rocks of the
Illinois basin suggested that during their deposi-
tion, the shoreline shifted >600 mi in the area
north of the Black Warrior basin. Undoubtedly,
the shift from lowstand to highstand during
Chesterian deposition in the Midcontinent ap-
proached 1,000 mi.

CONCLUSION

Fluvial-dominated deltaic reservoirs commonly
are high-quality reservoirs, largely because of
their depositional fabric, but their recognition is
dependent upon other factors—geologic setting,
orientation and geometry, environmentally diag-
nostic indigenous constituents, and sedimentary
structural sequences. Some fluvial-dominated del-
taic reservoirs may be indistinguishable from flu-
vial (alluvial) units; others may be indistinguish-
able from shallow-marine or offshelf deposits.

Examples of channelized marine reservoirs in
the southern Midcontinent include the Devonian
Misener sandstone and Atokan Spiro sand-
stone. In some parts of its development, the Des-
moinesian Bartlesville sandstone is fluvial. The
most downdip part of the Red Fork sandstone may
include offshelf units. Chesterian Carter sand-
stone in the Black Warrior basin contains both flu-
vial and fluvial-dominated deltaic reservoirs, as do
most other deltaic complexes.
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A History of Pennsylvanian
Deltaic Sequences in Oklahoma

Glenn 8. Visher
Geological Services & Ventures, Inc.
Tulsa, Oklahoma

ABSTRACT.—This paper describes the determination of the depositional origins of Pennsyl-
vanian clastic, carbonate, and shale units that extended from the coastal plain into the deepest
part of the continental-margin trench. Differing depositional environmental patterns are syn-
thesized into depositional systems related to boundary conditions, depositional processes, and
the tectonic and sea-level history for the Pennsylvanian rocks of Oklahoma and Arkansas.

INTRODUCTION

During the past 100 years, stratigraphy has
undergone many fundamental changes in ap-
proach. With the recognition that time-strati-
graphic and rock-stratigraphic units are sepa-
rable, that biofacies and lithofacies patterns are
four-dimensional, and that the first occurrence of
a taxon could be based upon paleontological lin-
eages rather than biozones, coupled with the
merger of stratigraphy and sedimentation, it be-
came possible to reconstruct paleogeographic his-
tory. This goal was mostly impossible until strati-
graphic intervals could be subdivided into time
units of sufficiently short duration to allow analo-
gous comparisons to Holocene depositional proc-
esses and responses. Sequence stratigraphy pro-
vides the basis for the synthesis of stratigraphic
attributes. Application of the sequence concept to
depositional history has made it possible to caus-
ally interpret the origin of stratigraphic intervals
(Vail, 1987; Visher, 1990).

For more than 30 years, my students and I
have been studying clastic depositional intervals
in Oklahoma. These studies have included out-
crops, cores, well logs, and biostratigraphic zones.
One of the goals of these studies was to map the
areal distribution of individual clastic units. Inter-
pretation of the origin of sandstone units was
based upon comparisons of stratigraphic patterns
and attributes to Holocene depositional-pattern
responses. Comparisons were made by utilizing
process and response depositional themes. These
comparisons resulted in the identification of many
scores of differing depositional environments. En-
vironmental sequences and patterns provided the
basis for recognizing differing depositional sys-

tems. Most of the stratigraphic intervals studied
were associated with deltaic depositional processes
and responses. These deltaic intervals included
fluvial channels and valley fills, coastal shoreface
and tidal estuaries and flats, shelf intervals, and
submarine-fan channel and levee environments.

Clastic intervals contain differing patterns and
sequences of these depositional environments.
These differences are uniquely associated with
differing Holocene depositional systems. From
these comparisons, four principal delta types are
identifiable: riverine, wave, tidal, and fan deltas.
The areal distribution of a clastic interval and its
relationship to unconformity surfaces, patterns of
channel fill and progradation, and textural-re-
sponse patterns are the result of the depositional
boundary conditions. These include the geometry
of the unconformity surface, water depths, proxim-
ity to shorelines and shelf margins, subsidence
patterns and history, and rates of sea-level rise
and/or subsidence. These boundary conditions are
related to textural-response patterns, sediment
by-passing, and the geometry of the depositional
system.

These aspects are controlled in large measure
by sequence stratigraphic themes. It is possible to
synthesize depositional-response patterns and re-
late these patterns to lowstand, transgressive,
shelf-margin, and highstand systems tracks (Figs.
1,2; Table 1) (Vail, 1987). Sequence and para-
sequence cycles are presented having scales of 10,
1-3, and 0.4 m.y. These patterns reflect sequences
described by Haq for the Mesozoic Era and the
Tertiary Period (Haq and others, 1987). In some
instances it is possible to recognize stacked deltaic
cycles consistent with Holocene depositional rates
on the order of 100,000 years or less. These fifth-

Visher, G. S., 1996, A history of Pennsylvanian deltaic sequences in Oklahoma, in Johnson, K. S. (ed.), Del-
taic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98,

p. 18-31.

18



Pennsylvanian Deltaic Sequences in Oklahoma

order cycles may also be identifiable. The method
of sequence analysis has provided the theme for
interpreting the depositional history of Pennsylva-
nian clastic rocks in Oklahoma. In addition, it pro-
vides the basis for determining the paleogeo-
graphic stratigraphic history. The results of this
method are consistent with the vertical and areal
patterns of deltaic intervals, unconformity pat-
terns, regional time-stratigraphic correlation of
stratigraphic units, and currently accepted bio-
stratigraphic-age determinations (Huffman, 1958;
Gordon and Henry, 1981; Sutherland and Manger,
1992).

CARBONIFEROUS STRATIGRAPHIC
FRAMEWORK

Of principal importance to this analysis is the
development of a correlation of time units, time-
stratigraphic units, and lithologic units (Table 1).
Table 1 includes the synthesis of stratigraphic in-
formation that has been obtained during nearly
100 years of study of Pennsylvanian strata in
Oklahoma. Some of the relationships shown are
well documented, but others are still equivocal.
Some changes will of necessity be required as new
information is obtained, but what is shown is in-
ternally consistent to the level of precision indi-
cated. Most faunal biozones are readily arranged
in sequence, but age determination based upon
faunal zones may only be possible to a precision of
1-3 m.y. First-, second-, and third-order uncon-
formity surfaces have been recognized by Haq and
others (1987) worldwide and possibly reflect time-
equivalent events. Identifying the time equiva-
lence of unconformities requires careful worldwide
correlation of faunal-lineage zones. Some confu-
sion may arise because the time of first occurrence
of a particular taxon may be different from place to
place around the world.

Sequence-response patterns may also differ,
depending upon the paleogeographic framework
for deposition (Fig. 3) (Vail, 1987). The three pat-
terns illustrated by Vail are all developed in Okla-
homa. These include deposition on growth-faulted
shelf margins, in shelf-foreland basins, and on
depositional ramps. Posamentier and Allen (1993)
later suggested the specialized sequence patterns
associated with foreland basins.

Sequence cycles provide an event-based strati-
graphic framework to understand “cyclothems,”
which have been the basis for interpreting repeat-
ing patterns of Pennsylvanian depositional cycles
for more than 60 years (Wanless and Weller,
1932). However, little explanation was offered by
Wanless and Weller for differing areal patterns of
deposition. Such differences in areal depositional
pattern are illustrated, for example, by the varia-
tions seen as one moves upward in the sequence
that includes the lower Morrowan Cromwell and
Hale sandstone units; the overlying Union Valley—
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Bloyd sandstone, carbonate, and shale intervals;
and the capping, broadly distributed Wapanucka
limestone and Limestone Gap shale highstand
systems tract (HST) (Fig. 4; Table 1) (Sutherland,
1988). A similar pattern is reflected in the basal
Atokan Foster valley-fill sandstone; the overlying,
broadly distributed Spiro sandstone, carbonate,
and shale interval; and the capping, transgressive
shales that were deposited across the shelf (Fig. 5)
(Sutherland, 1988). These interpretive themes are
repeated throughout Pennsylvanian depositional
intervals on the margins of the Arkoma basin.
Depositional patterns reflect the boundary condi-
tions outlined above. These conditions controlled
the depositional patterns and can be deduced from
the stratigraphic-response patterns.

The sequence theme allows depositional-
response patterns to be causally understood and
areal stratigraphic patterns to be predicted by us-
ing only limited information. From Table 1, it also
appears that the nature of the depositional theme
can be predicted. Valley-fill sequences occur either
(1) in response to transgressive onlap across the
shelf, following deposition of a lowstand systems
tract (L.ST), or (2) on unconformities developed
following a previous highstand depositional se-
quence. Similar, previously inexplicable patterns
become sensible when this depositional framework
is utilized.

PENNSYLVANIAN DEPOSITIONAL
HISTORY UTILIZING SEQUENCES

Of principal importance to the application of
sequences to the interpretation of depositional his-
tory is the need to obtain time-stratigraphic corre-
lations of rock-stratigraphic units across the study
area. Correlations of units deposited over hun-
dreds of thousands of years require the identifica-
tion of correlative events. These include uncon-
formities, transgressive events, marker horizons
resulting from depositional events, and evolution-
ary events. A shelf-to-foreland-basin time-strati-
graphic correlation was developed by detailed
analysis of all these aspects by Krumme (1981)
(Fig. 6). His work was based upon outcrops, de-
tailed subsurface well-log correlations, and de-
tailed published information on biostratigraphic
zonation developed from measured sections and
stratigraphic relationships based upon field map-
ping.

Morrowan Strata

Controversy still exists as to the stratigraphic
position of the boundary between the Upper Mis-
sissippian (Chesterian) and basal Pennsylvanian
(Morrowan). Correlative shale units—including
the Cane Hill limestone and shale units of Arkan-
sas, the Caney shale unit of the Oklahoma plat-
form, the Goddard shale unit in south-central
Oklahoma, and the Springer sandstone and shale
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Figure 2. Diagrammatic analysis of the combination of eustasy and tectonic subsidence, reflected in the
relative change of sea-level. Included is a legend of the terms and abbreviations used in the text (from Vail,

1987).

units in the Anadarko basin—contain both Missis-
sippian and Morrowan faunas (Sutherland and
Manger, 1992).

Stratigraphic mapping indicates that a major
erosional unconformity surface is developed at the
base of the Prairie Grove limestone unit of the
Hale sandstone unit in Arkansas, the Cromwell
sandstone in eastern Oklahoma, and the Squaw-
belly sandstone in the Anadarko basin. Transgres-
sive systems tract (TST) channel-fill sandstones
are deposited in erosional valleys, with >100 m of
topographic relief (Huffman, 1958). Onlap across
this erosional surface accounts for the varying
ages of underlying stratigraphic units; ages range
from the Chesterian Pitkin limestone unit, on the
Arkansas shelf and Oklahoma platform, to the
HST lowermost Pennsylvanian Caney, Cane Hill,
Goddard, and Springer shales, deposited on the
shelf margin and on the shelf between erosional
valleys. These stratigraphic patterns can easily

explain the reason for the difficulties encountered
in determining the stratigraphic position of the
Mississippian/Pennsylvanian boundary in differ-
ent measured sections. Erosional backstripping of
Mississippian/Pennsylvanian units also can ex-
plain the difficulties in determining ages of the
LST Wesley shale, Jackfork sandstone, and Johns
Valley shale units deposited on the Arkoma basin
shelf margin.

This unconformity surface has been of primary
importance both in the development of a channel
system to bypass coarse clastic sediment into the
marginal basin and as a migration route for fluids
expelled from the compacting shales within the
basin. This unconformity surface extends into
Kansas; it possibly is the primary surface for mi-
gration of the tens of billions of barrels of oil that
fill basal Pennsylvanian to lower Missourian res-
ervoirs overlying the unconformity surface.

Subsequent Morrowan deposition on the shelf
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TABLE 1. — SEQUENCE OF TiME UNrts, TIME-STRATIGRAPHIC UNITS, AND PRINCIPAL
CARBONIFEROUS FORMATIONS MAPPED IN OKLAHOMA AND WESTERN ARKANSAS

Ages* (m.y.) Sequences
2nd order 3rd order 4th order
(10 m.y.) (1-3 m.y.) 0.4 m.y.)
Anadarko Cherokee Ouachita shelf Delta Sea-level
basin shelf / basin} typet stand
Granite Cottage Grove  Osage-Layton ss fan HST
Missourian Wash ss Layton ss riverine HST
300-305 Skiatook Checkerboard Is TST
Marchand ss Cleveland ss riverine-fan TST
Oologah-Wewoka ss (4) fan HST
Granite Marmaton Oswego Is HST
Wash ss Prue-Calvin ss (2) riverine-fan TST
Desmoinesian Skinner ss (2) riverine HST
305-311 Senora Stuart sh TST
Thurman ss valley-fill SMST
Red Fork ss Boggy Red Fork ss (2) riverine HST
and sh Bartlesville ss riverine HST
Savanna ss and sh riverine-fan TST
McAlester Fm Booch and Warner ss tidal TST
Hartshorne ss fan SMST
Atoka ss Gilcrease and Carpenter ss wave-tidal HST
and sh Dutcher ss Alma / Fanshawe ss tidal TST
Atokan Areci/ Red Oak ss tidal LST
311-314 Cecil / Brazil ss tidal LST
Thirteen Spiro ss Spiro ss and chert wave-tidal HST
Fingers Is Foster ss tidal TST
Morrow sh Wapanucka Is Limestone Gap sh HST
and sh Union Valley Is
Morrowan and Bloyd Is and sh HST
314-325 Morrow ss Hale ss Cromwell ss tidal TST
Prairie Grove  / John’s Valley sh TST
Is
Squawbelly ss / Jackfork ss tidal LST
/ Wesley sh
Pennsylvanian/ Springer ss Cane Hill Is Caney sh
Mississippian and sh and sh / Jackfork ss tidal HST
Chesterian Springer ss; sh Caney sh Pitkin Is TST
325-335 Goddard sh Goddard sh / Jackfork ss tidal TST
Cunningham ss ~ Batesville ss Fayetteville sh TST
Hindsville Is / Chickasaw chert LST
Meramecian Meramec Is Moorefield Mayes Is HST
335-345 Is and sh Stanley sh HST
Osagean Osage Is Boone chert Keokuk 1s / Stanley ss tidal TST
345-356 and chert Reeds Spr. / Stanley ss LST
Kinderhookian— Woodford sh Chattanooga sh  / Arkansas novaculite HST
Middle Devonian / Arkansas novaculite TST

*Ages from Haq and others (1987) and Haq and Van Eysinga (1987).
+tNumbers in parentheses indicate the number of sandstone units; names of stratigraphic units following "/* are basinal

equivalents.

fInformation indicates delta types and the nature of the depositional sequences, including lowstand systems tract (LST),
transgressive systems tract (TST), shelf-margin systems tract (SMST), and highstand systems tract (HST).
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Figure 3. Sequence stratigraphy diagrammatic sections, showing systems tracts for shelf, ramp, and growth-
fault depositional settings (from Vail, 1987). For explanation of abbreviations, see Figure 2.

included the HST Wapanucka and Brentwood
limestones, Wapanucka and Morrow shales, and
locally reworked and redeposited shelf sandstones.
Basinal equivalents are reflected by deposition of
a condensed interval of spiculitic limestones and
organic-rich shales.

Atokan Strata

On the shelf margin, Atokan time commenced
with the deposition of the Foster sandstone unit in
an erosional valley-fill sequence. The overlying
Spiro sandstone onlaps the Foster interval and is
broadly distributed across the Arkoma basin mar-
ginal shelf. The Foster sandstone was deposited as
a TST estuarine channel valley fill, and the overly-
ing Spiro sandstone was deposited in response to
continuing subsidence and/or sea-level rise, on a

shelf with a high-energy wave- and tide-domi-
nated environment of deposition (Lumsden and
others, 1971). Clastic units reflect a depositional
system similar to that of the Holocene Baram
River Delta of northwest Borneo (James, 1984)
(Fig. 7).

The shelf margin is cut by a number of well-
developed growth faults, including the San Bois
and Mulberry faults. Nearly 2,000 m of LST mid-
dle and lower Atokan submarine fans were depos-
ited basinward of these growth faults (Vedros and
Visher, 1978). This pattern indicates that lower
Atokan strata are not present on the Oklahoma
platform (Sutherland, 1988) (Fig. 8). On the Ar-
kansas shelf, however, the shelf margin is incised
by submarine-slope canyons, and the Atokan is
represented by a series of stacked, tidally depos-
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Figure 4. Areal distribution of middle Morrowan formations and depositional environments for eastern Okla-
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Figure 5. Areal distribution of earliest Atokan formations and depositional environments for eastern Oklahoma
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units from shelf to basin (from Krumme, 1981).

ited deltaic intervals, including the Cecil, Areci,
Alma, and Carpenter sandstone units (Visher,
1990). Lower Atokan shelf intervals contain
quartz-pebble conglomerates, possibly equivalent
to the Pounds sandstone, of probable Atokan age,
in the Illinois basin. Early Pennsylvanian ero-
sional channels have been identified across Mis-
souri and may be representative of a major fluvial
system that transported detritus from the central
part of the North American craton. More than
4,000 m of Atokan clastic sediments were depos-

kan basinal equivalents in

= c the Oklahoma part of the
— S| Arkoma basin contain cur-
-4 @ rent structures suggesting

= a dominant westerly sedi-

ment transport within the
Arkoma basin (Briggs and
Cline, 1967).
Middle and upper Ato-
kan Gilcrease and Dutcher
= Mormaton sandstone depositional in-
tervals are widespread
across the Oklahoma
p— Cherokee platform. Field
mapping has demon-
strated, as far north as
Craig County in north-

eastern Oklahoma, the
presence of sandstone-
filled channels, 0.4-0.8 km
wide, that were eroded as
much as 30 m into the un-
derlying Mississippian
“chat” (regolith). Lower
Burgess sandstone chan-
nel-fill units are of prob-
u,.B,},an able Atokan age, but other
Yo ] channel-fill units may also
include lower Desmoines-
= ian stratigraphic equiva-

“— lents, i.e., the Hartshorne,
Krebs Savanna, and Booch sand-
stones. Deposition is inter-
preted to reflect fluvial, es-

(U.Senoro Sh.

Desmoinesian

Cabaniss

® Sodc_h_v tuarine, and deltaic chan-
= nels. Examination of well
R logs and samples from
Gierease wells penetrating chan-

Sd. neled Atokan channel-

fill intervals in Okmulgee

0" County indicates the pres-
ence of a major channel-
ized drainage system,
identified by coarse
bed-load sand £1 mm in
diameter. Stratigraphic
equivalents reflect onlap
and include a range of
depositional units such as shelf carbonates and
glauconitic and bioturbated sandstone intervals.
Middle and upper Atokan shelf sequences are
stacked and prograde across the shelf. This pat-
tern indicates the development of a highstand se-
quence pattern, reflective of wave- and/or tide-
dominated deltaic deposition. Detailed correlation
of lower middle Atokan intervals suggests a maxi-
mum flooding surface (mfs) above the Spiro sand-
stone interval, which would reflect an internal
third-order unconformity surface (J. G. Cole, per-

Morrowanl|Atokan
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Figure 7. Areal distribution of middle Atokan formations and depositional environments for eastern Oklahoma
and northwestern Arkansas (from Sutherland, 1988).
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Figure 8. Pattern of depositional environments for the Baram delta, eastern Malaysia and Brunei (James,
1984).
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sonal communication, 1993). The terminations of
successively younger deltaic parasequences pro-
grade across the shelf to the shelf edge, as sea-
level rose (see Fig. 3, model A). These patterns can
be seen for the Carpenter “A” sandstone near
Ozark, Arkansas, and for the widespread distribu-
tion of Atokan deposition reflected by the
Gilcrease and Dutcher sandstone interval on the
Cherokee platform. These patterns provide the
explanation for the bypassing of sediment through
slope channels, producing continued deposition of
the middle Atokan Red Oak and upper Atokan
Fanshawe submarine fans. These aspects are con-
sistent with those observed for the Holocene tide-
dominated Mahakam Delta, as described by Allen
and others (1979) (Fig. 9).

Desmoinesian Strata
After deposition of the Atokan Series, a fore-
land-basin and ramp depositional pattern was
developed, similar to that described by Posa-
mentier and Allen (1993). The basin was either
filled, or the southern basinal margin was uplifted

27

to near sea-level. The Atokan is unconformably
overlain by the Hartshorne sandstone unit. To the
north the unconformity surface is overlain by con-
glomerates, and channeling, with channel-fill
deposition, is indicated. To the south the uncon-
formity is marked by low-angle truncation, and
minor channeling and little deposition reflect fill-
ing of a low-relief flood basin (Huffman, 1958;
Visher, 1990).

The blanketlike character of the Hartshorne
sandstone unit and the widespread occurrence of a
“Hartshorne” time-stratigraphic marker reflect
deposition on a maximum flooding surface (mfs).
This surface is a low-relief ramp that extends
across the Cherokee platform and into Kansas (see
Fig. 38B). The McAlester-Hartshorne interval
thickness (nearly 700 m) indicates continued sub-
sidence near the former shelf margin, and a shelf-
margin systems tract (SMST) is indicated.

The Hartshorne sandstone unit was deposited
in a flood-basin depositional setting, typical of Ho-
locene depositional patterns (e.g., the Colville
delta of Alaska). This interpretation is supported

by the presence of large-
scale braid bars, <5 m
thick; widespread coal lay-
ers, <2 m thick; and the

20 km

SANGA SANGA
(]

distributaire

-
00

B

I|7l'”

T presence of a broad flood-

plain and levee interval
extending over an area of
>5,000 kmZ2. These aspects
are reflective of fan-delta
deposition in a foreland
basin. A similar Holocene
coastal fan-delta pattern
has been described by Gal-
loway (1976) (Fig. 10).
The McAlester sandstone,
shale, and coal units con-
tain multiple stacked del-
taic parasequences. The
Booch and Warner sand-
stone units, overlying the
Hartshorne coal, were
deposited on the northern
flank of the foreland basin.
These sandstone units
represent valley-fill depo-
sition in erosional estu-
arine channels (Busch,
1953; Visher, 1990). Simi-
larly, the Savanna sand-
stone and shale units
i reflect deposition as mul-
tiple channelfill units, but
also reflect flood-basin
depositional intervals
) characterized by the de-
e velopment of stacked,

0"40

BRlg
teay Sontinenta)

Figure 9. Pattern of deposition of environments for the Mahakam delta of

eastern Kalimantan (from Allen and others, 1979).

braided-channel, fan del-
tas. Erosional surfaces
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- Figure 10. Pattern of depositional environments for the Copper River delta of Alaska (from Galloway, 1976).

were developed at the base of each parasequence
on the Oklahoma Cherokee platform. The interval
is transgressive, and successively younger para-
sequences are observed to the north, as suggested
by Vail (1987) (Fig. 3B).

The overlying Bartlesville and Red Fork sand-
stone parasequences reflect a change in the depo-
sitional setting. They are progradational deltaic
HST sequences overlying an upper Savanna flood-
ing surface. The Bartlesville interval rarely fills
erosional valleys in Oklahoma, but this pattern is
common on the upper coastal plain in Kansas
(Visher and others, 1971; Walton, 1993). Red Fork
sandstone forms deltaic channels that occupy ero-
sional valleys on the crests of structural and topo-
graphic highs and on the northern flank of the
Cherokee platform, as developed in the Cherokee
and Wakita hydrocarbon-producing trends. The
Red Fork sandstone reflects continued sea-level
rise and is widely distributed across most of Okla-
hon21a and southern Kansas, an area of >50,000
km?,

Each of these parasequences reflects deposition

during a period estimated to be ~400,000 years
(Table 1). Progradational clastic intervals are
separated by nearshore limestone markers. They
typically contain more than one depositional unit.
Where stratigraphic intervals are thicker, as a
result of a more rapid rate of subsidence (e.g., on
the flanks of the Anadarko basin and on the south-
ern margin of the Cherokee platform), several
units deposited in 100,000-year cycles are devel-
oped. The Bartlesville sandstone parasequence
contains indications of some tidal influence in out-
crop on the southern margin of the platform
(Visher and others, 1971). The Red Fork sandstone
depositional interval may also have been partially
tidally controlled on the flanks of the Anadarko
basin, on the basis of rejoining channel deposi-
tional patterns. The principal depositional control
for both parasequences reflects riverine deltaic
processes, as illustrated by Holocene depositional-
response patterns similar to those described by
Gould (1970) for the Mississippi Delta (Fig. 11).
A major interruption in the continuity of the
depositional history is represented by deposition of
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Figure 11. Distribution of environments and channels of the Mississippi River delta plain (from Gould, 1970).

the Thurman sandstone on the margin of the fore-
land basin. This unit is restricted to the basin
margin, and it rests on (and fills) channels devel-
oped on a major erosional unconformity (Table 1).
Those utilizing a tectonic framework for interpret-
ing depositional history suggest that this interval
may represent the development of a southern clas-
tic source resulting from tectonic uplift of the
Arkoma basin. This interpretation cannot be sup-
ported, however, since paleocurrent information
indicates that late Atokan submarine fans had
their source to the north and east, and Hartshorne
and Savanna sandstone fan-delta patterns indi-
cate an eastern source. A sea-level fall, after depo-
sition of the HST Red Fork sandstone para-
sequence, is indicated by the erosional uncon-
formity at the base of the Thurman sandstone.
Also, the sediments involved in onlap deposition to
form the Stuart shale, followed by the Skinner
sandstone HST riverine deltaic parasequences,
were derived from both northeasterly and south-
easterly sources (Valderrama, 1974). These depo-
sitional patterns are in conflict with the tectonic
interpretation.

The Skinner sandstone HST riverine deltaic
sequences are unconformably overlain by re-

stricted channelized Prue and Calvin sandstone
depositional intervals. Previous depositional pat-
terns are repeated, with an erosional uncon-
formity overlying the Skinner HST parasequence,
followed by the Calvin and Prue TST, valley-fill
deposits (Krumme, 1981). These fan and riverine
deltas were deposited in the foreland basin and
then prograded to the north and west across the
basin, in response to the rise in sea-level. On the
margin of the foreland basin, the TST Oswego car-
bonate bank developed, and the Wetumka shale
was deposited within the basin at the base of the
Wewoka sandstone progradational fan-delta para-
sequences (Krumme, 1981). Continued subsidence
of the foreland basin, flanked by Oologah carbon-
ate-bank deposition, is documented by the deposi-
tion of Wewoka fan-delta sequences (Krumme,
1981).

Missourian Strata

During Missourian time, this pattern was re-
peated again, with deposition of clastic channel-fill
sequences, unconformably overlying the HST
Oologah carbonate-bank interval. Correlation of
time-stratigraphic intervals is complicated by
onlap, resulting in the filling of erosional valleys
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by Cleveland sandstone depositional units. In
other localities, onlap was represented by deposi-
tion between erosional valleys, and this process
produced stacking of TST depositional units (Vail,
1987) (Fig. 3B). This transgressive depositional
history was capped by the maximum flooding sur-
face represented by deposition of the Checker-
board limestone and the overlying deeper-water
phosphatic-shale unit (Krumme, 1981).

Progradation of the overlying HST Layton and
Cottage Grove riverine deltaic-sandstone para-
sequences, separated by the nearshore Hogshooter
limestone transgressive interval, completed the
cycle (Table 1). Of particular importance is the fact
that the Layton sandstone riverine deltaic interval
reflects deposition in deeper water, reflected by
progradational deposition onto the underlying
phosphatic shale (mfs), which, in turn, overlies the
Checkerboard limestone that caps the Cleveland
and Prue sandstone parasequence. This transgres-
sive surface can be identified and correlated from
Oklahoma to Iowa and from the Texas Panhandle
to Missouri.

The areal depositional pattern of the Layton
sandstone has been mapped and its environmental
patterns have been interpreted on the basis of de-
tailed outcrop studies by my students and me
(Visher and others, 1975). A riverine deltaic depo-
sitional system is indicated, as reflected by areal
depositional and process-response patterns that
were observed both in core and outcrop sections.

The regional depositional pattern of the overly-
ing Cottage Grove sandstone parasequence was
mapped by Lalla (1975). The paleogeographic pat-
tern, together with outcrop studies, indicates depo-
sition in a blanketlike HST shelf environment.
The thickness, the continuity of permeable-sand-
stone flow units, and the areal distribution of the
parasequence all indicate deposition in a fan-delta
framework. This pattern reflects HST deposition,
with progradation from a rising source area on the
shelf margin to the south. Shelf-fan deposition re-
sulted from a decreased receptor capacity (de-
creased rate of subsidence) at the close of a high-
stand systems tract.

Subsequent Missourian and Virgilian se-
quences have been documented by Heckel (1986)
in Oklahoma and Kansas. Regional sequence pat-
terns have been reported by Ross and Ross (1988).
The sequence stratigraphic theme documented by
this paper can be utilized to interpret the origin of
“cyclothemic” cycles in the Midcontinent.

CONCLUSIONS

The foregoing analysis illustrates that the se-
quence stratigraphic theme can be usefully
applied to interpret the origin of depositional in-
tervals. The value of this theme is both in the
prediction of stratigraphic patterns and in the in-
terpretation of previously poorly understood

stratigraphic patterns. When all the depositional-
response patterns are interrelated, confidence to
predict and to interpret depositional patterns, and
to understand the origin of single depositional
units, is enhanced.

My students and I have often misinterpreted or
debated the significance of a single observation. By
using the sequence theme, the synthesis of unre-
lated observations often makes it possible to un-
derstand the causality and controls for the deposi-
tional origin of stratigraphic units and intervals.
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ABSTRACT.—Pre-Pennsylvanian strata in Oklahoma are a thick sequence of Upper Cam-
brian through Mississippian shallow-marine carbonates that were deposited in a broad epicon-
tinental sea in an area called the Oklahoma basin. Major changes took place during Pennsyl-
vanian time; the Oklahoma basin was divided by sharply uplifted crustal blocks into a series
of well-defined basins. Pennsylvanian orogenic activity was limited to folding, faulting, and
uplift and was not accompanied by igneous activity or metamorphism. Sedimentation in the
rapidly subsiding basins was dominated by the coarse and fine clastic material shed from the
nearby uplifts, and alluvial and/or deltaic sediments were deposited in the coastal areas.

Deltaic-channel petroleum reservoirs are present throughout the Pennsylvanian System in
the Morrowan, Atokan, Desmoinesian, Missourian, and Virgilian Series rocks. These sand-
stone reservoirs were deposited in fluvial and fluvial-dominated deltaic environments, pri-
marily located on the Cherokee platform and on the northern and eastern shelves of the
Anadarko basin.

The sources of sediments for the Pennsylvanian delta systems in Oklahoma varied through
time. A late Morrowan delta, located in the Oklahoma Panhandle, had a source of sediment
from the northwest; the sediments that formed an oil-productive upper Morrow Group chan-
nel sandstone in the Postle field of Texas County were deposited in this southeast-trending
delta system.

Desmoinesian strata include the deposits of the Booch delta in east-central Oklahoma that
had its sediment supply coming from the north. Numerous oil pools have been discovered in
these Booch channel sandstones. A large Bartlesville delta system on the Cherokee platform
of northeast Oklahoma was supplied with sediment from the north; many oil pools are present
in the resulting Bartlesville channel sandstones. The large fluvial and deltaic Red Fork sys-
tem in northern Oklahoma and the Anadarko basin had its sediment source in the north. An
extensive Red Fork channel in Kingfisher County crosses the Sooner Trend from east to west.

The large Missourian delta system had its source in the east and southeast; sands were
transported across eastern Oklahoma into the Anadarko basin. The Marchand channel sand-
stone in the NE Binger field in Caddo County, on the eastern flank of the Anadarko basin, was
derived from the northeast. The Endicott delta system, with a northern sediment source, is
located in northwest Oklahoma.

INTRODUCTION

Oklahoma is one of the leading petroleum-pro-
ducing states in the nation, and a significant
amount of its production is derived from deltaic-
channel reservoirs in Pennsylvanian strata. Del-
taic channels are those sands or sandstone units
deposited in main-stream or distributary channels
that extended across deltas built up by rivers and

streams that flowed into various depositional ba-
sins (Fig. 1).

This paper is intended to describe the geologic
framework of Oklahoma leading up to, and during,
the Pennsylvanian Period, and to discuss some
of the major deltaic-channel reservoirs in the
State. It also is intended to help set the stage for
other, more detailed reports in this symposium
volume.

Northcutt, R. A.; and Johnson, K. S., 1996, Pennsylvanian deltaic-channel reservoirs in Oklahoma, in Johnson,
K S. (ed.), Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Sur-

vey Circular 98, p. 32—45.
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Figure 1. Major geologic provinces of Oklahoma (from Johnson, 1971).

GEOLOGIC FRAMEWORK

Late Cambrian through Mississippian condi-
tions in Oklahoma are represented by marine sedi-
ments that were deposited in a broad epicontinen-
tal sea, the Oklahoma basin, that extended across
almost all parts of the southern Midcontinent (Fig.
2). The Oklahoma basin was a shelflike area that
received a sequence of remarkably thick and ex-
tensive sediments now represented by marine car-
bonates interbedded with thinner marine shales
and sandstones. These strata are readily corre-
lated throughout the basin. The sedimentary units
thicken into protobasins (Anadarko, Ardmore,
Arkoma, and others), which were accentuated
later during Pennsylvanian orogenies, and they
also were deposited upon and across the present-
day major uplifts, from which they were subse-
quently stripped during Pennsylvanian uplift and
erosion. The southern Oklahoma aulacogen was
the depositional center for the Oklahoma basin.

Late Paleozoic geologic development in Okla-
homa centered on orogenic activity during the
Pennsylvanian Period. The broad, shallow-marine
Oklahoma basin was divided by sharply uplifted
crustal blocks into a series of well-defined marine
basins. Orogenic activity was limited to folding,
faulting, and uplift and was not accompanied by
igneous activity or metamorphism. Pennsylvanian
orogenic pulses caused, or contributed to, folding
and thrusting of the Ouachita fold belt; raising of
the Wichita, Criner, Arbuckle, and Nemaha up-
lifts; pronounced downwarping of the Anadarko,
Ardmore, Arkoma, and Marietta basins; and mod-
erate subsidence of the Hugoton embayment and
the Hollis basin (Fig. 1).

Pennsylvanian strata of Oklahoma are se-
quences of marine and nonmarine shale, sand-
stone, conglomerate, and limestone that thicken
markedly into the rapidly subsiding basins. Thick
wedges of terrigenous clastic sediments were shed
from nearby uplifts; thinner carbonate sequences
were deposited on shallow-water shelf areas distal
to the uplifts. Successively younger Pennsylvanian
units commonly overlap older units at the margins
of the basins and across some of the uplifts. Thin
coal beds are abundant in Desmoinesian strata,
mainly in the Arkoma basin and on the Cherokee
platform. Total thickness of Pennsylvanian strata
in the various basins is 10,000-15,000 ft in the
Anadarko, Ardmore, Arkoma, and Marietta basins
and about 4,000 ft in the Hollis basin. In most of
the shelf or platform areas, Pennsylvanian strata
typically are 1,500—4,000 ft thick.

SEDIMENTATION

Deposition of great amounts of clastic material
in Oklahoma throughout Pennsylvanian time gave
rise to the many deltas preserved in the geologic
column. Sources of this clastic material sur-
rounded the two primary depositional basins of
Oklahoma, the Anadarko-Ardmore and Arkoma
basins. In the southern part of Oklahoma, rapid
uplift of the Wichita, Arbuckle, and Ouachita
Mountains shed large volumes of clastic material
directly into the marine environment from the ris-
ing terrain. Meanwhile, in northern Oklahoma,
the clastic material being brought in and deposited
was from sources on an emergent terrain located
to the northwest, north, and northeast. This clas-
tic material was transported across large drainage
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Figure 2. Map of south-central to southwestern United States, showing approximate outline of the Oklahoma
basin and other major features that existed in early and middle Paleozoic time (from Johnson, 1991).

systems by fluvial processes. Deposition was at the
coastal plain in deltaic environments that varied
in type from tide dominated to wave dominated or
to fluvial dominated, depending on the relative
intensity of fluvial or marine processes.

STRATIGRAPHY

Except for parts of the Wichita, Arbuckle,
Ouachita, and Ozark uplifts, Pennsylvanian strata
crop out, or exist in the subsurface, in almost all
parts of Oklahoma. Within the thick package of
Pennsylvanian strata, which generally ranges
from about 1,500 to 15,000 ft thick, are many
sandstones. The deltaic-channel sandstones that
are most significant (those that are major reser-
voirs for oil and/or gas) are shown in Figure 3.

DELTAIC RESERVOIRS

Fluvial processes dominated in most of the del-
taic environments in northern Oklahoma, and
that situation allowed the development and pres-
ervation of an abundance of channel sandstones.

Many of these preserved channel sandstones now
are oil and gas reservoirs.

Morrowan

The paleogeography of Oklahoma during Early
Pennsylvanian time (Morrowan-Atokan) is shown
schematically by Figure 4. During this period,
sediments were being transported into the Ana-
darko basin of Oklahoma from emerging areas to
the northwest, northeast, and south. Meanwhile,
the Arkoma basin of eastern Oklahoma was re-
ceiving sediment from emerging areas to the
northwest and from the Ozark uplift to the north-
east.

In the Oklahoma Panhandle, the upper Morrow
sandstones were interpreted by Swanson (1979) as
having been deposited in a deltaic environment
with preserved distributary channels occurring on
the subsiding lower deltaic plain. The paleogeo-
graphic map of late Morrowan time (Fig. 5) illus-
trates the source areas, the postulated drainage
system coalescing into a major stream on the up-
per deltaic plain, and the branching of the dis-
tributaries on the lower deltaic plain as they ap-
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Figure 4. Early Pennsylvanian (Morrowan-Atokan)
paleogeography of Oklahoma with explanation of
map symbols (from Johnson, 1971). Light and dark
shading shows known areas of sedimentation.

proached the sea. Subsidence on the lower deltaic
plain resulted in the vertical stacking and preser-
vation of the point-bar deposits at the delta front.
Many of these channel sandstones are strati-
graphic traps for oil and gas reservoirs.

Benton (1972) studied the upper Morrow sand-
stones in the Postle field area in Texas County,

Oklahoma. One of the intervals studied included
the “A-2” and “A-3” sandstones in the upper Mor-
row. An isopach map of the porous sandstone in
this interval is shown in Figure 6. This large flu-
vial channel extends northwest to southeast
across the study area, a distance of 21 mi. The
width of this channel varies from 2 to 4 mi, and it
reaches a thickness of >150 ft. Electric logs of two
wells, which also were studied from core data, are
shown in Figure 7. The upper Morrow “A-2” and
“A-3” sandstones are identified on these logs, as
are the Morrow “A” and “A-1” sandstones. The
separation between these four sandstone layers is
obvious in these logs; however, in other locations
they do not show separation and are thought to
represent continuous deposition (Benton, 1972).
Where the sandstones are separated, they may
have varying reservoir characteristics and trap-
ping mechanisms resulting in inefficient recovery
of the hydrocarbons. Thorough study of these
sandstones is necessary to understand the archi-
tecture of the reservoirs.

Desmoinesian

During Middle Pennsylvanian (Desmoinesian)
time, the paleogeography in Oklahoma shows ris-
ing highlands in the south and deposition of sedi-
ments that formed shale with sandstone, lime-
stone, and coal in the north (Fig. 8). During early
Desmoinesian time, deltaic deposition was preva-
lent in northern Oklahoma as clastic sediment
was supplied from northern and northeastern
sources. This deltaic deposition with northern
source areas continued throughout deposition of
sediments forming the Krebs Group. During depo-
sition of sediments forming the Cabaniss Group, in
middle Desmoinesian time, the source area
changed to one in the east, and deltaic deposition
expanded from northeastern Oklahoma across the
Nemaha fault zone into the Anadarko basin. Dur-
ing deposition of sediments forming the Marmaton
Group, in late Desmoinesian time, the supply of
clastic material into the system diminished, and
limestone deposition prevailed.

Booch Delta

Busch (1959) presented his study covering an
area of >2,000 sq mi, which is part of the large
deltaic system in the Booch sandstone, as part of
his ongoing characterization of stratigraphic traps.
From his work, the Booch delta has become a clas-
sic example of an elongate, fluvial-dominated
delta. An isopach map of Booch sandstone (Fig. 9)
shows a generalized deltaic distributary system
extending toward the Arkoma basin in the south,
beyond the indicated line of flexure. Major dis-
tributary channels have sandstone thicknesses of
>120 ft. Many of the distributary-channel sand-
stones in this Booch delta system form the strati-
graphic traps of oil and gas that abound on the
distal part of the delta. Oil and gas production
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Figure 6. Isopach map of the porous “A-2” plus “A-3” Morrow Group sandstones in the Postle field area,
Texas County, Oklahoma. Contour interval is 10 ft (up to 50 ft) and 25 ft (above 50 ft) (from Benton, 1972).

from the Booch sandstone was established as early
as 1904 in the Okmulgee area. These oil and gas
traps generally are found in sandstones that are
<120 ft thick, but they do occur in the thick, major
distributary channels. To characterize the Booch
sandstone, Busch presented a structure map (Fig.
10) showing the oil pools and their postulated ex-
tensions in a 6 mi x 6 mi area. This map illustrates
the sinuous character of the 20-60-ft-thick chan-
nel sandstones and the minor relationship to
structural position in these stratigraphic traps.

Bartlesville Delta

Since the discovery of oil in the Bartlesville
sandstone at Bartlesville, Oklahoma, in 1897, a
large area (>9,000 mi?) of these thick sandstones
in northern Oklahoma has been studied for many

years. A report on regional studies of this exten-
sive, elongate, fluvial-dominated deltaic system
was presented by Visher and others (1971). Figure
11 shows the distribution of the Bartlesville sand-
stone in northeastern Oklahoma, from the sand-
stone limit on the west to the outcrop area on the
east. The map indicates the source area was in the
north and shows the deposition of sandstone beds,
up to 200 ft thick, in the major distributaries on
the lower deltaic plain. Outcrop areas of Blue-
jacket Sandstone, equivalent to the subsurface
Bartlesville sandstone, are shown on the east. The
oil fields producing from the Bartlesville sand-
stone are shown in Figure 12. These oil fields are
stratigraphic traps, with the oil trapped at the
updip pinchout of sandstone. The structural dip,
from northeast toward the south and southwest,
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Figure 7. Electric logs of two wells showing intervals
of upper Morrow Group sandstones (after Benton,
1972).

localizes the traps. Structural closure is not neces-
sary to create these traps. The Bartlesville sand-
stone is a prolific oil producer, having yielded more
than 1.5 billion barrels of oil through 1971 (Visher
and others, 1971). The Bartlesville sandstone oil
reservoirs also are desirable for secondary-recov-
ery projects because of their shallow depth and
high recoveries during water flooding.

Red Fork Delta

Fluvial and distributary-channel sandstones in
the Krebs Group were extensively developed in
early Desmoinesian time as part of the prograda-
tional sequences deposited in the large Red Fork
delta system. This fluvial-dominated delta covered
most of the northern shelf area of central Okla-
homa, with deposition extending into the Arkoma

R SS— |
100 miles

Figure 8. Middle Pennsylvanian (Desmoinesian) pa-
leogeography of Oklahoma (from Johnson, 1971).
See Figure 4 for map symbols.

and Anadarko basins. Marine processes tended to
dominate the distal portion of the delta, with
many of the delta-front sands being reworked dur-
ing stillstand or transgressive phases. Figure 13
shows the general extent of the Red Fork sand-
stone formed in this delta system and submarine-
fan basinal deposition in the Anadarko basin to
the southwest.

Zeliff's (1976) study of the “Cherokee” sand-
stones in northern Kingfisher County, Oklahoma,
gives an example of a fluvial channel cutting into
earlier deposits on the upper portion of the Red
Fork delta. The best depiction of this channel is
the isopach map of the lower Red Fork genetic in-
crement of strata (GIS) that shows the scour of the
channel at its deepest part (Fig. 14). This channel
is more than 43 mi long and is mostly located in
the Sooner Trend; the channel is not completely
filled with sandstone throughout this distance;
but, where there is sandstone, it is an oil and gas
reservoir. Thickness of this channel sandstone is
up to 40 ft.

Delta systems also make up the Skinner and
Prue sandstones of the Cabaniss Group (middle
Desmoinesian). These deltaic sequences are lo-
cated in northern and central Oklahoma and re-
ceived most of their sediment from the east. Depo-
sition of the sand that formed the Skinner sand-
stone spread across the Cherokee platform onto
the Anadarko shelf to the west where channel
sandstones are recognized (Zeliff, 1976). Deposi-
tion in northeasternmost Oklahoma formed a
minor delta (Peru sandstone) in the Marmaton
Group (late Desmoinesian).

Missourian
During the Missourian Epoch, clastic sediment
was supplied from the east and southeast into the
Anadarko basin (Figs. 15, 16). A sequence of deltas
was formed across northeastern Oklahoma and in
the southeastern Anadarko basin.



Pennsylvanian Deltaic-Channel Reservoirs in Oklahoma 39

Marchand Channel
Sandstone

Baker (1979) recog-
nized a Marchand channel

sandstone in the NE Bing-
er field in Caddo County,
Oklahoma, with a course
that trended south to

north (Fig. 17). This chan-
nel extends over 6 mi long
and is about 1 mi wide.
Sandstone thickness is up
to 25 ft. This stratigraphic
trap is an oil reservoir
sealed by lateral facies
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Figure 9. Isopach map of Booch sandstone in eastern Oklahoma; thickness in

feet (from Busch, 1959).
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Figure 10. Structure map of Booch sandstone in T. 8
N., R. 7 E., showing oil pools (black) and postulated
extensions of oil pools (gray) (from Busch, 1959).

BOOCH DELTA

changes and permeability
variations within the
sandstone. Other deltaic
systems with channel
sandstones recognized in
the Missourian rocks of
Oklahoma are the Cleve-
land, Layton, “Osage” Lay-
ton, and Cottage Grove
sandstones.
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In Ellis and Woodward
Counties of northwestern
Oklahoma, a system of deltaic distributary chan-
nels illustrated by Busch (1971) is shown in Figure
18. These coalescing distributary channels, with
their sediment source to the north, contain sand-
stones up to 200 ft thick. These channel sand-
stones have good reservoir characteristics, but
because they have no apparent updip seal or struc-
tural trapping mechanism, they do not produce oil
or gas.

CONCLUSIONS

Channel sandstones originating in deltaic envi-
ronments occur throughout the Pennsylvanian
System in Oklahoma. They have been, and still
are, viable exploration targets. Many of them have
not been sufficiently explored or developed and
they merit additional study. Where lateral and
updip seals exist, these reservoirs form strati-
graphic traps that have been successfully water
flooded. Undoubtedly, more opportunities are
present to develop other water-flooding projects or
to improve on those projects that have been at-
tempted but were unsuccessful, perhaps because
of a lack of understanding of the architecture of
the reservoirs. The reader is encouraged to study
other articles in this volume that present specific
data on many of these reservoirs.
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Figure 13. General extent of Red Fork sandstone, showing distribution of major sandstone bodies in north-

ern Oklahoma (from Al Shaieb and others, 1989).
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Figure 15. Late Pennsylvanian (Missourian-Virgilian)
paleogeography of Oklahoma (from Johnson, 1971).
See Figure 4 for map symbols.
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Figure 16. Paleogeography of the southern Midcontinent during the Missourian Epoch and isopachs of Mis-
sourian rocks (after Rascoe and Adler, 1983). Several major oil and gas fields are shown.
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Figure 17. Isopach map of the Marchand “A” channel system, NE

Binger field, Caddo County, Oklahoma. Contour interval is 5 ft (from
Baker, 1979).

Figure 18. Isopach map of genetic increment of strata
(GIS) between the top of the Oread limestone and
base of the Endicott sandstone, northwestern Okla-
homa. Contour interval is 50 ft (from Busch, 1971).
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Oklahoma Geological Survey Circular 98, 1996

The Importance of Fluvial-Deltaic Processes
and Their Role in Basin Filling

Donald C. Swanson
Swanson and Associates
Houston, Texas

ABSTRACT.—Thick intervals and large volumes of land-derived clastic deposits are evidence
of the importance of fluvial-deltaic processes. For many years, fluvial deposits were ignored
while geologists devoted much effort to “offshore bars” and “barrier islands.” Now fluvial and
“fluvial-deltaic” deposits are popular as geologists realize that even the strongest marine cur-
rents and tides in interdeltaic shallow-marine environments could not account for the large
volume of clastic particles filling some basins.

Concentration of coarse clastic sediments into reservoir deposits further enhances the im-
portance of the fluvial-deltaic continuum and contributes to the fact that fluvial-deltaic depos-
its are the Midcontinent’s most important hydrocarbon reservoirs. The size, shape, lateral
distribution, location, and internal character of these reservoirs depend upon processes about
which much empirical data have accumulated. This information can be used to improve res-
ervoir characterization and prediction.

Swanson, D. C., 1996, The importance of fluvial-deltaic processes and their role in basin filling, in Johnson,
K. S. (ed.), Deltaic reservoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Sur-
vey Circular 98, p. 46.
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The Upper Morrow Reserviors:
Complex Fluvio-Deltaic Depositional Systems

Jim Puckette, Azhari Abdalla, Aaron Rice, and Zuhair Al-Shaieb
Oklahoma State University
Stillwater, Oklahoma

ABSTRACT.—Clastic reservoir rocks in the upper part of the Morrowan Series of the
Anadarko basin were deposited within two distinct depositional settings: (1) a system of south-
ward-flowing fluvial-dominated tracts on the northwestern part of the Anadarko shelf and (2)
a system of northward-prograding fan-delta complexes adjacent to the Wichita-Amarillo up-
lift. Quartz arenite, sublitharenite, and subarkose are the dominant rock types that resulted
from the northwestern shelf system. Sediments deposited in the Wichita system channels were
derived primarily from sedimentary and igneous rocks exposed and eroded during the Wichita
orogeny; chert litharenite is the dominant Wichita system rock type, but feldspathic litharenite
and lithic arkose are also common.

Late Morrowan sea-level fluctuations strongly influenced the depositional facies of the
northwestern shelf. Channels were incised into shelf muds during sea-level lowstands. These
channels were filled with predominantly fluvial, estuarine, and flood-plain sediments during
sea-level rises. Marine muds blanketed the valley-filling deposits during the major highstands.
The complex depositional pattern and the resultant diverse lithologies are the main factors
influencing the heterogeneity of the resulting reservoirs. Reservoir quality and preservation
of primary porosity and/or evolution of secondary porosity may be attributed directly to the
depositional style within these channels.

On the other hand, the chert-conglomerate reservoirs of the Wichita system are predomi-
nantly linear channel-fill deposits. Grain sizes, sedimentary structures, and the elongate ge-
ometry of most chert reservoirs suggest that they were deposited in northward-flowing braided

streams.

INTRODUCTION

Sandstones and conglomerates of late Mor-
rowan age are prominent oil and gas reservoirs in
the Anadarko basin and the Hugoton embayment
in Oklahoma, Texas, and Kansas. The late Mor-
rowan depositional systems in the southern part of
the Anadarko basin and the northwestern shelf
(Hugoton embayment) are the major focus of
this study (Fig. 1). In this area in late Morrowan
time, sediments were deposited in two entirely dif-
ferent depositional settings: a southward-flowing
fluvial system along the northwestern shelf—re-
ferred to as the shelf system—and a northward-
prograding fluvial-deltaic complex adjacent to the
Wichita uplifi—referred to as the Wichita system
(Fig. 2).

The northwestern shelf system yielded se-
quences of predominantly channel-fill reservoirs
encased in shallow-marine shales. These channels
were cut into the underlying rocks during sea-level
lowstands. However, during sea-level rises, these

channels were filled with fluvial and estuarine
sediments. Periodic sea-level fluctuations were
manifested by the formation of transgressive/re-
gressive depositional sequences. Each sequence is
bounded by erosional surfaces that reflect low-
stand (regressive) conditions.

The Wichita depositional system yielded a com-
plex of fluvial valley-fill and fan-deltaic deposits.
The rocks are primarily chert and/or arkosic are-
nites and conglomerate. The erosion of sedimen-
tary and igneous rocks from the Wichita uplift
determined the types and volumes of coarse clastic
sediments contributed to the northward-flowing
braided-stream systems.

REGIONAL SETTING

The project area (Fig. 1) covers part of the deep-
er Anadarko basin in southwestern Oklahoma and
most of the basin’s northwestern shelfin the Texas
and Oklahoma Panhandles. The basin is bounded
to the south and west by the Wichita-Amarillo

Puckette, J.; Abdalla, A.; Rice, A.; and Al-Shaieb, Z., 1996, The Upper Morrow reservoirs: complex fluvio-
deltaic depositional systems, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern Midcontinent, 1993
symposium: Oklahoma Geological Survey Circular 98, p. 47-84.
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Figure 1. Study area in southwestern Anadarko basin and Hugoton embayment (after Khaiwka, 1968).
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uplift and the Cimarron arch. The northern
boundaries of the basin (including the Hugoton
embayment) are the Central Kansas uplift and the
Las Animas arch. The eastern boundary of the
basin is the Nemaha ridge. The basin is highly
asymmetrical owing to periods of rapid subsidence
and faulting associated with the Pennsylvanian
orogeny.

Figure 3 shows the paleogeography during late
Morrowan time. Positive elements include the
Apishapa—Sierra Grande uplift to the west, Ances-
tral Front Range and Transcontinental arch to the
north, and the Wichita-Amarillo uplift to the
south. Central Kansas was a low-relief positive
area northeast of the basin (Sonnenberg and oth-
ers, 1990). These features influenced Morrowan
depositional style and provided sources for sedi-
ments.

49
STRATIGRAPHY

The Morrowan Series is defined as the interval
between the base of the Atokan “Thirteen Finger
limestone” and the top of the pre-Pennsylvanian
unconformity. The rocks of Morrowan age are di-
vided into commonly accepted rock-stratigraphic
units, the lower and upper Morrow. Within the
deep basin, the “Squaw Belly limestone” is used as
a marker bed to separate the upper and lower
Morrow intervals. In the Oklahoma Panhandle,
the division of rocks of Morrowan age into upper
and lower intervals is commonly made at the top
of the more resistant (calcareous) shale interval
(Fig. 4).

The lower Morrow rocks of the northwestern
shelf consist primarily of marine sandstones that
were deposited on the eroded Mississippian topog-
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Figure 3. Paleogeography and structural features during Morrowan time (Sonnenberg and others, 1990).
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Figure 4. Morrowan stratigraphy showing informal stratigraphic divisions. (A) Panhandle region of Oklahoma
(Cornish, 1984). (B) Deep basin (after Shelby, 1980). SP = spontaneous potential, RT = short normal resis-

tivity.

raphy. The basal sandstones represent a variety of
depositional facies including shoreface (Wheeler
and others, 1990) and transgressive valley-fill
sandstones (Gerken, 1992).

The upper Morrow facies were strongly influ-
enced by the Pennsylvanian orogeny. Detritus
shed from the Wichita-Amarillo uplift was
deposited along the southern and western margins
of the basin. Marine and fluvial rocks were the
dominant deposits in the northwestern shelf
system.

DEPOSITIONAL SETTING

The upper Morrow is a sequence of thick (ma-
rine) shales that encase sandstones. The shale-
dominated interval thickens from ~200 ft in the
Oklahoma Panhandle to ~3,000 ft close to the axis
of the Anadarko basin (Figs. 5,6). The upper Mor-
row was deposited on a very low angle slope of ~1
ft/mi. Stream gradients determined from upper
Morrow channel fills range from about 0.4 to 0.9
ft/mi (Cornish, 1984) to <2.5 ft/mi (Swanson,

1979). The flat-lying shelf topography was suscep-
tible to inundation and subaerial exposure as sea
level fluctuated.

The upper Morrow rocks along the southern
margin of the basin are a clastic-dominated se-
quence that was derived from the Wichita uplift.
These conglomerates and sandstones formed in
response to rapid basin subsidence and mountain
uplift associated with the Early Pennsylvanian
orogeny. Tectonism was the major factor that in-
fluenced sedimentation rates and the spatial dis-
tribution of upper Morrow facies.

PREVIOUS INTERPRETATIONS

Regional studies that describe Morrowan paleo-
tectonic settings, stratigraphy, and depositional
history and facies have been published by Rascoe
and Adler (1983), Forgotson and others (1966)
Swanson (1979), Sonnenberg and others (1990),
and Wheeler and others (1990). Numerous field
studies are available in the literature including
Arro (1965), Benton (1971), Munson (1989), Shelby
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Figure 5. Cross section extending from Texas County, Oklahoma, to Roger Mills County, Oklahoma, depict-
ing the basinward thickening of the upper Morrow interval.

(1980), Cornish (1984), Hawthorne (1984), Son-
nenberg (1985), Alberta (1987), Harrison (1990),
Bowen and others (1990), and Sonnenberg and
others (1990).

Benton (1971) studied the rocks of the Mor-
rowan Series in the Postle field (T. 5N, R. 13 E.
CM, Texas County, Oklahoma) and concluded that
the upper Morrow sandstones were deposited
within a fluvial system that eroded Morrowan
paleotopography. Swanson (1979) conducted a
comprehensive regional study of the upper Mor-
row rocks in the Anadarko basin and western
Midcontinent. He proposed that deltaic processes
controlled their deposition. Studies by Krystinik
and Blakeney (1990), Sonnenberg (1990), and
Wheeler and others (1990) in eastern Colorado
and western Kansas concluded that the upper

Morrow reservoirs are basically valley-fill depos-
its. Krystinik and Blakeney (1990) indicated that
at least seven episodes of incision and valley-fill
occurred. Sonnenberg and others (1990) showed
that (1) Morrowan sedimentation was controlled
by regional tectonism and eustatic sea-level
changes and (2) most sandstone reservoirs are flu-
vial valley-fill deposits.

Shelby (1980), Alberta (1987), Johnson (1989),
and Al-Shaieb and others (1989) characterized the
chert-conglomerate reservoirs as alluvial-fan and
fan-delta deposits. Al-Shaieb and others (1993)
suggested that some reservoirs represented braid-
delta and incised-valley-fill deposits and also indi-
cated that sea-level fluctuation related to tec-
tonism or eustasy had greatly influenced their
deposition.
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Figure 6. Thickness map of the upper Morrow interval in western Oklahoma and the Texas and Oklahoma

Panhandles.

SEDIMENTOLOGY AND
DEPOSITIONAL FACIES

Determination of depositional environments
requires the integration of all types of available
geologic data. Often, inferences are made solely on
features such as geometry, log signatures, or grain
size. Although diagnostic autochthonous features
such as soils or fossils are solid and direct evi-
dence, other features are less conclusive and re-
quire specific integration and interpretation
within the geologic setting. Pennsylvanian sand-
stones of the Midcontinent have often been inter-
preted as analogues to modern depositional sys-

tems such as the Mississippi River delta. With the
wide acceptance of sequence stratigraphy and
eustatic sea-level changes, it is important that
sandstones be interpreted by using an integrated
approach that considers not only the geometry and
internal features of the sandstone, but also ad-
dresses its context within surrounding genetically
related strata.

Some of the past interpretations of upper Mor-
row rocks have been based on sparse, noninte-
grated data. In other cases, the proposed interpre-
tations were the best that were possible with the
available data. As additional data became avail-
able, sedimentological models were improved.
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Sedimentological Interpretations:
Northwestern Shelf Example

Because the Hough area (T. 4-6 N, R. 12-14 E..
CM, Texas County, Oklahoma) has been the focus
of several investigations, it is used to illustrate the
evolution of sedimentological interpretations. Arro
(1965) suggested that the uppermost upper Mor-
row sandstones contain wave-sorted “bar” and
“sheet” components. Benton (1971) examined 135
wire-line logs of the same sandstones and con-
cluded that the upper Morrow sandstones were
deposited in fluvial environments. Benton (1971)
indicated that the linear sandstone trend of the
lowermost upper Morrow sandstone (fig. 15 in
Benton, 1971) was composed of fining-upward con-
glomerate-sandstone sequences of fluvial origin
that filled a deeply cut channel (Fig. 7).

Swanson (1979) examined the Hough and

MOBIL OIL COMPANY
SOUTH HOVEY

N/2 SW Sec. 31, T.5N.,, R.1JECM.

THIRTEEN FINGER LIMESTONE,

MOBIL OIL COMPANY
LANDESS ESTATE #2-M

SE SW Sec. 28, T.5N., R.13ECM.
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Postle areas and indicated that the linear lower-
most upper Morrow sandstone (fig. 25 in Swanson,
1979) was a prograding stream mouth-bar deposit.
His interpretation was based on a variety of geo-
logic data including sandstone geometry and spa-
tial distribution, log signatures, and core data.
However, it appears that his interpretation relied
heavily on the use of spontaneous-potential (SP)
log signatures to estimate textural (grain size)
changes. Spontaneous-potential log signatures are
a useful tool for interpreting relative porosity and
permeability in reservoirs with fluid salinities that
are distinctly different from drilling fluids. How-
ever, their susceptibility to suppression by poros-
ity occlusion can diminish their usefulness in esti-
mating textural changes.

The problems of interpreting grain-size
changes and depositional environments from
log shape are illustrated in Figure 8. In this

REPUBLIC NATURAL
JACOBS #1-M

SE NW Sec. 26, T.5N., R.13ECM.

<_UPPER MORROW

Stz =atiaoon

6100

'.-\,___-..\_,\“‘

B ng

g
4
3
(=]
3
2
[]
3

y
62[00

SP

SP

-~

.. v

Figure 7. Deeply incised upper Morrow channel in the Postle field, Texas County, Oklahoma.
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Figure 8. Log signatures and interpretations of sandstone grain sizes. On the basis of spontaneous-poten-
tial (SP) log shapes, sandstone A (6,070-6,100 ft) was interpreted as upward-fining, and sandstone B (6,124—
6,154 ft) was interpreted as upward-coarsening. Note that the gamma-ray (GR) signatures indicate that both
sandstones have very similar upward-fining profiles. Resistivity (RT), caliper (CL), and sonic porosity (ITT =
interval travel time) curves suggest that the spontaneous-potential (SP) deflection is responding to porous
and permeable intervals and not to textural trends across the zones.
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case, spontaneous-potential curves were used to
interpret depositional environments in the Hough
area.

The funnel-shaped spontaneous-potential curve
for sandstone B (6,124-6,154 ft; Fig. 8) was inter-
preted as a coarsening-upward channel-mouth
bar. On the other hand, the bell-shaped spontane-
ous-potential curve for sandstone A (6,070-6,100
ft) was proposed to represent a fining-upward
point-bar deposit (Swanson, 1979).

The gamma-ray signatures for both sandstones
are very similar and suggest that the amount of
fine material in both intervals increases upward.
The difference in spontaneous-potential shapes for
these sandstones can be deduced from the sonic,
gamma-ray, and caliper logs. The gamma-ray
curve suggests that sandstone B contains three
separate fining-upward units (see Fig. 8). Unit I
(6,154-6,148 ft) has relatively low porosity that
peaks at ~6%, and its small accumulation of filter
cake implies low permeability. Sandstone unit II
(6,147-6,138 ft) has a thin porous layer at the
base, but shows low porosity (<5%) over the re-
mainder of the interval. Filter-cake build-up is
present opposite the thin porous streak. The upper
unit (IIT; 6,135-6,122 ft) averages ~8% porosity,
but has consistent filter-cake build-up across the
entire zone. The comparison of spontaneous-poten-
tial, gamma-ray, sonic, and caliper curves for
these sandstones indicates that the spontaneous-
potential signature is being suppressed in rela-
tively clean sandstones with low porosity and per-
meability. In this case, the spontaneous-potential
curve for the lower sandstone does not reflect ap-
parent grain-size changes within the sandstone
and inferences based on spontaneous-potential
data may be misleading.

Analyses of upper Morrow cores indicate that
the low porosity in coarse clastic units could be
caused by a number of factors including carbonate
cement and pseudomatrix. Pseudomatrix often
forms in channel lag deposits from the ductile de-
formation of clay clasts. Carbonate cement is a
common diagenetic constituent in the upper Mor-
row sandstones and occurs as calcite and thermal
dolomite.

NORTHWESTERN SHELF
CHANNEL-FILL RESERVOIRS

Integrated Upper Morrow Field Studies

Several upper Morrow fields in the Oklahoma
and Texas Panhandles were examined in detail to
determine the depositional environments of these
Teservoirs.

The Northwest Eva field in T. 4 N, R. 10 E.
CM, Texas County, Oklahoma, was included in
this study because of the availability of cores and
a wide variety of data and information. Harrison
(1990) studied the upper Morrow Purdy sandstone
and was able to delineate the productive reservoir

55

trend that extends northeast to southwest through
the field (Fig. 9). Cross section A—-A’ (Fig. 10) illus-
trates that the sandstone represents fill within a
valley that was eroded into the underlying shale.
Two cores were also examined in the sandstone
trend: the Gulf Oil Corporation Ferguson no. 1
well in the NW¥:SEY2 sec. 2, T. 4 N., R. 10 E. CM
and the Gulf Oil Corporation Kelly no. 1 in the
SWYsNW¥isec. 1, T.4 N, R. 10 E. CM.

The Gulf Ferguson core contains 47 ft of shale,
siltstone, and sandstone. The basal part of the
cored interval (4,453-4,466 ft) consists of 13 ft of
fossiliferous marine shale; this interval is discon-
formably overlain by 16 ft of conglomeratic, fining-
upward sandstone (4,435-4,451 ft) that contains
small- to medium-scale cross-beds and several
graded (fining-upward) intervals. This sandstone
is overlain by 4 ft of dark-gray silty shale (4,431—
4,435 ft). The upper 13 ft of core (4,418-4,431 ft)
consists of a second conglomeratic channel-fill
sandstone (4,424.6-4,431 ft) and abandoned-chan-
nel-fill siltstone, sandstone, and shale (4,418~
4,424.6 ft). A petrologic log and parts of the cored
interval are shown in Figure 11.

The second core in the Northwest Eva field is
from the Gulf Oil Corporation Kelly no. 1 in the
SW¥aNWVsisec. 1, T. 4 N., R. 10 E. CM. The basal
part of the cored interval (4,434-4,455 ft) consists
of 21 ft of dark-gray fossiliferous shale. This ma-
rine shale is disconformably overlain by 6 ft of
medium- to coarse-grained sandstone (4,834-4,828
ft) that grades upward into carbonaceous shale
and siltstone (4,428—4,422 ft) containing plant
debris. The overlying carbonaceous shale extends
from 4,422 to 4,416 ft where a disconformity sepa-
rates it from a fossiliferous marine shale (4,416—
4,415 ft). A petrologic log and photographs of this
core are shown in Figure 12.

Subsurface mapping and lithologic data from
the Northwest Eva field indicate that the upper
Morrow is a sequence that includes shelf mud-
stones and shales, an incised valley-fill assem-
blage, and overlying transgressive marine shales.
Deposition within the valley consisted of fluvial
and estuarine sands and abandoned-channel-fill
silts and muds. These sediments were covered by
marine muds deposited during the subsequent
transgression.

Another core examined in this study was from
the Petroleum Inc. Hendrix no. 3 (sec. 25, T. 6 N,,
R. 10 E. CM), from the Carthage field in Texas
County. The upper Morrow interval in this core is
composed of sandstone and shale. The core con-
tains at least four genetically distinct units. These
are a basal, marine-influenced (estuarine) sand-
stone (4,558—-4,568 ft), fluvial-dominated sand-
stone (4,537—4,558 ft), marine (estuarine) sand-
stone (4,527-4,537 ft), and marine shale (4,526—
4,527 ft) (Fig. 13). The wire-line logs suggest that
the basal estuarine sandstone is in sharp contact
with an underlying (marine) shale that was not
cored.
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(TSE) as described by

Weimer (1984, 1988). The

background sediment and
the basal scour or uncon-
formity were not cored in
the Hendrix well, but can
be inferred from log signa-
tures.

The Gulf Kelly and
Ferguson cored intervals

show similar patterns to
the Krystinik and Blake-
ney profile. The Ferguson
contains fossiliferous
marine shale (formed
from the background sedi-
ment), a sharp erosional
contact, coarse-grained
fluvial sandstone, and

flora-rich  flood-plain
shales and siltstones (Fig.
18). The Kelly core, on the
other hand, contains ma-
rine shale (from the back-
ground sediment), es-
tuarine sandstone, flood-
plain siltstones and mud-

7 stones (Fig. 12), and cap-
L 0'19// M GROSS PURDY CLEAN ping marine mudstone.
g SANDSTONE ISOLITH The cores described
& > MAP above are a subset of 12
15 14 T cores examined from the
EVA N.W. FIELD 4 Oklahoma Panhandle re-
LA TEXAS CO., OKLAHOMA | N gion. In add_itior.l, more
* than 1,000 wire-line logs
- C.l. = 20 were analyzed. All of
- ! these data suggest that
R10ECM I late Morrow deposition

Figure 9. Thickness map of the upper Morrow Purdy sandstone, Northwest

Eva field, Texas County, Oklahoma (Harrison, 1990).

Valley-Fill Profiles

Krystinik and Blakeney (1990) indicated that a
typical vertical profile in a Morrow valley-fill de-
posit consists of five major parts: (1) background
(preexisting) sediment, (2) a basal scour or uncon-
formity surface, (3) braided-fluvial or meandering-
fluvial sandstones, (4) flood-plain and/or estuarine
sandstone, siltstones, and shales, and (5) marine
mudstone (Fig. 14). Gamma-ray logs of the valley-
fill deposits generally exhibit blocky and bell-
shaped signatures.

The Petroleum Inc. Hendrix core contains three
parts of the Krystinik and Blakeney profile. These
are a fluvial sandstone (Fig. 15), estuarine sand-
stones (Fig. 16), and overlying marine mudstone.
The marine mudstone is separated from the un-
derlying strata by a fossil-hash deposit (Fig. 17)
that typifies a transgressive surface of erosion

was dominated by fining-
upward channel-fill sand-
stones and enclosing
marine shales. Some of
these sandstones repre-
sent point bars that developed along meanders in
fluvial valleys. These deposits are well docu-
mented by Cornish (1984)a nd Swanson (1979).

Depositional Models

The linear upper Morrow sandstone trends ex-
amined from the northwestern shelf were depos-
ited within incised-valley systems that downcut
into existing shelf sediments during sea-level
lowstands. Deposition during these lowstands was
limited to thin, channel lag conglomerates com-
posed primarily of background sediment (mud
clasts). With sea-level rise and transgression, val-
ley flooding produced estuaries where finer-
grained sand, silt, and mud were deposited. Up-
stream, coarser-grained fluvial sediments were
dominant. As sea level continued to rise, the flu-
vial sands were succeeded by additional estuarine
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Company

Well Name/Location .FERGUSON #1 / NW SE SEC. 2, T4N., Petrologic Log
R.10E.C.M.; TEXAS CO., OK.
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AGE/STRATIGRAPHIC
uNIY

ENVIRONMENY
DEPTH/THICKNESS
LITHOLOGY
SEDIMENTARY
STRUCTURES

CONSTITUENTS
[eevaac avtmamme |

Bl
5:5“

REMARKS

roseiLs

MOCK CLASSIFICATION

SAMPLE

T,
LAY WmoaA AL
CansowATES

A PATEE
e

[Ty

B

442

Carbonaceous

IERERE
l-IIll

117
1TTT

plant debris.

111

} §Fluv|al
A 4

JONEERNREEEN

IS IR ISR NN SNEANREEEEDARSRA]
111

Erosional

contact

TTITIT]

PENNSYLVANIAN / MORROWAN

1]
[~
T 4460
=

INROORAREEEROEI

BRSSP RE

4470

N

Figure 11. Gulf Oil Corporation Ferguson no. 1 petrologic log (above) and core (opposite page). (A) Aban-
doned-channel-fill silistones and shales (4,420—4,424.6 ft) in sharp contact with (B) coarse-grained fluvial
sandstone (4,424.6—4,431 ft). Note the erosional contact at 4,431 ft between sandstone and (C) underlying
dark shale (4,431-4,435 ft). (D) Fine- to medium-grained sandstone (4,435—4,438.7 ft) and (E) coarse-
grained sandstone (4,438.7—4,451 ft) unconformably overlie (F) dark-gray marine shale (4,451—4,453 ft).

sediments. Substantial variations in grain size
and shale content within valley trends can be at-
tributed to minor sea-level fluctuations during the
transgression. Dropping sea level rejuvenated the
system and generated incision of existing valley-
fill sediments. Heterogeneities introduced by mul-
tiple episodes of incision as well as depositional
variability have been described by Krystinik and
Blakeney (1990).

Deltaic sedimentary units are apparently less
abundant in the upper Morrow than once believed.
Coarsening-upward delta-front sandstones and

delta-margin sandstone and shale sequences that
are common in Desmoinesian rocks such as the
Skinner sandstone (Puckette, 1990) are not evi-
dent in the upper Morrow rocks of the northwest-
ern shelf.

The regional model for upper Morrow valley-fill
sedimentary assemblages, developed by Wheeler
and others (1990), is shown in Figure 19. They
have proposed that deltaic deposits may have been
thin and difficult to distinguish from estuarine-
influenced fluvial sandstones removed or re-
worked during transgression(s) or never deposited.
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Well Name/Location _KELLY #1 / SW NW SEC. 1, T.4N.,__

Petrologic Log

R.10E.C.M.; TEXAS CO., OK.
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Figure 12. Gulf Oil Corporation Kelly no. 1 petrologic log (above) and core (opposite page). (A) Dark-gray fis-
sile marine shale (4,415-4,416 ft) and (B) gray, silty flora-rich shale (4,416—4,422 ft). (C) Shaly siltstone and
sandstone (4,422—4,428 ft). (D) Medium- to coarse-grained sandstone (4,428—4,434 ft) in sharp contact with
underlying (E) dark-gray marine shale (4,434—4,442.5 ft).

WICHITA SYSTEM FAN- AND
BRAID-DELTA RESERVOIRS

In the southwestern part of the Anadarko basin
(Roger Mills and Wheeler Counties, Oklahoma
and Texas, respectively), the upper part of the
Morrowan Series is composed predominantly of
conglomerates, sandstones, and shale. Within the
northern edge of this system, the upper Morrow
rocks form a shale-dominated sequence that con-
tains thinner chert-conglomerate and chert-are-
nite reservoirs. The conglomerate-to-shale ratio
increases southward, and the upper Morrow be-
comes a conglomerate-dominated sequence in the
vicinity of the Wichita Mountain frontal fault
Zone,

Sediments deposited within this setting contain
an abundance of detrital chert that ranges from
sand-sized to cobble-sized fragments (Hawthorne,
1984; Shelby, 1980; Al-Shaieb and others, 1993).
The source of these fragments was the chert-rich

Mississippian rocks exposed on the rising Wichita
Mountains to the south.

Depositional Environment

The conglomeratic upper Morrow rocks have
been described as fan-delta complexes (Alberta,
1987, Al-Shaieb and others, 1989) and coastal allu-
vial fans (Johnson, 1989). Al-Shaieb and others
(1989) examined cores from both the Purvis and
Puryear intervals as part of an integrated study of
sedimentary features, geometry, and wire-line log
characteristics of the chert interval. These cores
contain stacked, fining-upward, graded conglomer-
ates and sandstones that typify braided-stream
deposits of the mid- to distal-fan facies present in
the fan-delta models described by McGowen and
Groat (1971) and Dutton (1982). Deposits with
similar characteristics have been classified as
braid deltas by McPherson and others (1987) (Fig.
20).

These coarse-grained, multistoried channel de-
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Company ____ PETROLEUM
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INCORPORATED

Well Name/Location

HENDRIX #3 / SEC. 25, T.6N,,
“R.10E.C.M.; TEXAS CO., OK. —
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Figure 13. Petroleum Inc. Hendrix no. 3 petrologic log (above) and core (opposite page). (A) Dark-gray ma-
rine shale with fossil-hash zone at base (4,526—4,527.5 ft). (B) Medium- to coarse-grained sandstone with
shale partings, burrowing, and abundant invertebrate fossils (4,527.5-4,538 ft). (C) Very coarse cross-bed-
ded sandstone (4,538-4,559.5 ft) with basal clay-pebble conglomerate in sharp contact with underlying dark
shale. (D) Mixed interval of dark shale, graded sandstones, and interbedded sandstone and shale (4,559.5—
4,568 ft). Finer-grained sandstones are burrowed and contain clay-tich laminae.

posits have sharp basal contacts with underlying
mudstone-rich rocks such as fossiliferous shallow-
marine and prodelta shales (Figs. 21,22). The
basal sequences of the conglomerate and sand-
stone deposits consist of light-gray imbricated
pebble conglomerates (Fig. 23) that fine upward
to coarse-grained and then medium- and fine-
grained chert-rich sandstone. The channel-filling
conglomerates and sandstones are overlain by
coal-bearing shales indicating a marsh or swamp
or abandoned-channel environment (Fig. 21).

A Pierce conglomerate core described in John-
son (1989) and one from the stacked conglomerate
interval adjacent to the frontal fault zone of the
Wichita uplift (Al-Shaieb and others, 1993) also
represent braided-stream deposits.

The Morrow chert-conglomerate cores contain
depositional sequences that are interpreted as
braided-stream deposits of the mid- to distal-fan
facies. No proximal fan facies such as sheetfloods
or debris flows (which are evident in the Des-
moinesian arkosic “Granite Washes”) have been
recognized in the upper Morrow rocks. These fa-
cies were likely eroded during the later stages of
the Pennsylvanian orogeny or have not been iden-
tified in the sparsely sampled region adjacent to
the uplift.

Distribution of
Chert-Conglomerate Reservoirs

The distribution patterns of the productive
chert-conglomerate reservoirs illustrate several
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GRAIN SIZE
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MARINE SHALE
TRANSGRESSIVE LAG
ESTUARY

FLOOD PLAIN

STACKED CHANNELS

SCOUR AND BASAL LAG

Z MARINE SHALE OR LIMESTONE

Figure 14. Typical vertical profile through valley-fill
deposits (Krystinik and Blakeney, 1990). Grain-size
scale: Gr = gravel, M = medium sand, Cl = clay.

types of depositional styles. The thickness map
and cross section of the Pierce conglomerate (Figs.
24,25) suggest that this thinner conglomerate was
not confined by channels and, instead, migrated
laterally across the deltaic plain. This style is typi-
cal of braid deltas described by McPherson and
others (1987). The Pierce conglomerate is enclosed
by dark-gray shales and terminates without the
development of any apparent shoreface deposits
that reflect marine reworking.

The Puryear is the most widespread conglomer-
ate and apparently reflects a major period of uplift
and erosion of the Wichita highlands. It is an
amalgamation of several northward-prograding
deltaic lobes (Fig. 26).

The dominant Puryear lobes are shown in Fig-
ure 26. The western lobe trends northward along a
pathway similar to the one for the underlying
Pierce system. The main channel bifurcates to the
northwest and northeast. The eastern lobe extends
northwestward and also exhibits bifurcation and
merging. Some thick channel-fill reservoirs sug-
gest minor incision of the underlying deltaic muds
and silts, but most Puryear channels appear to
downcut very little (Fig. 25). Reworking of Puryear
sediments by marine processes and the develop-
ment of delta-margin facies are evidenced by the
development of apparent cleaning- (coarsening)
upward log signatures (Fig. 27) (fig. 12 in Shelby,
1980; fig. 20 in Hawthorne, 1984).

The Purvis conglomerate illustrates channel-
confined deposition extending northward from
thick conglomerate accumulations (Fig. 28). The
Exxon Sayre Ranch core (Fig. 21) in the center
channel trend (arrow shows core location in Fig.
28) contains braided-stream conglomerates that
are enclosed in black shales. Alberta (1987) inter-
preted this core as representing a distributary
channel that prograded over prodelta marine
shales. Black shales with coaly material above the
conglomerate represent final abandonment of the
channel.

Figure 15. Coarse-grained, porous, and oil-stained
fluvial sandstone with carbonate-cement, planar
cross-beds, and fining-upward graded intervals. Core
from Petroleum Inc. Hendrix no. 3. Depth, 4,544 ft.

Sediment-distribution patterns, core analyses,
and wire-line log interpretations indicate that
most chert-conglomerate reservoirs occur in what
was a northward-prograding, coarse-grained delta
system composed of main distributary channels,
minor distributary channels, splays, marshes, and
overbank deposits. These data suggest that late
Morrowan deposition occurred primarily within
braid- and fan-deltaic complexes that prograded
northward from the Wichita uplift. This system
became more channelized toward the north and
developed similarly to fine-grained deltas.
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Figure 16. Medium-grained, carbonate-cemented
estuarine sandstone with invertebrate grains. Core
from Petroleum Inc. Hendrix no. 3. Depth, 4,537 ft.

Figure 17 (top, right column). Marine mudstone with
fossil-debris conglomerate at base. Fossil-hash zone
is typical of the transgressive surface of erosion
(TSE) (Weimer, 1984, 1988) developed by a regional
marine transgression. Core from Petroleum Inc.
Hendrix no. 3. Depth, 4,527 ft.

Figure 18 (bottom, right column). Plant fossils in 0 -1 2

flood-plain siltstone and shale. Core from Ferguson | I I
no. 1. Depth, 4,420 ft.
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Figure 19. Paleogeographic models of Wheeler and others (1990) that illustrate the development of fluvial
valley-fill deposits. (A) Sea-level lowstand; most sediment is transported beyond the limits of the incised
valleys. (B) Sea-level rise that forms estuaries and bays and traps coarser sediments up-dip as aggradational
valley fill. (C) Generalized schematic block diagram of a valley-fill depositional sequence that could form with
a continuous sea-level rise following incision. Lowstand erosional surface and transgressive surface or
unconformity (TS/UNC) correspond to the lowstand surface of erosion (LSE) and transgressive surface of
erosion (TSE), respectively, of Weimer (1988). Sonnenberg and others (1990) and Wheeler and others
(1990} have described the valley-fill model in the context of sequence stratigraphy.
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Figure 20. Schematic diagram comparing coarse-grained fan and braid deltas with fine-grained deltas

(McPherson and others, 1987).

The most important chert reservoirs are found
within the channel-fill deposits. These facies were
recognized by blocky- to bell-shaped gamma-ray
log signatures that reflect upward fining or an
upward increase in clay content. The geometry of
some channel-fill reservoirs suggests that the
streams were rather confined and formed distribu-
tary-channel systems. Others exhibit channel-
ization or incision of underlying deltaic sediments
in response to sea-level lowstands (Fig. 29).

Overbank sandstone deposits are characterized
by a thin (<10 ft thick) gamma-ray log signature
that is spikelike in appearance. These deposits are
located in interchannel areas between the more
prominent delta lobes.

The limited data proximal to the uplift suggest
that the chert-conglomerate interval adjacent to
the fault is predominantly stacked braided-stream
deposits. These thick accumulations are typically
well cemented and regarded as very poor reser-
voirs.

GENESIS OF UPPER MORROW
RESERVOIRS

The evolution of the upper Morrow reservoirs is
closely related to depositional facies and detrital
composition. The physical and chemical modifica-
tions of upper Morrow reservoir rocks that re-
sulted in porosity occlusion or generation are
strongly influenced by the detrital constituents.
Porosity evolution in the chert conglomerate re-
quired dual processes of feldspar and chert diagen-
esis. The generation of secondary porosity in the
northwestern shelf reservoirs depended on the
presence of relatively metastable detrital grains
and preserved primary porosity.

Detrital Constituents

The most abundant detrital constituents in the
upper Morrow rocks of the northwestern shelf are
monocrystalline quartz, composite quartz, micro-
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Figure 23. Fining-upward, imbricated, granule and
pebble conglomerate interval of a braided-stream de-
posit. GHK-Apache Gregory no. 1-29. Depth, 17,180
ft.

cline, plagioclase feldspar, shale clasts, clay ma-
trix, and igneous-rock fragments. Fossil fragments
are an important framework component in the
marine-influenced facies. Detrital constituents
also include chert, metamorphic-rock fragments,
phosphate minerals, micas, glauconite, and heavy
minerals such as zircon and tourmaline. The rela-
tive percentages of the framework detrital con-
stituents are reflected on the QRF ternary dia-
gram (Fig. 30). As these rocks become more porous
owing to the dissolution of feldspars, the rocks
become richer in rock fragments and quartz and
the composition changes from subarkose to sub-
litharenite (Fig. 30).

The composition of the upper Morrow chert con-
glomerates varies significantly. Conglomerates de-
rived almost entirely from eroding Mississippian

chert-rich rocks plot as litharenites on a ternary
QRF diagram (Fig. 31). On the other hand, certain
conglomerate facies were derived from the erosion
of igneous rocks of the Wichita uplift. These facies
are feldspar and quartz rich and composed of sub-
arkose, lithic arkose, and feldspathic litharenite.

Northwestern Shelf Channel-Fill
Reservoirs

In the shelf system, the filling of incised chan-
nels during sea-level rises contributed to reservoir
heterogeneity and strongly influenced reservoir
quality. The Hendrix no. 3 core illustrates this
point.

Each of the four genetically distinct units in the
Hendrix core has a unique set of textures, compo-
sitions, and diagenetic histories. A composite log
schematic for the Hendrix (Fig. 32) indicates that
the porous reservoir in the cored interval is the flu-
vial sandstone, whereas the basal and upper es-
tuarine sandstones are tightly cemented. The de-
velopment and preservation of porosity in the flu-
vial-dominated sandstone are primarily a function
of the depositional history and composition of the
sandstone facies.

Both primary porosity and secondary porosity
are observed in the middle and top of the fluvial-
dominated sandstone unit. Preserved primary
pore spaces are recognized from the fact that they
are bounded by euhedral crystal faces (Fig. 33). In
Figure 33, primary porosity (pp) is framed by
euhedral crystal faces of syntaxial quartz over-
growths (ov) that border inclusion-rich detrital
grains (dg). Secondary porosity (sp) includes en-
larged intergranular and intragranular porosity
and microporosity. Enlarged intergranular poros-
ity (Fig. 33) was generated by the dissolution of
framework grains such as feldspars and granitic-
rock fragments. Intragranular porosity developed
within framework grains as the result of preferen-
tial dissolution (Fig. 34). Microporosity is present
within some partially leached framework grains
and more commonly between kaolinite books.

Porosity in the base of the fluvial-dominated
unit is occluded by carbonate cement and pseudo-
matrix. Pseudomatrix formed from the ductile de-
formation of clay clasts in the channel lag. Carbon-
ate cements in the base of the fluvial-dominated
sandstone are dolomite and calcite. Calcite has a
coarse equant morphology. The dolomite is ba-
roque dolomite that apparently formed from cal-
cite when hot fluids (>80 °C) (Radke and Mathis,
1980) moved through the reservoir.

No significant secondary porosity developed in
the basal estuarine sandstone because it contained
abundant clayey matrix (Fig. 35). The dispersal of
matrix among the sand grains by burrowing ani-
mals occluded most primary porosity. As a result,
fluid circulation through this homogenized rock
was inhibited, and secondary porosity was not
generated.
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LEAR PETROLEUM
THURMAN FARMS 1-33A

SECTION 33, T.13N., R.24W.
ROGER MILLS CO., OK
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Figure 27. L og signatures that show (1) coarsening-
upward sandstone and shale sequence (delta front)
and (2) fining-upward sandstone (distributary-chan-
nel fill) in the Puryear interval.

The fossiliferous estuarine sandstone that im-
mediately overlies the fluvial reservoir in the
Hendrix core is tightly cemented by calcite cement
(Fig. 36).

Paragenesis of the various diagenetic constitu-
ents in the upper Morrow channel-fill reservoirs is
shown in Figure 37. Pseudomatrix in the fluvial
unit formed very early in the burial history by the
compaction and ductile deformation of shale
clasts. Early sparry calcite precipitated in the es-
tuarine sandstone prior to its isolation from the
hydrodynamic flow regime. Calcite is especially
abundant in the bioclastic estuarine unit, but oc-
curs throughout the cored interval. The Morrow
rocks were buried deep enough to initiate quartz
overgrowths. With continued burial, kerogen ma-
tured and organic acids were generated. These
acidic fluids leached relatively metastable grains
such as plagioclase and microcline (Fig. 38). Disso-
lution of feldspars was followed by the partial
leaching of granitic-rock fragments. The alkalinity
of the pore fluids increased in response to H* con-
sumption. These slightly alkaline fluids initiated
dissolution of chert grains and the replacement of
quartz grains by calcite.

The Morrow rocks on the northwestern shelf
experienced a thermal event that converted some
calcite to thermal (baroque) dolomite (Fig. 39). Af-
terward, the water chemistry became more acidic,
and dolomite that bordered pores was corroded
(Fig. 40). These acidic waters facilitated the pre-
cipitation of authigenic kaolinite (Fig. 40) and
other clay minerals.

Wichita System Chert Conglomerates

The porous reservoirs in the upper Morrow
chert conglomerates are the result of the extensive
dissolution of grains, matrix, and cement. Four
dominant dissolution features are recognized in
the chert conglomerates. These are the dissolution
detrital chert grains, detrital feldspars, detrital
matrix, and carbonate cements.

Chert and feldspar were apparently compo-
nents in dual geochemical processes. Detrital feld-
spars were initially leached to form honeycomb
texture (Fig. 41). Subsequent dissolution com-
pletely removed grains and formed oversized
pores. The dissolution of feldspar was likely
driven by the generation of acidic fluids associated
with source-rock maturation and hydrocarbon
migration (Al-Shaieb and others, 1989). As feld-
spars were dissolved, H* ions were consumed and
the pore fluids became more alkaline. These alka-
line fluids attacked the relatively metastable
matrix of chert grains and initiated chert dissolu-
tion.

Chert dissolution began with the selective re-
moval of chert matrix between grains such as sili-
ceous sponge spicules and fossils. This created
initial microporosity (Fig. 42). With further disso-
lution, chert grains were completely removed, and
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QUARTZ

%\ QUARTZ
ARENITE

SUBARKOSE

o\ SUBLITHARENITE

FELDSPARS ROCK
FRAGMENTS

Figure 30. Classification of the upper Morrow sandstones of the north-
western shelf based on the method of Folk (1968; i.e., relative abun-
dance of quartz, feldspar, and rock-fragment [QRF] detrital grains) (after
Gerken, 1992; Harrison, 1990; and Munson, 1989).

SUBARKOSE
SUBLITHARENITE

FELDSPARS ROCK
FRAGMENTS

Figure 31. Classification of the chert conglomerates of the Wichita sys-
tem based on the method of Folk (1968; see caption to Fig. 30) (after
Alberta, 1987; Al-Shaieb and others, 1989).
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oversized pores or vugs devel-
oped (Fig. 43). Dissolution of
detrital matrix and carbonate
cement also contributed to the
chert-conglomerate reservoir
genesis. Matrix and pseudo-
matrix (Fig. 44) dissolution
occurred concurrently with
feldspar dissolution (Alberta,
1987). Saddle dolomite precipi-
tation may have accompanied
chert dissolution. Dolomite
corrosion (Fig. 45) and authi-
genic clay precipitation began
when pore fluids became acidic
again.

The complete paragenetic se-
quence of diagenetic events that
have shaped the upper Morrow
chert reservoirs is shown in Fig-
ure 46.

Chert conglomerates without
an arkosic or early carbonate
component became tightly ce-
mented with silica. These chert-
dominated rocks apparently
make up much of the low-poros-
ity, stacked conglomerate inter-
val proximal to the Wichita-
Amarillo uplift. These conglom-
erates may represent deposition
by localized drainage systems.
On the other hand, braided
streams that drained larger ar-
eas, including those where
igneous rocks were exposed, re-
ceived larger amounts of sedi-
ments, including granitic-rock
detritus. Over time, these braid-
ed streams repeatedly emanated
from common locations along
the uplift (Figs. 24,26,28) and
flowed northward.

CONCLUSIONS

The upper Morrow rocks in
the Anadarko basin were depos-
ited within two distinct systems:
(1) a southward-flowing, fluvial-
dominated setting on the north-
western part of the Anadarko
basin shelf (i.e., the shelf sys-
tem) and (2) a northward-pro-
grading braid- and fan-delta—
dominated setting along the
Wichita-Amarillo uplift (Wichita
system).

1. The southward-flowing,
fluvial-dominated system in the
northwest deposited valley-fill
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PETROLEUM INCORPORATED
HENDRIX NO. 3

NW/4 NE/4
SEC. 25, T.6N., R.10ECM.
TEXAS CO., OK.

MARINE SH,
ESTUARINE SS.

FLUVIAL Ss.

ESTUARINE SS. & SH.

SP RT - LATERAL

MICRO - NORMAL
(AM = 2%)

MICRO - INVERSE

CALIPER o (RO = 1.57)

IN-GAUGE HOLE
(7.875")

Figure 32. Composite wire-line log schematic diagram across the upper Morrow sandstone interval in the
Petroleum Inc. Hendrix no. 3. Positive microresistivity separation identifies porous reservoir in the upper 11
ft of the fluvial sandstone (C). Estuarine sandstones B and D exhibit low porosity. (After Puckette, 1993.)

sequences within incised channels that cut into
underlying shelf muds. This shelf system was
characterized by fluvial, estuarine, and flood-plain
environments that dominated channel deposition
and that were succeeded by marine transgressions
blanketing the shelf with mud. The shelf system
was distinctly influenced by sea-level fluctuations
that controlled deposition; channels were incised
during sea-level lowstands and filled during sea-
level rises. The subsequent channel-fill deposits
are composed of quartz arenite, sublitharenite,
and subarkosic rocks. They are characterized by
variable reservoir quality that was influenced by
depositional facies. Fluvial sandstones are coarser
grained and have better porosity and permeabil-
ity; estuarine sandstones, however, are typically
finer grained and richer in detrital clay and bio-
clastic grains and therefore represent poorer reser-
voirs. Finally, the rocks of the shelf system exhibit
both primary and secondary porosity. Secondary
porosity was generated by the dissolution of meta-
stable detrital grains and carbonate cement. Flu-
vial sandstones are typically more porous than
estuarine sandstones in which detrital matrix and

carbonate cements occluded much primary poros-
ity.

2. The northward-prograding braid- and fan-
delta system along the Wichita uplift (i.e., the
Wichita system) is characterized by deposition of
coarse clastic sediments within braided streams
that prograded northward as braid- and fan-delta
complexes or filled incised channels. The Wichita
system was influenced by the rate of uplift to the
south, which consequently controlled the style and
rate of sediment deposition. Coarse sediment vol-
ume increased during periods of increased uplift.
Braided streams incised underlying muds during
tectonically (or eustatically) induced sea-level
lowstands. The resulting deposits are composed of
litharenites, feldspathic litharenites, and lithic
arkosic rocks. Diagenesis in these deposits was
dominated by the dual processes of dissolution of
feldspar and chert, which controlled porosity de-
velopment. Under acidic conditions, the granitic-
rock fragments and feldspars were leached. When
pore fluids became more alkaline owing to H* con-
sumption, chert grains were dissolved. The poros-
ity is almost entirely secondary.
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QUARTZ OVERGROWTH

PSEUDOMATRIX

CALCITE

DIAGENETIC EVENTS

FELDSPAR DISSOLUTION

ROCK-FRAGMENT DISSOLUTION

QUARTZ DISSOLUTION

CALCITE

DOLOMITE

DOLOMITE DISSOLUTION

AUTHIGENIC CLAYS

TIME ————»

Figure 37. Generalized paragenetic sequence of diagenetic events for upper Morrow sandstones of the

northwestern shelf.
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Three-Dimensional Modeling for
Reservoir Characterization of the Gypsy Fluvial
Sandstone Outcrop, Pawnee County, Oklahoma

Dirk Seifert and Daniel J. O’Meara, Jr.
University of Oklahoma
Norman, Oklahoma

ABSTRACT.—BP Exploration spent more than $4,300,000 between 1989 and 1992 to estab-
lish a unique field laboratory and data set for the purpose of developing techniques for the
characterization of fluvial reservoirs. The research facility, called “GYPSY,” is located in north-
ern Oklahoma, east of the town of Pawnee. The GYPSY data set consists of extensive geologic
descriptions, cores and well logs, geophysical measurements (3-D seismic, cross well, and VSP),
and well test data. In August 1992, this data set (including the test sites) was donated to the
newly formed Center for Reservoir Characterization at the University of Oklahoma.

In preliminary studies of the GYPSY outcrop data set, the use of three-dimensional geologic
modeling, combined with fluid-flow simulation, will be demonstrated for the purpose of reser-
voir characterization. In several flow simulations, an inverted geometric standard five-spot
well pattern has been tested, versus an inverted nongeometric five-spot well pattern in which
only the location of the injection well has been moved by ~250 ft. By moving the injection well,
the total oil recovery during the simulated 2-yr period improved by 14.4%. In an attempt to
optimize the recovery by using six wells, new locations for the producing wells have been es-
tablished by building cross sections within the modeling capabilities of the software. As a

result, the final simulation showed a much improved potential recovery.

INTRODUCTION

The verification of integrated methods of reser-
voir characterization requires data sets usually
not provided by standard production operations.
Between 1989 and 1992, BP Exploration sought to
establish such a data set to bring focus to its inte-
grated reservoir description program. In the three
phases of data collection on its “GYPSY” field sites
in northeastern Oklahoma, BP expended more
than $4,300,000.

The GYPSY field laboratory consists of coupled
outcrop and subsurface sites that have been char-
acterized to a high degree of detail. The primary
GYPSY outcrop site (strike view) is offered by the
north face of a road cut along U.S. Highway 64, 25
mi from Tulsa. Secondary outcrops (strike and dip
views) are located nearby. The subsurface site is
located 19 mi downdip from the primary outerop,
where the Gypsy sandstone occurs at 1,000 ft
depth (Fig. 1). Gypsy sandstone is an informal
name for the lowermost interval of the Upper
Pennsylvanian Vamoosa Formation (Fig. 2), and
its name is derived from exposures at the GYPSY
site.

The study area is located on the Cherokee
platform, where the sediments that formed the
Gypsy were deposited in a mixed-load meander-
belt system (after Galloway, 1985) whose domi-
nant direction of sediment transport was to the
west and northwest from source areas in the
Ouachita and Arbuckle uplifts (Doyle and Sweet,
1992).

The GYPSY data set was gathered in three
phases. The first phase developed detailed spatial
distributions of reservoir properties (permeability,
porosity, and lithology) from extensive sampling
and mapping of the geologic units of the Gypsy
sandstone as it is exposed by road cuts. To provide
three-dimensional data, a grid of 22 shallow core
holes were drilled behind the primary strike-ori-
ented outcrop into the Gypsy interval.

The second phase characterized a subsurface
pilot site containing depositional units with distri-
butions of reservoir properties similar to those
observed at the outcrop. Six wells were drilled and
extensively cored and logged. Geophysical data
were collected over a large frequency range, cover-
ing core, borehole (sonic-log, cross-well-seismic,
and VSP—vertical seismic profiling), and surface

Seifert, D.; and O'Meara, D. J., Jr., 1996, Three-dimensional modeling for reservoir characterization of the
Gypsy fluvial sandstone outcrop, Pawnee County, Oklahoma, in Johnson, K. S. (ed.), Deltaic reservoirs in
the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 85-92.
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Figure 1. Location map showing the outcrop and subsurface study sites near Cleveland, Oklahoma.

(three-dimensional seismic-survey) measure-
ments.

The third phase characterized reservoir flow
performance. More than 125 pressure-transient
well tests have already been completed in the six
pilot wells. A proposed contrasting-salinity flood is
designed to confront and verify descriptive and

predictive tools with a detailed set of flow mea-
surements that are capable of differentiating be-
tween equally plausible reservoir descriptions
(Doyle and others, 1992).

An important part of designing the flood will
entail investigating the range of possible flood re-
sponses, given the available data. In this prelimi-
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nary study, detailed three-dimensional geologic
models were constructed, fluvial-facies interpreta-
tions acquired from studies of the outcrops were
incorporated, and reservoir fluid flow was simu-
lated.

THE GEOLOGIC MODEL

Based on core descriptions, lithofacies map-
ping, and petrophysical measurements of the out-
crop, a three-dimensional geologic model was es-
tablished, as shown in Figure 3. The model was
built by using a grid of 40 cells along the X-direc-
tion, 70 cells along the Y-direction, and 32 cells
along the Z-direction. Therefore, the entire model
consists of 89,600 cells, each of which has a size of
20 x 20 x 2 ft in the X-, Y-, and Z-directions. The
model was built by assigning a “channel number”
value (based on core interpretation) to each X/Y
location in a vertical sampling of 2-ft intervals in
the Z direction.

In Figure 3, nine different depositional units
can be identified (Doyle and Sweet, 1992), includ-
ing seven channels (channel five includes cre-
vasse-splay deposits), as well as the marine Tal-
lant sandstone (lower boundary of the Gypsy inter-
val), and the transgressive flood-plain deposits on
top of the Gypsy interval. All channels are encased
in shaly flood-plain deposits.

THE FLOW SIMULATIONS

Since it has been suggested in previous studies
(Doyle and Sweet, 1992) that reservoir geometry—
the trend of the channels—is far more important
to fluid flow than the internal facies configuration
within each channel, the reservoir properties, such
as porosity and permeability, have been set as con-
stant throughout the reservoir. The values for po-
rosity (¢) and permeability (K) were derived from
core descriptions and core-plug measurements,
and the average values are ¢ = 20%, and K(X,Y,Z)
= 100 millidarcies (md). The transmissibilities
between the channels have been set at zero; there-
fore no flow communication exists between the
channels. Each of the following simulations has
been run for a simulated period of 2 yr (eight time
steps), always by injecting a total of 2,000 stan-
dard barrels of water per day (STB/DAY) into one
or both injection wells in the approximate center of
the reservoir. The average simulation run was for
82 min, and the production data, as summarized
in Table 1, were compared and analyzed after 365,
545, and 730 days.

Figure 2 (left). Stratigraphic nomenclature of Penn-
sylvanian strata showing position of Gypsy sand-
stone (after Grieg, 1959; Ford, 1978).
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TABLE 1. — OIL PHASE PRODUCTION DATA

Comparisons of Simulations 1-4 Showing Cumulative Qil Production

and Percentage of the Total Recoverable Pore Volume

Total recoverable pore volume: 1,243,400 bbl

Simulations

365 days

545 days

730 days

Sim1 Sim2 Sim3 Sim4
516,700 bbl 523,300 bbl 598,400 bbl 611,200 bbl
41.6% of total 42.1% of total 48.1% of total 49.2% of total
555,800 bbl 659,600 bbl 701,200 bbl 753,200 bbl
44.7% of total 53.1% of total 56.4% of total 60.6% of total
573,200 bbl 752,600 bbl 762,200 bbl 840,300 bbl
46.1% of total 60.5% of total 61.3% of total

67.6% of total

Figure 3. Geologic model of the
GYPSY outcrop site, showing well

locations and nine depositional units:
(1) marine Tallant sandstone (bottom);
(2) channel 1 (lower right); (3) channel 2

(lower front); (4) channel 2.5 (middie left);
(5) channel 3 (middle right); (6) channel 4

(middle/upper right); (7) channel 5 plus crevasse-
splay deposits (upper center); (8) channel 6 (upper
right); and (9) shaly floodplain deposits (very top).
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Simulation 1

For the purpose of simulation, a geometric
standard five-spot well pattern was established.
The water injection for the first simulation was
performed at a rate of 2,000 STB/DAY through the
geometric center, well I-1, toward the four produc-
ing wells (P-1 through P-4) in the four corners of
the model (Fig. 3).

Figure 4 shows only the cells with a water satu-
ration of >50% at the end of the simulation, after 2
yr; cells with such a high water saturation (Sy) are
the ones in which the oil has been replaced by the
injected water and produced. In addition, the gray
shades of the cells represent the water saturation
after 1 yr (365 days), and the black cells have a
water saturation of 100% (complete production).
Please note the sharp fluid front (saturation con-
trast), which is due to high and uniform porosity (¢
= 20%). After 2 yr (730 days) of production, the
thoroughly swept cells are well distributed later-
ally within the reservoir, but occur only below a
certain vertical level, which includes only the
lower channels. The explanation follows in Figure
5, which shows a traverse combining all the wells.
It can be seen that the injector well I-1 (in the cen-
ter of Fig. 5) does not penetrate many channels; in
fact, it penetrates only channels two, three, and

Figure 4. Flow perfor-
mance of simulation 1 using |-

1 for injection (2,000 STB/DAY) and

P-1 through P-4 for production (BHP = 500

psi), resulting in only two productive geobodies (a

volume or mass of reservoir-quality rock surrounded by
nonreservoir-quality rock). The filter used for this display elimi-
nated all cells that had a water saturation (Sy) of <50% after 730
days. The gray-shaded overlay represents water saturation after

five (plus crevasse splay), and the other channels
in the reservoir were not affected at all. It turns
out that this well pattern contains only two pro-
ductive geobodies, meaning channels that contain
at least one injection and one production well
(please note that the producing wells, P-1 through
P-4, penetrate only two channels). Those are chan-
nels two and three, which were swept very well
(98.9% of the total moveable pore volume of chan-
nels two and three), after 2 yr. However, the wide-
spread distribution of black cells in the gray-shad-
ed overlay (black cells equal 100% Sw) shows that
these two channels were already thoroughly swept
during the first year of simulated production
(88.4%). Not surprisingly, total cumulative water
production is very high and amounts to 886,100
bbl after 2 yr. Since production occurred only from
two productive geobodies (out of seven potential
geobodies), the total cumulative oil production af-
ter 2 yr amounted to only 46.1% (573,200 bbl) of
the entire reservoir, resulting in a water/oil pro-
duction ratio of 1.55.

The task of finding better well locations is often
very difficult, since commonly there are not
enough data available. Here, however, three-
dimensional modeling can be put to work. By
quickly building some arbitrary cross sections one

365 days (in the black area, Sy= 100%), indicating the sweep ef-
ficiency at this time step. The total cumulative oil production
equaled 46.1% of the total recoverable pore volume, after 2 yr.
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Figure 5. Northwest-southeast traverse through the GYPSY outcrop site, combining all wells. The numbers
indicate the channel numbers; the black areas surrounding the channels are encasing shales. Wells P-1
through P-4 and I-1 are penetrating only two to three channels out of seven, resulting in only two productive
geobodies. However, the wells A-1 through A-4 and -2 are penetrating three to five channels, resulting in five
productive geobodies. Only a combination of both injection wells and the production wells A-1 through A-4

will result in six productive geobodies.

can more clearly understand the reservoir geom-
etry, and better well locations are then easily
found and established. Based on such geologic
modeling, another injection well (I-2)—which pen-
etrates all channels except channel five (plus cre-
vasse splay)—was established for the purpose of
injection (Fig. 5).

Simulation 2

Again, a water injection over a 2-yr period was
simulated, keeping the reservoir properties, time
steps, and production-well locations the same as
for simulation 1. However, this time the injection
of water occurred only through the injector well 1-
2, at a rate of 2,000 STB/DAY.

At the end of the first year, simulation 2 shows
only a 0.5% better total oil production than simu-
lation 1. This result seems to be surprising at first,
since simulation 2 utilized the injection well I-2,
which penetrates more channels than I-1 and
therefore accesses more of the reservoir (five pro-
ductive geobodies). However, the low improvement
of production during the first year is due to the
fact that, since I-2 penetrates more channels, the
total water input of 2,000 STB/DAY is also in-
jected into more channels at the same time, and it
therefore took longer to pass the threshold pres-
sure within each channel to move the oil toward
the producing wells (P-1 through P-4). In addition,

channels two and three were swept very well dur-
ing the first year in simulation 1. During the sec-
ond year, the simulated production quickly out
distanced that of simulation 1, and by the end of
the simulated period, i.e., after 2 yr, simulation 2
had out-produced simulation 1 by 14.4% (179,400
bbl) (Table 1). This significant improvement of oil
production clearly demonstrates the importance of
a single well location, in this case that of the injec-
tion well I-2. Not surprisingly, the total cumula-
tive water production in simulation 2 is much
lower and amounts to 707,400 bbl after 2 yr, exhib-
iting a water/oil production ratio of 0.94.

Figure 6 shows the cells with a water satura-
tion of >50% at the end of the simulation 2. Here,
the flooded cells occur at all vertical levels and
throughout the reservoir, and it is highly visible
that the sweep efficiency in simulation 2 was
much greater than in simulation 1.

Simulations 3 and 4

In order to test a different recovery strategy,
the next simulation, simulation 3,was performed
by injecting 1,000 STB/DAY into each of the two
injection wells, I-1 and I-2. The producing wells, P-
1 through P-4, were still located in the geometric
corners of the reservoir. By using this production-
well pattern, production occurred from five geo-
bodies; after 1 and 2 yr, production during simula-
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Figure 6. Flow
performance of simu-
lation 2 using -2 for injec-

tion (2,000 STB/DAY) and P-1
through P-4 for production (BHP = 500
psi), resulting in five productive geobodies. (Other

aspects of this display as in Fig. 4 caption.) The total
cumulative oil production equaled 60.5% of the total recover-

able pore volume, after 2 yr.

tion 3 was, respectively, 6.0% and 0.8% better than
during simulation 2. The improvement of the total
production decreased with time, suggesting that
the unfortunate locations of the producing wells
began to gain importance after 1 yr; thus the ini-
tially positive effect of spreading the injectant over
two locations, rather than one, was equalized. The
total production amounted to 61.3% of the total
reservoir, or 76.0% of the total moveable pore vol-
ume of the five productive geobodies.

However, for the last simulation, simulation 4,
new locations for the producing wells (A-1 through
A-4) were chosen (keeping I-1 and I-2 at injection
rates of 1,000 STB/DAY each), in an attempt to
further improve the recovery. This well pattern
utilizes six productive geobodies, but each of the
production wells, A-1 through A-4, penetrates
more channels (geobodies) than the wells P-1
through P-4 from previous simulations (Fig. 5),
therefore improving the channel/production-well
ratio. As can be seen in Figure 7, the distribution
of the cells that have a water saturation of >50% is
more evenly spread laterally and vertically over
the entire reservoir, indicating a very good sweep
efficiency. Again, the black cells indicate that
sweep performance decreased through time (excel-
lent sweep after 1 yr), but was still excellent at the

end of the simulated production of 2 yr. Simulation
4 produced a total of 67.6% (840,300 bbl) of the
total recoverable pore volume, which implies an
additional increase of production of 6.3%, or
78,100 bbl, as against simulation 3 (Table 1).

CONCLUSIONS AND
RECOMMENDATIONS

The GYPSY sites provide a well-calibrated field
laboratory for testing new tools and methods. They
offer a “real-world” environment for testing the
effectiveness of reservoir-modeling tools, such as
geophysical imaging, geostatistical methods, well-
testing methods, tracer testing, and recovery sim-
ulation studies. The GYPSY Project provides a
superb opportunity to focus interdisciplinary ef-
forts. Moreover, it offers unique educational and
training opportunities for industry, government,
and university personnel.

By using specialized geologic-modeling soft-
ware, a three-dimensional geologic model (consist-
ing of 89,600 cells) of a potential fluvial reservoir
of Pennsylvanian age was built, and four fluid-flow
simulations were compared and analyzed. By uti-
lizing six irregularly positioned wells, whose loca-
tions were chosen with respect to geology, instead
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Figure 7. Flow perfor-
mance in simulation 4 using
I-1 and I-2 for injection (1,000 STB/
DAY each) and A-1 through A-4 for produc-

tion (BHP = 500 psi), resulting in six productive

geobodies. (Other aspects of this display as in Fig. 4 cap-
tion.) The total cumulative oil production equaled 67.6% of the

total recoverable pore volume, after 2 yr.

of the initially simulated geometric standard five-
spot well pattern, the total cumulative oil produc-
tion was improved by 21.5%. :

This example clearly shows that a standard
five-spot well pattern (presumably all standard
well patterns) is not very well suited for exploita-
tion of a fluvial reservoir in which the channels are
not stacked vertically on top of each other. In such
areservoir, a well pattern would need to be chosen
carefully, so that the wells penetrate as many
channels as possible (e.g., using different well po-
sitions or deviated wells).

Three-dimensional modeling combined with
fluid-flow simulation is found to be useful for the
reservoir geoscientist in quickly testing, improv-
ing, and displaying a recovery strategy. Another
very important advantage of three-dimensional
modeling is the power of visualization, which
would be very helpful in showing strategies and
reservoir performances to the nongeoscientist,
such as management boards of some oil compa-
nies.
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Integrated Reservoir Description Using
Outcrop Studies: Example from the
Bartlesville Sandstone, Northeast Oklahoma

Dennis R. Kerr, Guillermo Martinez, Iwan Azof, and Mohan G. Kelkar

University of Tulsa
Tulsa, Oklahoma

ABSTRACT.—The study site consists of an east-west road cut, cleared of vegetation, along
County Highway 20 between the communities of Claremore and Pryor, Oklahoma, and an
array of 12 wells drilled north of the road cut. The exposure of Pennsylvanian Bartlesville
sandstone in the road cut is 70 ft high and 350 ft long, and is approximately transverse to the
regional channel-axis orientation. The road cut has been studied along 40-ft-spaced, and se-
lected 20-ft-spaced, vertical transects. Wells drilled, cored, and logged (gamma ray, spontane-
ous potential, resistivity, and neutron density) into the Bartlesville are arranged in a 75-by-
75-ft grid of ten wells with an extension of a single leg of two additional wells 780 ft northward
from the road cut. A microresistivity log (FMS) was taken in the well located farthest from the
road cut. Sedimentologic characteristics have been described and interpreted in detail from the
road cut grid and slabbed cores. In addition, permeability values were measured with a
minipermeameter on the surfaces of the outcrop and slabbed cores at 1-ft intervals and in
selected areas at 0.5-ft intervals. Conventional methods were used to measure approximately
200 horizontal plus vertical core plugs for permeability and porosity. Core-plug and
minipermeameter permeability values are closely correlated throughout the range of values
(0.5 to 213 millidarcies).

At the study site, the Bartlesville sandstone is composed of multiple channel-fill storeys.
Each channel-fill storey and its contiguous facies represent a discrete genetic interval. Erosion
surfaces of variable relief separate 15- to 20-ft thick channel-fill facies with sand-on-sand
contacts being common. The channel-fill facies is further divided into three subfacies, dis-
cussed here in ascending order. The lower channel-fill subfacies consists of a basal, medium-
to thick-bedded, structureless, medium sandstone a few feet thick with abundant mudstone
rip-up clasts and an overlying, medium to fine sandstone with medium-scale trough cross-
stratification; intraclast lags are common at the base of cross-strata sets and within cross-
strata foresets. The middle channel-fill subfacies is characterized by low-angle, parallel-strati-
fied, and ripple-laminated, fine to very fine sandstone; however, rip-up clasts and mud drapes
are common throughout, some of which are associated with lateral accretion surfaces. Isolated
sets or cosets of low-angle medium-scale trough cross-stratification are also developed in the
middle channel-fill subfacies and are thought to represent chute-channel cut and fill. The
upper channel-fill subfacies, not well represented in core or outcrop because of the deep cutting
of successive channels, is made up of very fine sandstone and mudstone with evidence of early
diagenesis related to paleosol formation and plant bioturbation.

Geostatistical analysis has revealed some correlation between spatial variation in perme-
ability and gamma-ray emission and sedimentologic character of the Bartlesville. Permeability
within each discrete genetic interval can be represented by log-normal distribution; however,
permeabilities among the discrete genetic intervals have different means. Vertical variograms
of gamma ray and permeability consistently show a hole effect at 15-20 ft (channel-fill facies
thickness); the hole effect for gamma ray, however, is more pronounced than that for perme-
ability. Additional analysis is underway to evaluate the correlation, if any, between reservoir
properties and sedimentologic units at finer scales.

Kerr, D. R.; Martinez, G.; Azof, L.; and Kelkar, M. G., 1996, Integrated reservoir description using outcrop
studies: example from the Bartlesville sandstone, northeast Oklahoma, in Johnson, K. S. (ed.), Deltaic res-
ervoirs in the southern Midcontinent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 93.
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Mine-Assisted Secondary Recovery of Oil
in the Bartlesville Sandstone,
Cushing Field, Northeastern Oklahoma

Maynard F. Ayler
QOil Mining Corp.
Golden, Colorado

ABSTRACT.—Sixteen different stratigraphic units have been oil and/or gas producers in the
Cushing field. Of these, the most productive have been the informally named Layton sand-
stone, the Oswego limestone—Prue sandstone interval (or Wheeler sandstone), the Red Fork
sandstone, and the Bartlesville sandstone (Middle and Late Pennsylvanian). Originally, the
field was developed on 10-acre spacing, but, records show that production decreased rapidly as
solution gas was dissipated.

Even though the present wells are widely spaced, field production has been relatively con-
sistent since 1975. This record suggests that there is good horizontal permeability over a con-
siderable area, at least in some stratigraphic horizons.

Mine-assisted development on 1-acre, or closer, spacing is likely to be a viable option. Such
a system could provide controlled, gravity-drain access to each or all of the producing forma-
tions. Because of the extent of past development and the overlapping of producing areas, de-
tailed examination of all available data will be required to determine a preferred shaft site and

system of field development.

INTRODUCTION
As of December 1978 (Petroleum Information

Corporation, 1978), the Cushing field had pro-

duced 471.3 million barrels of oil. The discovery
well in the Cushing field was completed in March
1912 in the Wheeler sandstone, which now in-
cludes the Oswego limestone and Prue sandstone.
The field is located in sec. 31, T. 18 N, R. 7 E.
Until December 1913, production was confined to
the Layton and Wheeler sandstones.

In December 1913, oil was discovered in the
Bartlesville sandstone ; the discovery well is lo-
cated in sec. 3, T. 17 N., R. 7 E. For the following
year, most of the drilling was to the Bartlesville in-
terval, with substantial production coming from
that sandstone. The following quote from Buttram
(1914) provides a good insight into early produc-
tion:

The Bartlesville pool is comparatively new and
more time and development is necessary to give it

a thorough test. The general behavior of the wells

in the Bartlesville sand is shown by the following

group of wells which have been selected from one

of the principal leases in this area:

No. 1, initial production 2,200 barrels, completed
May 12, 1914
No. 2, initial production 1,104 barrels, completed
June 26, 1914
No. 3, initial production 2,640 barrels, completed
dJuly 18, 1914
No. 4, initial production 432 barrels, completed
September 15, 1914
No. 5, initial production 1,100 barrels, completed
September 28, 1914

The total initial production of these 5
Bartlesville wells was 7,476 barrels. On October 1,
1914, just 3 days after the last well was brought in
with an initial production of 1,100 barrels, the 5
wells were making a total production of only 2,000
barrels per day, which is an extremely rapid de-
cline on production.

It is interesting that the Dwight’s Energydata
(1992) curve for the Bartlesville in T. 17 N., R. 7
E., shows a production decline from 70,000 barrels
per month in 1974 to 17,000 barrels per month in
1992 (Fig. 1). For T. 18 N., R. 7 E., the decline was
from about 15,000 barrels per month in 1974 to

13,000 barrels per month in 1992 (Fig. 2).

Ayler, M. F., 1996, Mine-assisted secondary recovery

of oil in the Bartlesville sandstone, Cushing field, north-
eastern Oklahoma, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern Midcontinent, 1993 sympo-

sium: Oklahoma Geological Survey Circular 98, p. 94-99.
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At present, there are 39 wells producing from
the Bartlesville sandstone in 15 sections within
T. 17 N., R. 7 E. In addition, there are 24 other ac-
tive wells in 17 sections that are listed as produc-
ing from the Bartlesville sandstone and one or
more other stratigraphic units. There are five pro-
ducing wells in secs. 3 and 5. All of the other sec-
tions have only one to four producing wells each.
Although this field was originally developed on 10-
acre spacing (National Oil Well Index, Oklahoma
Edition, 1954, 1955, 1956, 1957, 1958), the aver-
age spacing is now about 130 acres, or more, per
well.

These data clearly show a very rapid depletion
of an original solution-gas drive, but there must be
a reasonable continuity of permeability to sustain
production for so long from so few wells. At pres-
ent, wells are reported to be producing from 1 or
more of 16 different reservoirs. The primary pro-
ducers are the Layton sandstone, the Oswego
limestone-Prue sandstone interval (or Wheeler
sandstone), the Red Fork sandstone, and the
Bartlesville sandstone reservoirs. Figure 3 illus-
trates the general lithology in the field. Figure 4 is
a section of the electric log for the Sarah Deere No.
5well,sec. 7, T.17N,,R. 7E.

POTENTIAL FOR MINE-ASSISTED
DEVELOPMENT

In considering the Cushing field for mine-as-
sisted development, several factors relating to eco-
nomics must be considered. For this presentation,
it is assumed that all of the basic requirements,
such as mobile-residual-oil reserve, reservoir
depth, and oil marketability, are satisfactory. The
currently unanswered question is, What will be
the optimum plan for mine-assisted development,
and where should the initial mine shaft be lo-
cated?

When choosing a shaft site, several factors
must be considered. The early well data show that
there were several “dry holes” across the field at
locations where production should be expected. Do
the dry holes represent areas of marked changes
in the lithology of each of the otherwise-productive
formations? Was the reservoir pressure so low that
the drilling fluids invaded the reservoir? Was the
initial production so low that the well was consid-
ered to be subeconomic? Were there other reasons
for these dry holes? Answers to these questions are
important because drilling the shaft is a major cost
factor for oil-mine development. By using avail-
able technology, the shaft can be located within
the producing area of the field.

Preliminary work suggests that extensive
structure control and isopach maps of each produc-
ing formation will be necessary before selecting
the optimum shaft sites and formulating a plan of
mine development (Beal, 1917). The many reser-
voirs in this area present several options. It is pos-
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Figure 3. Generalized columnar section of Middle
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showing the positions of the principal oil- and gas-
bearing sandstones.
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mine workings. Obviously, intersecting
such wells would not be desirable.
In planning mine workings, it is desir-

able, but not essential, to have the shaft

2300

located at the lowest point, with the

- workings rising at ~0.5% up from the

shaft. In this way, any produced water
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Figure 4. Electric log of Wheeler and Bartlesville sandstones
in the Sarah Deere no. 5 well, sec. 7, T. 17 N, R. 7 E.

sible to develop mine workings under each of the
reservoirs. It may be desirable to develop drains
from below that extend up through each reservoir
or to develop drains that produce from more than
one reservoir. Determining the exact plan of mine
development will require a detailed cost analysis,
which should be possible by using available well
data.

Another factor that must be considered in plan-
ning the mine is the location of all existing or past
wells that have penetrated to the depth of the

Bartlesville

will flow (by gravity) back to the shaft
sump for discharge at the surface. The
shaft should extend ~100 ft below the
workings level, to provide for a storage
pocket for waste generated by the tunnel-
driving process prior to removal by the
mine hoist. The formations below the
mine level should contribute little, or
preferably no, water, oil, or gas to the
shaft. The workings should be in the most
stable, impermeable horizon available. To
the extent possible, consideration should
be given to any joints or fault patterns as
potential problem factors.

Perhaps the greatest single consider-
ation will be acceptable disposal of waste
water that is produced during production.
It should be possible to separate produced
oil and waste water, either at the surface,
as is currently done, or in rooms con-
structed at the mine level. Produced wa-
ter could be returned to the production
reservoir, or to whatever reservoir is now
being used.

Solid waste produced through tunnel
driving will likely be 600—700 cubic yards
per day. If the mine workings are driven
in a hard limestone, as one hopes would
be the case, the mine waste could be
screened for sale as crushed stone. The
unscreened mine-run product would be
marketable as road base.

The mine workings should be well in-
sulated from the bottom of the nearest
petroleum reservoir by ~100 ft of essen-
tially impermeable shale or limestone.
The tunnels, 880 ft apart, would be laid
out much like streets in a city. Drains
would be drilled up into, or through, the
producing reservoir or reservoirs. Each
completed drain would be connected into
a central flow line to allow oil to be
transported to the mine shaft and then
pumped to the surface. Since all drains
could be relatively short, spacing on 1 acre, or
closer, would be possible and economic.

In selecting possible shaft sites, the effect of the
surface installation on the surrounding area must
be considered. During a preliminary reconnais-
sance, it was quite apparent there are extensive
woods. Shaft facilities in wooded areas could be
well screened, naturally. It was also apparent
that, particularly to the south of Drumright, bed-
rock is very near the surface, a factor that would
facilitate mine development.
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CONCLUSIONS AND
RECOMMENDATIONS

Available data on the Cushing field shows that
development of mine-assisted oil recovery should
be economically successful. On the basis of past
history, the Bartlesville sandstone should be a
primary target; for practical and economical rea-
sons, however, other reservoir intervals, particu-
larly the Layton sandstone and Wheeler sand-
stone (Oswego limestone and Prue sandstone),
must be considered. It is possible that a well-
located shaft will easily provide access to at least
these three reservoirs.

Because of the possibility of multiple target in-
tervals, detailed structure and isopach maps,
and reserve analyses by the petroleum engineer-
ing staff, will all be needed as the first step. When
a shaft site is selected, a test hole should be
drilled. All potentially problematic horizons
should be cored. The test hole should extend at
least to the proposed depth of the shaft. Cores
should be studied and sampled for their oil and
water content and for rock-mechanics testing as
needed.

All of the data mentioned above would be used
first to evaluate the economic potential. When
this has been demonstrated to be favorable,

these data would provide the basis for mine plan-
ning.

The mine-assisted oil development proposed
here will permit close infill drilling, with the po-
tential for a much-better-controlled recovery from
the Cushing field reservoirs.
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Red Fork Sandstone of Oklahoma:
Depositional History and Reservoir Distribution

Richard D. Fritz and Christopher L. Johnson
MASERA Corporation
Tulsa, Oklahoma

ABSTRACT.—The Middle Pennsylvanian Red Fork sandstone formed as a result of pro-
gradation across eastern Kansas and most of Oklahoma. It is one of several transgressive-
regressive sequences (cyclothems) developed within the Desmoinesian “Cherokee” Group. Sea-
level changes together with varying subsidence were dominant factors controlling the general
stratigraphic (correlative) characteristics of the Red Fork interval. Progradation was episodic
with sand deposition 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 sandstone is essentially indivisible in the broad area of the stable platform
(shelf) where it is relatively uniform in thickness. It is divisible into the lower, middle, and
upper Red Fork in the deeper part of the Anadarko basin north of the equivalent Granite
Wash.

A map of Red Fork sandstone trends reveals an alluvial-deltaic complex covering most of
Oklahoma. The Red Fork consists primarily of alluvial-valley and alluvial-plain (fluvial) bodies
in the northernmost part of northeastern Oklahoma and alluvial-deltaic bodies in most of the
remaining parts of the shelf area. The orientation of these alluvial-deltaic sandstones is highly
variable, and some sandstone bodies show local to subregional trends parallel to regional
depositional strike.

The deltaic sandstones can be divided into two groups: distributary and delta fringe. The
latter includes a wide range of specific types, such as delta front, delta margin, delta strand
plain, and even distributary-mouth bar. Some sandstones, considered as representing distribu-
taries, may include estuarine deposits, with the latter having formed during periods of quies-
cent river conditions, after stream abandonment or rise in sea level.

Distal deltaic sandstones and off-shelf submarine-fan and slope basinal-floor complexes
dominate the deeper part of the Anadarko basin with each major Red Fork subdivision, show-
ing distinctive depositional system tracts. The depocenter for the lower Red Fork was in the
southeastern part of the Anadarko basin, and the depocenter for the middle Red Fork was in
the central part. The upper Red Fork was deposited primarily in the western part of the
Anadarko basin, and isopachs indicate a strong westward depositional dip.

The primary source area for the Red Fork was most likely to the north and northeast of
Oklahoma. An extensive drainage system probably extended as far as the Canadian Shield
and appears to have been subparallel to the Midcontinent rift. Secondary drainage systems
that supplied sediment for the Red Fork were from the Wichita-Amarillo Mountains in the
south and possibly from the northwest across the Texas and Oklahoma Panhandles.

Determination of reservoir trend and genesis requires integration of rock data and log data.
Logs need to be calibrated to cores to estimate depositional environments accurately and to
make a reasonable assessment of diagenetic overprints. Although both primary and secondary
porosity are present, diagenesis has been responsible for most of the Red Fork reservoir capac-
ity. Reservoirs can be developed at several stratigraphic levels even in shelf areas where the
Red Fork cannot be divided into corresponding genetic units.

Much of the oil and gas has been trapped in stratigraphic traps, and a significant amount
of oil is in channel sandstones and trends at high angles to the structural grain. The Cherokita-
Wakita Trend, South Thomas Field, East Clinton Field, and Strong City Field represent ex-
cellent examples of facies and reservoir development controlled by facies distribution.

Fritz, R. D.; and Johnson, C. L., 1996, Red Fork sandstone of Oklahoma: depostional history and reservoir
distribution, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern Midcontinent, 1993 symposium:
Oklahoma Geological Survey Circular 98, p. 100.
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Integrated Perspective of the Depositional
Environment and Reservoir Geometry,
Characterization, and Performance of the Upper
Morrow Buckhaults Sandstone in the Farnsworth Unit,
Ochiltree County, Texas

Richard H. McKay

Consultant
Oklahoma City, Oklahoma

Jesse T. Noah

Unocal
Houston, Texas

ABSTRACT.—The Farnsworth unit is the largest upper Morrow oil field in the western
Anadarko basin. Of the 150 MMBO in place, 25% (38 MMBO) plus 30 BCFG have been recov-
ered from the Lower Pennsylvanian upper Morrowan Buckhaults sandstone. The Buckhaults
sandstone is a late-stage valley-fill unit deposited in a series of multiple-stacked, thin, upward-
fining sequences in shallow, braided, fluvial channels. The sandstone layers are predominately
well-indurated, conglomeratic to coarse-grained, light-gray to light-brown subarkose to sub-
litharenite. Distribution of the framework grains is heterogeneous. Grain size ranges from a
pebble conglomerate to a medium-grained sandstone.

The following arithmetic averages were calculated from the cores of 52 wells in the field: po-
rosity, 14.38%; permeability, 31.09 md; and hydrocarbon pore feet, 4.26 ft. The maximum core
porosity is 22%. Porosity values are rarely <10%; however, where porosity is <10%, there is a
corresponding decrease in permeability. Measured permeability ranges from <1 md to 740 md.

This study was designed to integrate geologic, geophysical, and reservoir data in an effort
to refine the Buckhaults depositional-systems model. The goals were to (1) determine and
predict sandstone distribution, (2) identify additional unrecovered primary banked-oil re-
serves, and (3) design an infill drilling program to improve the secondary water-flooding effi-
ciency.

Methods used include (1) compilation of a database integrating thickness, porosity, perme-
ability, and well-performance data; (2) interpretation of the Buckhaults environment of depo-
sition from core data and geophysical well logs; (3) mapping the regional paleostructure to
identify paleotopography and paleogradients; (4) mapping the Buckhaults paleovalley to iden-
tify the axis of maximum downcutting; (5) mapping the Buckhaults sandstone thickness, per-
meability, and performance trends; and (6) regional synthesis of seismic data for trend analy-
sis and acquisition of detailed reservoir characterization through high-resolution seismic sur-
veys.

The integration of geologic, geophysical, and reservoir-performance data resulted in (1)
reinterpretation of the Buckhaults sandstone reservoir geometry and refinement of the depo-
sitional model, (2) identification of four possible field extensions, (3) the identification of 10
MMBO of proven unrecovered secondary reserves and probable banked-oil reserves, (4) the for-
mulation of a 90-well infill or extension drilling program to increase the water-flooding effi-
ciency, and (5) the formulation of a plan to prepare the Farnsworth unit for a tertiary en-
hanced-oil-recovery program.

McKay, R. H.; and Noah, J. T., 1996, Integrated perspective of the depositional environment and reservoir
geometry, characterization, and performance of the upper Morrow Buckhaults sandstone in the Farns-
worth unit, Ochiltree County, Texas, in Johnson, K. S. (ed.), Deltaic reservoirs in the southern Mid-
continent, 1993 symposium: Oklahoma Geological Survey Circular 98, p. 101-114.
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INTRODUCTION

The Farnsworth unit is located in the west-cen-
tral portion of Ochiltree County, 15 mi southwest
of Perryton in the Texas Panhandle (Fig. 1). It is
the largest upper Morrow oil field in the western
Anadarko basin with >150 million bbl of original
oil (MMBO) in place. Union Oil Company of Cali-
fornia discovered the field in 1955 when produc-
tion was established in the no. 1-32 Viva Buck-
haults well from the Lower Pennsylvanian upper
Morrow Buckhaults sandstone. This well had an
initial-flow potential of 321 bbl of oil per day
(BOPD) at a depth of 7,966—7,990 ft and an origi-
nal formation pressure of 2,200 psi. The Buck-
haults sandstone was originally produced under a
solution-gas-depletion-type drive. By 1963 the
Texas Railroad Commission had consolidated the
Farnsworth field, the Waka field, and the West
Waka field into the current Farnsworth unit. Dur-
ing primary recovery (i.e., prior to 1964), these
fields with a total of 125 active wells produced 15
MMBO plus 13 billion cubic feet of gas (BCFG).
This unitization allowed implementation of a wa-
ter-flooding project in 1964. The Farnsworth unit’s
peak production during the water-flooding stage
was 7,967 BOPD in 1972. An additional 22.7
MMBO has been recovered since unitization. Cu-
mulative production has been 37.7 MMBO plus
29.3 BCFG as of December 1992. A total of 200
wells have penetrated the Morrow in the study
area, which encompasses 45 mi2. Within the
Farnsworth unit, there are 145 Morrow penetra-
tions with a historical success rate of 88%.

This study was designed to integrate geologic,
geophysical, and reservoir data to (1) refine the
Buckhaults sandstone interpretation, (2) identify
additional unrecovered primary banked-oil re-
serves, and (3) design a drilling program to further
develop secondary reserves in the Farnsworth
unit.

GEOLOGIC SETTING

In the Midcontinent, the upper part of the Mor-
rowan Provincial Series of Early Pennsylvanian
age is an overall transgressive sequence. Numer-
ous deltaic wedges extend from southeastern Colo-
rado across the Oklahoma and Texas Panhandles
and into the center of the deep Anadarko basin in
southwestern Oklahoma (Fig. 1).

Regional channel systems trend subparallel to
subtle preexisting paleotopographic lows created
by normal faults in the older Paleozoic sedimen-
tary section. This coincidence suggests that during
deposition of the upper Morrow strata, recurrent
minor syntectonic movements maintained the
paleovalleys. Each successive progradational
event may have been partially controlled by these
recurrent fault movements that periodically low-
ered the paleoslope. The mechanism is thought to
have been basin loading that caused movement

R. H. McKay and J. T. Noah

along deep-seated normal faults extending north-
west from the Amarillo-Wichita fault zone.

The typical upper Morrow meander valley in
the region contains three types of fluvial sand-
stones: (1) point-bar deposits, (2) mixed-load low-
sinuosity channel-fill deposits, and (3) overbank
splay and sheet flood-plain deposits. The upper
Morrow channel sandstones in southeastern Colo-
rado, however, are predominantly channel-fill
sediments deposited in incised valleys. To the
south, in the Oklahoma Panhandle and the north-
ern Texas Panhandle, the valleys are less incised,
and point-bar deposition predominates.

In the Farnsworth area, both point-bar and
mixed-load channel-fill sandstones are present.
There are at least five main upper Morrow
progradational sandstones. From bottom to top,
these are locally referred to as the White, Jones,
Pazoureck, Buckhaults, and Russell sandstones
(Fig. 2). The upper Morrow interval, present over
the entire study area, thickens to the south-south-
east from 380 to 490 ft.

Southward across the Texas Panhandle, to-
ward the basin axis, it is postulated that marine
energy dominated the deltaic environment, as evi-
denced by the trend and shape of sandstones in
Glazier field in southern Lipscomb County, Texas.
The upper Morrow is unconformably overlain by
the Atokan Thirteen Finger limestone.

The Morrow structure shows that the Farns-
worth unit is positioned on a broad anticlinal nose
dipping to the southeast at 2° to 3°. Regionally, the
unit lies in a paleogeographic low between an east-
trending intervalley high to the north and a low-
relief anticlinal nose extending to the northeast on
the southern side. Structural relief is 550 ft from
northwest to southeast across the unit. The re-
gional strike is N. 40° E.

The depth to the top of the Buckhaults sand-
stone ranges from 7,500 ft on the northwest to
8,050 ft on the southeast. The hydrocarbon trap
is stratigraphic owing to an updip porosity pinch-
out. The entire sandstone body was hydrocarbon
charged and had an original hydrocarbon column
550 ft high. Since there is a downdip termination
of the reservoir, there was no original reservoir
water drive.

SEDIMENTOLOGY

Grain-Size Distribution and Sorting

The grain-size distribution is heterogeneous.
The grain size ranges from a pebble conglomerate
to a medium-grained sandstone with very fine
grained quartz and feldspar fragments and clay
matrix. The sandstones are predominantly coarse
grained (Wood, 1956; Munson, 1989). Multiple fin-
ing-upward sequences are present throughout the
section. A channel lag conglomerate with up to
cobble-sized lithoclasts is present at the basal con-
tact. There is a slight decrease in grain size from
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Figure 1. Regional paleogeographic map showing principal tectonic features, structure contours on top of the
Mississippian, upper Morrow fluvial-deitaic channel fairways, and location of the Farnsworth field. Modified
from Khaiwka (1968) and Swanson (1979). Contours are in feet.

west to east along with a slight increase in sorting
(Munson, 1989). Sorting ranges from poorly to
moderately well. A ten-well core study by Wood
(1956) found that the majority of the sandstones
are moderately sorted. The predominant cements
are quartz and feldspar overgrowths with lesser
amounts of clay, calcite, and pyrite.

A mean grain size vs. sorting statistical analy-
sis was conducted on 68 samples from six wells by
Munson (1989). He concluded that most of these
sediments were deposited in a fluvial-deltaic envi-
ronment. He also plotted weighted-percentage his-
tograms of the grain-size distribution. This analy-
sis showed that the predominant depositional en-
vironment was a delta distributary system (Mun-
son, 1989).

Porosity and Permeability

Farnsworth unit porosity and permeability
data were obtained from 52 wells with individual

core analyses. Graphic plots show a heterogeneous
vertical distribution of both the porosity and per-
meability in each core (Fig. 2). The average Buck-
haults sandstone porosity in the unit is 14.38%.
There is very little variance in the average poros-
ity across the unit except near the sandstone lim-
its where it decreases. The maximum measured
core porosity is 22%. Porosity values are rarely
<10%. Where the porosity is 10% or less,
the permeability generally is <1 md (Fig. 3). The
original porosity was reduced by pore-filling
quartz and feldspar overgrowths and by authi-
genic clays.

The measured permeability ranges from <1 md
to >750 md and averages 31.09 md for unit. Per-
meability decreases from west to east (i.e., an av-
erage of 90 md in the west and an average of 20
md in the east). It is thought that permeability is
controlled by an increase in the clay matrix from
west to east. Core data show that intervals with
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Figure 2. Composite log of upper Morrow strata in the Farnsworth field.

higher permeability are associated with the higher
porosities (Fig. 3). There is no apparent relation-
ship between grain size and permeability (Mun-
son, 1989).

COMPOSITION

Framework Grains
The Buckhaults sandstone is a conglomeratic,
light-gray to light-brown subarkose to sublith-
arenite (Munson, 1989; Davies, 1991,1992). It is

well indurated with subangular to subrounded
grains. The grains are close packed with point-to-
point, edge-to-edge, and some sutured contacts
(Fig. 4). The predominant framework grains are
monocrystalline and polycrystalline quartz and
granitic or other plutonic igneous-rock fragments,
with lesser amounts of plagioclase feldspar
(total feldspar is 4-20%), shale and siltstone litho-
clasts, chert, muscovite, and volcanic-rock frag-
ments (Munson, 1989; Davies, 1991,1992). Minor
amounts of microcline (orthoclase feldspar),



Buckhaults Sandstone, Farnsworth Unit, Texas 105

PERMEABILITY AT AVERAGE POROSITY = 20 Md

15

POROSITY %
(@}

MEDIAN PERMEABILITY =21.5 Md

14 T 1}
| 10 100 1000
PERMEABILITY Md

Figure 3. Plot of porosity vs. permeability for all Farnsworth unit Buckhaults sandstone cores.

Figure 4. Thin-section photomicrograph (FWU no. 32-6) of the Buckhaults sandstone. Width of field of view
is about 4.5 cm.
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perthite, chlorite, chalcedony, and sericite were
identified by Wood (1956).

The predominant heavy-mineral assemblage
consists of zircon, tourmaline, garnet, mica, and
magnetite with lesser amounts of rutile and leu-
coxene, indicative of a silicic igneous-rock prov-
enance (Wood, 1956). The presence of euhedral
crystals of blue, pink, and purple zircon and of
smoky black tourmaline are indicative of mineral-
ogically immature first-cycle sediments. The
framework-grain immaturity also indicates a
nearby source area, possibly in the Amarillo-
Wichita uplift to the south (Munson, 1989). Other
potential source areas include the Cimarron arch
and Keyes dome to the west and northwest (Fig.
1). All three were nearby topographic highs in
Early Pennsylvanian time. The presence of detri-
tal chert in the Buckhaults sandstone indicates a
nearby subaerial exposure of Meramecian and/or
Osagean (Mississippian) rocks (Brown, 1979). The
presence of well-worn zircon crystals and frag-
ments, green tourmaline, rare rutile and leucox-
ene, and some frosted grains indicates that the
sandstones consist partly of reworked older sedi-
mentary deposits (Wood, 1956).
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Clay Minerals

In general, the larger percentages of clay min-
erals are in the upper part of the Buckhaults sand-
stone, but in some cases, the concentration is re-
versed (Wood, 1956). Clays occur in several 1- to 3-
in.-thick shale beds, shale laminations, and litho-
clasts and as dispersed authigenic clays. The in-
tergranular authigenic clays occur as particles,
pore linings, and pore bridges (Fig. 5). Clay con-
tent ranges from 4 to 17.14% (Wood, 1956; Mun-
son, 1989).

The predominant matrix clay is kaolinite with
lesser amounts of chlorite, illite, and illite-smectite
(Parker, 1956; Munson, 1989; Davies, 1991,1992).
Our interpretation is that the authigenic kaolinite,
illite, and chlorite were formed from diagenetically
altered feldspars, lithoclasts, and volcanic frag-
ments. Since these sediments are thought to have
been deposited in a freshwater system, some of the
kaolinite may be detrital (Selley, 1978).

Swelling clays are not a major cause of perme-
ability reduction. The major reduction of perme-
ability is caused by moved fines (i.e., kaolinite and
illite) that were dislodged by high water-injection
pressures and rates.

Figure 5. SEM photomicrographs of the Buckhaults sandstone (FWU no. 32-6). (A) Examples of porosity (P),
chlorite (C), siderite (X), and illite-smectite (1). (B) Examples of kaolinite (K; the dominate clay type) and
chlorite (C).
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Figure 6. Photograph of core from the FWU no. 32-6 illustrating pla-
nar cross-bedding and channel scours. Depth range is 7,967 ft (up-
per left) to 7,977 ft.

CORE ANALYSIS

About 60 cores of Buckhaults sandstone have
been taken in the Farnsworth unit. There are 52
Buckhaults sandstone core analyses, and nine
whole cores are available. The following arithmetic
averages were calculated from the whole-core
data: porosity = 14.38%, permeability = 31.09 md,
sandstone recovered = 25.76 ft, sandstone with
>10% porosity = 23.35 ft (9% of the recovered
sandstone layers have >10% porosity), and hydro-
carbon pore feet = 4.26 ft (the product of perme-
ability [in millidarcies] and net sandstone thick-
ness [in feet], expressed in feet). Hull (1956) calcu-
lated the original oil saturation to be 69% on the
basis of a reservoir with 26.6 md permeability.
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Typically, bed forms and stratifi-
cation are indistinct. The dominant
bed forms include low- and high-
angle planer-tabular cross-beds
and trough cross-beds (Fig. 6). Soft-
sediment-deformation structures
are present locally.

Stratification is mostly indis-
tinct. Some intervals, however, con-
tain poorly developed, moderate- to
small-scale cross-stratification, par-
allel stratification, and ripple lami-
nae. Bar-top deposits consisting of
small sets of planar-tabular cross-
bedding and cross-laminated sand-
stones are locally present. Lower-
angle cross-bedding is more domi-
nant in the upper part of the sec-
tion. Multiple scour surfaces are
present throughout the interval
with associated pebble to coarse-
grained lag deposits. A well-devel-
oped channel-floor lag overlain by
poorly defined parallel and trough
cross-bedding is typically present.

Bed forms in the Farnsworth
Unit no. 32-6 core showed an ap-
parent preferred cross-bedding dip
direction. A computer-processed di-
rectional analysis from a CIBL
(stratigraphic dipmeter) bore-hole
imaging log showed a well-devel-

" oped southerly current vector over
the entire Buckhaults sandstone
interval. The majority of the cross-
bedding has been destroyed by di-
agenetic alteration of the sand-
stone; thus most intervals are poor-
ly stratified.

Bedded shales are locally pres-
ent. Both the upper and lower con-
tacts of the shale units are erosion-
al. Shales of this type typically have
a shoestring geometry and would

not form lateral permeability barriers or compart-
ments within the reservoir. Stylolites and siderite
nodules are present over the entire section in some
of the cores. Coalified root hairs are present in the
upper part of many of the cores (Trevena, 1991).

Trevena (1991) examined eight Buckhaults
sandstone cores. He interpreted that one of these
cores, from the southwestern part of the unit, is
composed of either mixed-load fluvial-channel-fill
sediments or a coarse-grained point-bar deposit.
He concluded that the multiple-stacked, thin, up-
ward-fining sequences in the seven additional
cores were deposited in shallow, braided, fluvial
channels. Five of the cores are located in the
southeast part of the unit and two in the north-
west.
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Figure 7. Isopach map of the interval from the top of the Morrow to the base of the Buckhaults sandstone;
contour interval is 10 ft.
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Figure 8. Isopach map of the Buckhaults sandstone; contour interval is 10 ft. Seismic sections F3 and F4 are
shown in Figures 12 and 13.
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MAPPING METHODS

Structural and stratigraphic cross sections and
isopach maps were constructed to define the geom-
etry of the Buckhaults sandstone. Isopach maps
from the top of the Morrow to the top and base of
the Buckhaults were constructed as the initial
step. These isopach maps were used as the basis
for the Buckhaults channel-system model. The iso-
pach map of the interval from the top of the Mor-
row to the base of the Buckhaults (Fig. 7) best de-
picts the geometry of the Buckhaults paleovalley.
From this map the paleogradient is estimated to
have sloped at 10—15 ft/mi. The isopach map of the
Buckhaults sandstone (Fig. 8) shows that the
maximum thickness trends are coincident with
the maximum downcutting trends in the paleo-
valley. Both well-log and seismic data were used
to define the lateral limits of the sandstone chan-
nels.

The results of mapping additional parameters
were closely correlated to this depositional model.
Some of these maps include the permeability and
thickness of the Buckhaults (Fig. 9), the daily-pro-
duction potential (Fig. 10), and the cumulative
production (Fig. 11). These maps demonstrate a
very close coincidence of maximum thickness, per-

UNIT OUTLINE
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meability, and reservoir performance to the trend
of the channel depositional axes.

SEISMIC METHODS

Between 1990 and 1991, Unocal shot ~40 mi of
high-resolution vibroseis seismic lines to deter-
mine whether seismic data could successfully be
incorporated into reservoir characterization of the
upper Morrow Buckhaults sandstone in the Farns-
worth unit.

The Buckhaults sandstone in the Farnsworth
unit correlates to a high-amplitude peak located
directly below the top of the Morrow (Figs. 12,13).
The seismic data were not able to resolve the de-
tailed stratigraphy or structure of the Buckhaults
sandstone within the current productive limits of
the unit. However, the seismic data were useful in
expanding the previously interpreted Buckhaults
sandstone limits. For example, Figures 12 and 13
are two north-south seismic lines (locations shown
in Fig. 8) that were used to expand the unit limits.
On Farnsworth line 4 (Fig. 13), the previous unit
limit was located at shotpoint 1135. As a result of
the seismic interpretation, the Buckhaults sand-
stone limit was expanded to shotpoint 1165. The
Farnsworth Unit no. 18-2, drilled at shotpoint
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Figure 9. Contour map showing permeability (K) and thickness (h) of the Buckhaults sandstone. Values are
the product of permeability (millidarcies) and net-sandstone thickness (feet), but are expressed here in feet;

contour interval is 1,000 ft.
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Figure 10. Contour map showing potential for daily production of oil from the Buckhaults sandstone prior to
water-flooding operations; contour interval is 200 BOPD.
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Figure 11. Contour map showing cumulative production of oil from the Buckhaults sandstone prior to unitiza-
tion of the field; contour interval is 50,000 BO.
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1150, penetrated 19 ft of sandstone that had an
initial potential flow (IPF) of 250 BOPD. Similarly,
on Farnsworth line 3 (Fig. 12), the unit limit was
-extended from shotpoint 180 to 250. The Farns-
worth Unit no. 12-2 was drilled on shotpoint 195
and encountered 32 ft of Buckhaults sandstone.
Unfortunately, the water-flooding front had swept
past the bore hole, and the well was wet.

ENVIRONMENT OF DEPOSITION

The upper Morrow sandstones in the Farns-
worth area are interpreted to represent valley-fill
sediments deposited by a fluvial-deltaic system.
The following describes the characteristics of the
Buckhaults sandstone that best categorize the
deposit as a braided fluvial-deltaic deposit.

The Buckhaults sandstone has a laterally ex-
tensive sheetlike geometry, in this case, 2 mi wide
and 7 mi long (Fig. 8). It is composed of thin, mul-
tiple-stacked, fining-upward channel sequences
grading from pebble conglomerates to coarse- and
medium-grained sandstones. The basal contact is
erosional. Each successive channel has a well-de-
veloped channel-floor lag deposit.

The lateral and vertical continuity of the reser-
voir is good to excellent in most areas of the unit.
The porosity and permeability are generally good,
but vertical variability indicates multiple deposi-
tional cycles. These multiple-stacked channels are
easily seen in each core.

Few shale partings or beds are present. The
shale units have erosional upper and lower
contacts characteristic of abandoned-channel se-
quences. These are diagnostic of braided fluvial
deposits (Selley, 1978). Continual reworking by
successive channels has removed entirely, or left
only remnants of, the abandoned-channel seg-
ments. Abandoned-channel segments backfilled
with organic-rich siltstone and shale have been
documented seismically in sec. 13, Blk. 4T, T&NO
Survey, by the Farnsworth Unit no. 21-5 (sec. 14,
Blk. JT, TW&NG Survey), and the Farnsworth
Unit no. 17-2 (sec. 47, Blk. 4T, T&NO Survey) well
bores. These abandoned-channel reentrants have
only been encountered along the channel edge.

Sedimentary structures include trough and
tabular-planar cross-bedding with a few recum-
bent foreset beds, and soft-sediment-deformation
structures. In seven Buckhaults sandstone cores,
Trevena (1991) identified sedimentary structures
associated with braided-stream sediments.

The apparent current direction in the core from
the Farnsworth Unit no. 32-6 is dominantly to the
south. This finding supports the interpretation
that an entrenched, arcuate meander belt was
present on the east side of the unit. Wood (1956)
postulated that this arcuate-shaped sandstone
body was a meander bend in the channel complex.
Because of an anomalous increase of finer-grained
sandstone, he also postulated that two channels
merged in the southeast.
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Transport direction is believed to have been
from west to east. This is supported by the re-
gional paleoslope, interpreted to be east-southeast.
Munson (1989) documented that sorting increases,
and grain size decreases, to the east, which also
supports this interpretation. In addition, the
Buckhaults sandstone isopach map shows a dra-
matic increase in thickness to the east.

In some areas of the Farnsworth unit, there is a
high concentration of ferric oxide in the produced
fluids. This may be indicative of an oxidizing con-
dition at the time of deposition or may be a by-
product of acidizing treatments. In addition, only
a small percentage of carbonaceous organic matter
or coal clasts is present in the sandstone. These
two characteristics are indicative of the oxidizing
environment in which braided streams commonly
occur.

No fossil assemblages have been documented in
the sandstone units. The black shales and lime-
stone beds below the Buckhaults contain a brack-
ish-water fauna including brachiopods, fusulinids,
crinoids, rugose corals, ostracods (Parker, 1956),
and pelecypods (Trevena, 1991). The presence of
wood fragments; a brackish-water fossil assem-
blage; black, pyritic shales; and brackish connate
waters indicates that the Buckhaults prograded
into a brackish marsh or lagoon. Wood (1956) in-
terpreted from his core study that the Buckhaults
channel complex was deposited shoreward of a la-
goon or a bay environment.

On the basis of core data and electric-log signa-
tures, three types of Buckhaults sandstone depos-
its were identified: mixed-load channel-fill sand-
stones, point bars, and distributary mouth bars.
The channel sandstones are overlain by inter-
bedded overbank siltstones and shales. They are
underlain by dark-gray to black marine shales.

Schneider (1987) used log and core data to sub-
divide the Buckhaults sandstone into genetically
and texturally distinct lower and upper units. The
lower pebble-conglomerate unit was interpreted to
have been deposited by a braided-channel system.
This unit has a fairly uniform distribution across
the entire channel. The upper unit lies uncon-
formably on the lower unit. It eroded into, but not
through, the lower unit. The upper unit has been
interpreted to have been deposited by a laterally
accreting fluvial channel in lobate point bars that
thicken and thin within short distances. This unit
is composed of finer-grained sandstone.

SUMMARY

It is our opinion that the Buckhaults sandstone
represents one of at least five late Morrowan pro-
gradational pulses of a valley-fill sequence. The
Buckhaults pulse was a late-stage valley-fill event
just prior to the close of Morrowan time. The Buck-
haults fluvial-valley flood plain contained both an
active meander belt and an abandoned meander
belt. Because of a local increase in slope in the
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Figure 14. Depositional model showing the fluvial-deltaic environment of the upper Morrow Buckhaults sand-

stone.

Farnsworth area, a braided-stream segment
formed. Sediments were transported to the coast
where channel-mouth bars formed and were re-
worked into barrier bars. This fluvial-dominated
sedimentary pulse moved rapidly into a marine
basin, downcutting into brackish marsh or lagoon
mud and silt deposits at the edge of an epiconti-
nental sea (Fig. 14).

The mineral and textural immaturity of the
Buckhaults sandstone is indicative of a short
transport distance from a nearby sediment source,
possibly located in the Cimarron arch or the Keyes
dome area. The sandstone morphology, frame-
work-grain texture, and sedimentary structures
are most characteristic of fluvial-dominated low-
sinuosity braided-stream sedimentation.

The following conclusions are drawn by inte-
grating geologic, geophysical, and reservoir perfor-
mance data and methods:

1. The Buckhaults sandstone reservoir geom-
etry was reinterpreted, and a depositional model
was made. The Buckhaults thickness, permeabil-
ity, well performance, and recovery per well all
trend parallel to the depositional model. The esti-
mate of original oil in place was increased from
130 to 150 MMBO with the new interpretation.

2. Field extensions were identified with poten-
tial primary banked-oil reserves; two extensions
were identified on the north and two on the south
side of the unit.

3. An additional 10 million bbl of recoverable
secondary-oil reserves were identified in areas
with a wider well spacing, a lower average perme-
ability, a lower amount of total fluid injected, and
a lower recovery per acre-foot.

4. A 90-well infill and extension drilling pro-
gram was designed to increase the water-flooding
efficiency, to recover a higher percentage of the
original oil in place, and to develop the field-exten-
sion banked-oil reserves.

5. Plans were made to prepare the Farnsworth
unit for a tertiary enhanced-oil-recovery program.
With the completion of the drilling program, the
unit would be fully developed on a 40-acre well
spacing, optimum for a CO, flood.
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Deltas with Emphasis on Sand Quality and Geometry

John D. Pigott
University of Oklahoma
Norman, Oklahoma

ABSTRACT.—In order to optimize the application of currently available seismic technology
and seismic stratigraphic theory to the imaging of shallow-marine clastic wedges, an opera-
tional system of nomenclature (Pigott, 1995) has been developed that emphasizes sand qual-
ity and geometry by seismically characterizing and classifying deltas.

For a given shallow-marine clastic wedge isolated within a given sequence and imaged by
seismic reflection, one may describe the clinoform internal-wavelet character (i.e., the relative
amplitude and interreflector wavelength), the clinoform external-wavelet character (i.e., the
maximum reflector dip and the reflector configuration in both depositional dip and strike
views), and the static and dynamic aspects of the delta’s vertical and horizontal position within
the basin’s accommodation space (a function of sea level). These seismic characters can then
be appropriately plotted as a “seismic delta class” (Pigott, 1995) upon a composite seismic
ternary diagram, fields corresponding to the fluvial-, wave-, and tide-dominated fields of the
“Galloway” delta diagram. If the density and quality of the seismic coverage permit and if
geologic information is available for lithologic calibration of seismic amplitudes, the sand-body
(or sandstone-body) geometry can be defined through isochron and isopach mapping. The seis-
mic delta class may then be modified to include a descriptive sand-system subclass.

A detailed seismic characterization can be a powerful tool for describing a delta’s three-di-
mensional architecture and aspects of its paleoenvironmental setting. Moreover, such geo-
physically derived information, when systematically conducted and geologically constrained,
also can provide an important predictive tool for reservoir sand-body definition and character-
jzation. Selected modern delta examples are briefly inventoried as test cases for this seismic
characterization and classification scheme. As an example applied to the ancient record, a
Pennsylvanian clastic wedge of the eastern Anadarko shelf of Oklahoma is then examined.

INTRODUCTION:
POSING THE PROBLEM

The “Galloway” or triangular delta classifica-
tion (Galloway, 1975) currently in use is based
upon a foundation that has been extraordinary in
its geologic breadth and depth of research, but less
extraordinary in its geophysical descriptive com-
plement. However, with the post-1977 advent of
seismic stratigraphic theory and the continually
improving technology of geophysical imagery, del-
tas may now be additionally described in terms of
the information revealed both by the geometric
configurations of the reflections and by the charac-
teristics of the reflection wavelet itself.

This paper applies a seismic characterization
and classification scheme (Pigott, 1995) that is
neither limited to a two-dimensional approach nor
to a static classification based solely upon modern
deltas. The scheme is descriptive, yet with pur-

poseful genetic implications (e.g., philosophy es-
chewed by Folk in his classification methodology of
sandstones, 1974). By drawing upon geophysical
characterization and emphasizing sand-body ge-
ometries, the characterization and classification
scheme represents a logical complement to bore-
hole observations, further providing a necessary
foundation for posing practical questions of reser-
voir quality and geometry.

BRIEF HISTORICAL REVIEW OF THE
DELTA-CLASSIFICATION SCHEME

Rather than detail the extensive delta litera-
ture, the reader is suggested such reviews as those
provided by Coleman (1981), LeBlanc (1975), Miall
(1984), Reineck and Singh (1986), and Scruton
(1960). In terms of the seminal works, the geologic
study of deltas began with Lyell (1832), Credner
(1878), and G. K. Gilbert (1885). The clinoform
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conceptual models of Rich (1951), the Mississippi
delta contributions of Fisk (1954), and the Gulf of
Mexico oceanographic research of Shepard (1960)
were significant pioneering efforts. As industry-
inspired attention and financial support for re-
search grew, the studies of Coleman and others
(1969) and Fisher and others (1969) led to delta
investigations that were less parochial and more
international and explicitly hydrocarbon oriented.

The paper of Fisher and others (1969) is par-
ticularly significant in that it proposed one of the
first schemes to classify deltas. Their study sug-
gested that these clastic depositional systems
could be broken down into two categories: high-
constructive and high-destructive systems. Such a
categorization was based upon their early appre-
ciation of the contrasting effect of marine and flu-
vial energies. Coleman and Wright (1975) at-
tempted a statistical study that, though successful
in differentiating many modern deltas, was less
practical as a method of characterization for an-
cient environments (difficulties in quantifying
paleo—wave energy, climate, sediment discharge
rate, etc.).

In another seminal paper on the geologic de-
scription of deltas, Galloway (1975) compiled ob-
servations gleaned from an in-depth study of
seven modern Holocene deltaic systems. From this
process viewpoint, which was heavily influenced
by Fisher and others (1969), he suggested that
confined fluvial flow, wave flux, and tidal currents
played the major roles in shaping the geomorphol-
ogy of deltas. Galloway plotted these and other
modern deltas on a ternary diagram (Fig. 1). This
delta-classification system is fittingly “deltaic” or
“triangular” in its ternary graphical representa-
tion, reflecting perhaps to some degree the similar-
ity between the sand deposit at the mouth of the
Nile River and the Greek letter A first noted by
Herodotus (LeBlanc, 1975). In any case, Gallo-
way’s-approach facilitates the differentiation be-
tween the effects of fluvial input processes and the
contrasting effects of marine processes. Three ide-
alized end members are identified: fluvial domi-
nance, wave dominance, and tidal dominance.
Many modern deltas throughout the world have
been studied and placed within this context (Cole-
man and others, 1969), a few of which are plotted
in the Galloway ternary classification system
shown in Figure 1.

THE SAND-SYSTEM SUBCLASS

Sand-body geometries are important not only
for geomorphic reasons that illustrate responses to
fluvial-marine energies but also for definition of
reservoir geometry and quality. Therefore, as a
sand-body geometry can be delineated seismically
(isochron maps) as well as geologically (isopach
maps), the practicality of differentiating delta
classes by sand distributions is ensured. In order
for the triangular delta classification to better ac-
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commodate differing sandstone-body geometries,
Figure 2 illustrates an expanded delta-classifica-
tion scheme, based on modern-delta features, that

3 FLUVIAL
DOMINATED

DOMINATED
12

Figure 1. The triangular or Galloway (1975) delta
classification, differentiating delta geomorphic type
by contrasts in the degree of influence of fluvial,
wave, and tide processes. The relative positions of
Holocene deltas (after Elliot, 1986) are as follows: 1,
Mississippi; 2, Po; 3, Danube; 4, Ebro; 5, Nile; 6,
Rhone; 7, Sao Francisco; 8, Senegal; 9, Burdekin;
10, Niger; 11, Orinoco; 12, Mekong; 13, Copper; 14,
Ganges-Brahmaputra; 15, Gulf of Papua; and 16,
Mahakam.

FLUVIAL
DOMINATED

CUSPATE

WAVE TIDAL

DOMINATED
Figure 2. Sand-system subclass of the Galloway
delta classification. The subclasses are based upon
the geometry of the sand bodies, determined follow-
ing sand isochron or isopach mapping. See text for
details of the subclasses and examples of modern
delta types. Within each polygon is a schematic
sketch of the respective delta outline.

DOMINATED -
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comprises seven “sand-system subclasses.” These
sand-system classifications are descriptive, detail-
ing aspects of both the planar geometry and three-
dimensional architecture of the sedimentary units.
Yet, these subclasses also have genetic implica-
tions in terms of the interplay between marine and
fluvial processes.

1. Elongate Deltas. Numerous seaward-bifur-
cating channels are a product of substantial dis-
charge of sediment into a basin with low wave and
tidal energies. Such conditions contribute to the
wide dispersion of fine-grained sediment loads.
Sand-body geometries are typically digitate. The
modern-day Mississippi River delta with its bar-
finger sand bodies is the classic example (Fisk and
others, 1954).

2. Lobate Deltas. If the wave energies of the
basin are high, such conditions lead to a promi-
nent bulge in the bathymetric contours. Fine-
grained materials are transported away, and this
process leads to cleaner, coarser-grained sediment
proximal to the mouth. Such a broad lobate geom-
etry with deposition of the mechanical load proxi-
mal to the river mouth can also occur if the incom-
ing sand/mud ratio is high. The Nile delta is an
appropriate example (Coleman and others, 1981).

3. Elongate to Lobate, Littoral-Barred Deltas.
Increasing littoral currents combined with moder-
ate wave and fluvial energies cause sand deposi-
tion proximal to the river’s mouth to form attached
to detached lunate bars. Wave and littoral sorting
processes lead to texturally clean sand. Sand-body
geometries of this sand-system subclass are a com-
bination of either lobate or short digitate ridges,
leading to webbed fingers of sand accumulations
terminating with a strike-system ridge. The Ho-
locene Niger delta represents the features of this
subclass (Allen, 1965).

4. Elongate, Tidal-Ridged Deltas. Moderate
tidal energies with significant fluvial sediment
input lead to the development of sandy tidal bars
or ridges that can merge with the subaqueous
levees. The geometries of the sand bodies of this
system are principally stubby to radiating digitate.
The Mahakam delta represents one such example
(Allen and others, 1979).

5. Cuspate Deltas. High wave energies signifi-
cantly restrict the seaward extension of the delta,
efficiently transport the finer-grained sediment
loads offshore, and lead to the nearshore deposi-
tion of coarser-grained sediment. Sand bodies ex-
hibit a flattened, diamondlike geometry. A similar
geometry can result if the source produced domi-
nantly coarse clastic sediment. One example of
this sand system subclass is the present-day Sene-
gal delta (Coleman, 1981).

6. Littoral-Barred Deltas. High wave energies
combined with a persistent longshore drift compo-
nent allow the dispersion of sand into attached or
detached strandline bars. Attached strandline
bars tend to have sand flats behind them whereas,
with increasing tidal or fluvial flushing, lagoons
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form behind detached bars (barrier islands). Con-
sequently, this sand-system subclass is repre-
sented by strike-oriented linear thicknesses that
occasionally exhibit lunate geometries. The Ori-
noco delta (Van Andel, 1967) is one such example.

7. Tidal-Ridged Deltas. Strong bidirectional
tidal currents at the mouth of an estuary lead to
the development of large linear bars that trend
perpendicular to the shoreline; these tidal sand
ridges may be separated by finer-grained silt and
clay deposits. Geometrically, the sand bodies of
this system subclass are represented by numer-
ous, dip-oriented, detached linear fingers. A classic
example exhibiting the characteristics of this
sand-system subclass is the Fly delta of Papua
New Guinea (Galloway, 1975).

SEISMIC CHARACTERISTICS OF
DELTAS AND THE IMPORTANCE OF
THE CLINOFORM

Neither the horizontal topset beds (undaform)
of the fluvial or delta-plain facies nor the horizon-
tal bottomset beds (fondaform) of the distal off-
shore-marine pelagic facies facilitate an easy defi-
nition of deltas exclusively by themselves. Fortu-
nately, there is one particular geometric assem-
blage of facies peculiar to deltas that is usually
easily identified on seismic sections. Just as the
geomorphology of the delta lobe and the horizontal
aspects of its sandstone bodies when mapped are
chief parameters for a predominantly two-dimen-
sional characterization of deltas, it is the delta
clinoforms that provide important vertical infor-
mation which can also be discriminatory. Rich
(1951) pointed out that a dramatic, ubiquitous sig-
nature of progradational deltas is their inclining
foresets of sediment, which he termed “clinoforms”
and which separate the “undaform” from the
“fondaform.” In dip cross section, these sigmoidal
deposits make up the delta front (as in the classic
delta diagrammatic cross section of Scruton,
1960). Paleoenvironmentally, the shallowest part
of the clinoforms represent the boundary between
terrestrial and marine; at its deepest part, they
represent the boundary between nearshore and
offshore. Sedimentologically, the clinoforms repre-
sent a broad transition zone between mechanical
and suspension processes, i.e., the transition from
tractive deposition of sand at the distributary
mouth bar, to the oscillating tractive-suspensional
deposition of silt and clay in the delta-front facies,
to the suspensional deposition of mud in the pro-
delta facies.

Mitchum and others (1977) early recognized
the geophysical interpretive importance of clino-
forms. They suggested that clinoforms viewed on
seismic dip sections as sigmoid reflection configu-
rations implied lower energies of deposition than
those indicated by oblique configurations (the
reader is referred to Mitchum, 1977, for definitions
of various seismic stratigraphic terms used here-
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in). Berg (1982) later capitalized upon this obser-
vation through his seismic examinations of the
wave-dominated Woodbine Formation and the flu-
vial-dominated Tuscaloosa deltas. Berg proposed
that wave-dominated deltas are represented by
shingled to oblique clinoform reflections whereas
fluvial-dominated deltas are typified by sigmoid
clinoform reflections.

As the information from a single borehole is on
the order of tenths of 1 m whereas the information
obtained geophysically from a single common-mid-
point gather can often be on the order of hundreds
of meters (one Fresnel zone; see Sheriff, 1985), the
advantages of integrating some three orders of
magnitude worth of additional lateral information
from the use of seismic data are underscored. Such
an increased information content allows determi-
nation of local sandstone-geometries and integra-
tion with regionally delineated changes in tecton-
ics, sea level, and other factors. The seismic infor-
mation that can describe a delta is obtained either
directly from observation of the reflected wavelet
or from the groups of reflections. Although addi-
tional, geologically relevant data about the inter-
nal lithologic and fluid compositions of deltas can
be determined from prestack information—e.g.,
velocity (Warwick and Pigott, 1990), elastic moduli
(Pigott and others, 1989), porosity (Pigott and oth-
ers, 1990), attenuation, and V,/V, ratios—this
information is not so easily described as dependent
upon delta types. Therefore, the characterization
and classification scheme proposed by Pigott
(1995) and detailed here focuses upon the post-
stack information, beginning with the internal-
wavelet character and then progressing to the ex-
ternal-wavelet character. Such geophysical imag-
ery allows the practical description and prediction
of the changing reservoir—source rock quality of
deltaic sedimentary units through time and space.
Unless mentioned otherwise, seismic stratigraphic
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terminology follows the definitions of Mitchum
(1977) and Van Wagoner and others (1987).

IMPORTANT SEISMIC
CHARACTERISTICS FOR
DESCRIBING CLASTIC WEDGES

Seismic Classification Scheme

Procedurally, the seismic characterization sys-
tem proposed by Pigott (1995) is expressed by fill-
ing in the boxes shown in Figure 3. The numbers
in the boxes refer to the following detailed descrip-
tions of the seismically determined characteristics.

Clinoform Internal-Wavelet Character
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