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DISCLAIMER

LEGAL NOTICE This report was prepared by the Bureau of Economic Geology as an account of
work sponsored by the Gas Research Insntute (GRI). Neither GRI members of GRI, nor any
person acting on behalf of either: '

a. Makes any warranty or representation, expressed or impliéd with respect to the
accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for damages resulting from the use of,

any information, apparatus, method, or process disclosed in this report.
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This report summarizes regional stratlgraphlc, structural and paleo-
environmental studies and subregional petrographic and paleontological
analyses of the Cleveland Formation in the western Anadarko Basin of the
northeastern Texas Panhandle. Regional characterization of the Cleveland
includes (1) lithostratigraphy and correlation of intraformational divisions
and their component sandstones, (2) structural geology, including both
present structure and syndepositional tectonics, (3) depositional facies and-
sandstone distribution, and (4) sequence stratigraphy of the Cleveland and
adjacent stratigraphic units, which provides a basis for more accurate
subregional and reservoir-scale geologic study of this gas-bearing formation.

Since 1982 the Gas Research Institute (GRI) Tight Gas Sands Project has
supported geological investigations designed to develop knowledge
necessary to efficiently produce from low-permeability, gas-bearing
sandstones. As part of that program, the Bureau of Economic Geology has
conducted research on low-permeability sandstone in the Upper
Pennsylvanian (lower Missourian) Cleveland Formation in the northeastern
part of the Texas Panhandle. Geologic research on the Cleveland Formation
began in an effort to determine the suitability of the Cleveland as a

‘candidate for the drilling of Staged Field Experiment (SFE) well number 4,

the latest in a series of SFE wells drilled since 1986 to conduct geologic and
engineering research on low-permeability gas reservoirs. Although  the
Cleveland Formation was not chosen for SFE No. 4, investigation of this
low-permeability, gas-bearing sandstone continued with drilling of
cooperative wells in the Cleveland.

Although Cleveland low-permeability sandstone reservoirs in the western
Anadarko Basin had produced over 412 Bcf of natural gas through
December 31, 1989, little information was available on even the basic
geology of the unit. In this study, characterization of the Cleveland
Formation focused on five major areas: (1) stratigraphy, (2) structure,
(3) petrology, (4) depositional environments, and (5) sequence
stratigraphy. :

Regional correlation of the Cleveland Formation is based on the
unpublished, petroleum-industry definition of the unit, which states that

vii



the Cleveland is bounded by two thin (<10-28 ft), regionally correlative,

high-gamma-ray marker beds composed of organic-rich black shale. Below
the Cleveland is a siliciclastic interval of the Marmaton Group, and above
the formation is the shale- and carbonate-bearing Kansas City Formation.
The Cleveland ranges from 0 ft (absent) in parts of Hansford and
Hutchinson Counties to a maximum of about 590 ft in southwestern
Hemphill County. Depth to the top of the formation ranges from about
2,500 ft subsea in northern Hutchinson County to about 9,600 ft subsea in
east-central Wheeler County. In Ochiltree and Lipscomb Counties, the
major gas-producing area, subsea depth to the Cleveland is about 3,600 ft
(west) to 5,400 ft (east); depth of the Cleveland below land surface in the
two-county producing area is about 6,600 ft (west) to 8,000 ft (east).

The top of the Cleveland Formation in the study area composes a generélly
southeasterly dipping monocline interrupted by several prominent faults

and locally by small folds. Dip progressively increases toward the southeast .

from 20-40 ft/mi to about 105 ft/mi. Dip direction ranges from S4S5°E to
S25°E (135° to 155°) in most of the eastern part of the study area but is
quite variable elsewhere, especially near 'faults and folds. Two distinct fault
trends can be distinguished in the study area. The Lips fault zone, part of a
regional trend of en echelon faults extending from the Amarillo Uplift,
extends northwestward from eastern Wheeler County to its termination in
southwestern Ochiltree County and has a. maximum net vertical offset of
450-500 ft. Cleveland production along this probable moderate-angle
reverse fault is restricted to its northwestern end in southwestern Ochiltree
County. A shorter, subparallel fault zone, with a throw of no more than
100 ft, displaces the Cleveland in northern Hutchinson and southern
Hansford Counties; folds associated with it form structural traps for
Cleveland oil and gas. Other folds in the Cleveland occur sporadically as
small (4 to 8 mi long), south- to southeast-plunging noses in Ochiltree and
Lipscomb Counties. Reservoir-facies and porosity/permeability pinch-outs
associated with these structures form the primary hydrocarbon traps.

Distinctive trends of Cleveland thickness variation record elements of the
paleophysiography of the Cleveland depositional area and evidence of
syndepositional faulting, flexure, and marked differential subsidence.
Depositional patterns were controlled by (1) a paleohigh in the western
part of the study area (eastern flank of Cimarron Arch) that separates
siliciclastic facies from carbonate- dornmated Cleveland of the Kansas Shelf,

(2) subsidence of two subbasins within ‘a northwest-trending half graben

bounded by a syndepositional fault on its southern edge and a monoclinal
flexure to the north, and (3) a two-tiered depositional shelf controlled by
differential subsidence of an underlying Oswego Limestone buildup.

Petrographic examination of 24 Cleveland reservoir sandstone samples from
3 cores reveals characteristics that are probably generally shared throughout
the gas-producing region of Ochiltree and Lipscomb Counties. All sandstone
samples are either lithic arkoses or feldspathic litharenites and have an
average composition of QsgF21Rp0. Average grain size of the samples is
0.124 mm (very fine sand). The dominant cement is quartz (as
overgrowths), with an average of 7.3 percent. Total-carbonate (calcite,

Fe-rich calcite, ankerite, and siderite) cement averages 6.2 percent, and the

average of total-clay (chlorite, illite, and kaolinite) cement is 3.0 percent.
Average in situ permeability of Cleveland reservoir facies is 0.140 md, and
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Technical
Approach

average reservoir porosity ranges from 10 to 14 percent (porosimeter
porosity). Average porosity (primary and secondary) for the nonproductive
sandstones from the three cores is 2.8 percent (thin-section porosity).

The siliciclastic parts of the Cleveland Formation and underlying Marmaton
Group (undivided) comprise mostly stacked, progradational marine
successions containing deltaic facies (in ascending order within each cycle):
(1) prodelta, (2) distal delta front, and (3) proximal delta front. An
upward-fining fluvial sandstone with a markedly erosional base occurs in
one stratigraphic zone in the middle Cleveland in most of the study area.
Predominantly shale intervals record sedimentation in prodelta and distal
shelf -environments. Cleveland hydrocarbons are trapped primarily in
proximal delta-front sandstones and in the fluvial channel fill. Regional
cross sections and net-sandstone patterns indicate four dominant sandstone

trends in the study area: three north-south-oriented, arcuate thicks

composed of stacked delta-front facies at inferred stabilized shoreline
positions and one east-west trend representing supenmposed
fluvial-channel incision after a drop in regional base level.

The lithostratigraphic interval that includes the Oswego Limestone,
Marmaton Group (undivided), Cleveland Formation, and Kansas City
Formation was examined in the context of its sequence stratigraphic
framework. Parasequences (upward-coarsening and -fining genetic
depositional cycles) of the component systems tracts were correlated only
for the Marmaton Group (undivided) and the Cleveland Formation. This
mostly siliciclastic interval can be subdivided into three sequences, at least
one of which composing the Marmaton Group (undivided) and the lower
part of the Cleveland Formation is bounded by type 1 sequence boundaries,
or regional unconformities formed by lowstands of relative sea level. The
Cleveland contains 10 parasequences (P) in the study area: (1) P1-P3-
compose a progradational parasequence set deposited during a highstand of
relative sea level, (2) P4, the middle Cleveland fluvial deposit, is an
incised-valley fill underlain by an erosional surface formed during a sudden
fall in relative sea level; channel aggradation occurred during subsequent sea
level stabilization and early transgression, (3) PS and P6 comprise deltaic
facies of a transgressive systems tract, and (4) P7-P10 consist of several
relatively poorly defined systems tracts. Source areas for Cleveland P1-P6
were to the west or southwest, whereas those of the thin, upper Cleveland
parasequences were more distant to the east or southeast

The data base used in this study comprises (1) well-log suites for 863 wells
evenly distributed throughout the 5,100-mi2, 7-county study area, with an
approximate well spacing of 3 mi, (2) lithologic sample logs for about
10 percent of these well logs, and (3) three cores (total of 263 ft) of
sandstone-bearing portions of the Cleveland Formation from major
gas-producing areas. Precise regional stratigraphic correlation and lithologic
identification were possible because of the excellent well control and
sufficient scatter of sample logs. These factors and the presence of
distinctive formation boundary markers enabled construction of precise
isopach, structure-contour, net sandstone, percent-sandstone, and cross
sections of the Cleveland. Cores provided lithologic and sedimentologic data

_ that were valuable for well-log calibrations and interpretations of

depositional environments. Composition of shales and reservoir sandstones
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Project
Implications

was determined by standard thin-section petrography, scanning electron

microscopy, and X-ray diffraction. Total organic carbon content of
Cleveland and Marmaton shales was calculated by standard coulometric
techniques.

The importance of detailed resource characterizations in tight gas sandstone
formations has been realized for many years by GRI. Through GRI-funded
research, the understanding of the geologic processes affecting the source,
distribution, and recovery of gas from these reservoirs has been greatly
enhanced. This report serves as a reference that will aid tight gas sand
development in the Cleveland Formation.

John T. Hansen
Project Manager, Natural Gas Supply
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INTRODUCTION

The Upper Pennsylvanian (lower Missourian) Cleveland Formation produces gas
from low-permeability (“tight”) sandStone reservoirs in the western Anadarko Basin of
the northeastern Texas Panhandle. In this six-county region, these reservoirs had
broduced more than 412 Bcf of natural gas through December 31, 1989 (Railroad
Commission of Texas, 1989).v Because of their typically low pefmeability, the Cleveland
sandstonés require acidizing and hydraulic ’fracture treatment to produce gas at
economic rates.

Since 1982 the Gas Research Institute (GRI) has supported geological investigations
throughout the United States designed to develop the. scientific and technological
knowledge necessary to efficiently produce from low-permeability, gas-bearing
sandstones. As part of this program and the GRI Tight Gas Sands project, the Bureau of
Economic Geology has been conducting research on low-perméability sandstones in the
Cleveland Formation and on several other sandstone units of similar character in Texas
and Wyoming. This effort is part of a broader program to increase the understanding and
ultimate utilization of gas resources in these low-permeability formations through
integration of regional and field-specific geology, formation evaluation, and resen}oir
engineering.

This report summarizes findings regarding the regional geology, depositional
setting, sequence stratigraphy, and petrology of the Cleveland Formation. Geological
research on the Cleveland began with an effort to choose a formation in which to drill
Staged Field Experiment (SFE) well number 4, the latest in a series of SFE wells drilled
since 1986 to conduct geological and engineering research on low-permeability gas
reservoirs. Although the Cleveland Formation was not chosen for SFE No. 4,

investigation of this low-permeability, gas-bearing sandstone continued with the drilling



of cooperative wells in the unit. Cooperative wells are gas wells in which operating
companies allow GRI contractors to collect data necessary for integrated geological and
engineering evaluation. Because the Cleveland Formation contains an estimated 38 Tcf
of gas in place (Haas and others, 1988), development of advanced téchnology and
understanding that can bé applied to this and other tight gas formations will have a

positive impact on gas supply by improving gas recovery and lowering completion costs.

Regional Tectonic and Paleogeographic Setting

The Anadarko Basin‘(fig. 1) of the Southern Midcontinent is the deepgst
Phanerozoic sedimentary basin within the North American craton. Locally along its
southern margin against the Wichita Uplift in southwestern Oklahoma, the axially
asymmetric, southeast-northwest elongate basin ‘contains more than 40,000 ft of
Cambrian through Permian sedimentary rocks (Ham and Wilson, 1967). In the western
part of the Anadarko Basin the Paleozoic strata are as much as 13,000 to 16,000 ft thick.
The broad shelf bordering the basin to the north, variously termed the Kansas Shelf or
Northern Shelf, is thinner still, attaining thicknesses of 6,500> to 9,800 ft. Division
between the “deep Anadarko Basin” and the adjaéent shallower basin and shelf areas
(fig. 1) has arbitrarily been established at the —IS,OOO-ft basement depth contour
(Petroleum Information Corpofation, 1982). The Kansas Shelf is distinguished from the
main basin. by a hinge zone separating the area of steeper dips in the inner basin (90 to
140 ft/mi) from that of more gentle dips on the shelf (50 to 80 ft/mi) (Rascoe, 1962).

The Pennsylvanian orogenic episode of the greater Anadarko Basin area (Ham and
Wilson, 1967) significantly inﬂuenced deposition of the lower Missourian Cleveland
Formation. During this period the active Wichita and Amarillo Uplifts wére separated
from the Anadarko Basin by a series of large-displacement, moderate- to high-angle

reverse faults. The adjacent basin subsided markedly; large volumes of coarse arkosic
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sediment (“grainte wash”) were deposited a‘long the southern margin of tﬁe rapidly
subsiding Anadarko 'Basin adjacent to the uplifts. Other contemporaneous orogenic
events resulted mainly in block faulting and fnlding along the margins of the basin. The
Cimarron Arch (fig. 1) formed during the same tectonic episode as that of the Wichita
and Amarillo Uplifts (Johnson and others, 1988). The locus of maximum sediment
accumulation was the center of the Anadarko Basin during Early Pennsylvanian
(Morrowan) time, and it migrated southeastward until the Late Pennsylvanian
(Missourian), suggesting that Late Pennsylvanian uplift Was greatest at the southeastern
end of the basin (McConnell and others, 1990). The prominent Arbuckle Uplift and

- Ouachita foldbelt at the southeastern end of the Anadarko Basin were significant

Missourian siliciclastic sediment sources of the basin (Visher and others, 1971; Moore, '

1979; Rascoe and Adler, 1983). |

The boundaries of the study area (figs. 1 and 2)_'coincide with those of the
Cleveland tight-gas-sandstone area delineated in a petition to the Railroad Commission
of Texas (1981) by Diamond Shamrock Cérporation for fqrmal tight-gas-sandstone
designation. Maxus Exploration Company is currently one of the major Cleveland gas
producers. The 5,100-mi2 area includes all of Hansford, Lipscomb, band Ochiltree
Counties, most of Hemphill County, and the northern parts of Hutchinson, Roberts, and
Wheeler Counties. The Texas/Oklahoma state} boundary marks the northern and eastern

borders of the study area; the western edge of the study area is the approximate

western extent of the Anadarko Basin. The irregular northwest-trending southern

border d'éfines the area of lateral stratigréphic gradétion between the Cleveland
Formation and granite wash deposited very locally along the northern flank of the
northwest-trending Amarillo Uplift.

In the study area, the Anadarko Basin is bounded ‘on the south by the Amarillo
Uplift and on the west by the Cimarron Arch (fig. 1). The Cleveland Formafion and

other siliciclastic strata examined for this study thin toward, and interfinger northward
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" with, carbonate-dominated shelf facies of the Kansas Shelf jnst south of the northern
border of the sfudy area. At the southern border of the study area these straté abruptly
grade southward toward the Amarillo Uplift into a succeséion composed almost entirely
of granite wash. The Cleveland thickens southeastward into the deep Anadarko Basin

and thins westward to a feather edge.

Stratigraphic Nomenclature

The Pennsylvanian’ System of the Texas Panhandle and Oklahoma is divided into
two foi'nlal lithostratigraphic schemes, one applying fo the Anadarko Basin and the
other to the adjacent Northern (Kansas) Snelf (Hills and Kottlowski, 1983; Johnson and
others, 1988). Within the study érea the largely siliciclastic facies of the Cleveland
Formation are restricted tn the basin prope;, and thus tne strafigraphic nomenclature of
the Anadarko Basin is used in this report (fig. 3). |

The succession examined in this study (Osweéo Limestone to Kansas Citf
Formation) comprises Middle and Upper Pennsylvanian (upner Desmoinesian {o lower
and middle Missourian) rocks. The Cleveland Formation is the lowest unit of the
Skiatook Group, which also includes the Kansas City Formation. The underlying
Marmaton Groun consists of the Oswego Limesfone at the base and undivided
Marmaton Group at the top. The Cleveland and the Marmaton (undivided) are
predominantly siliciclastic, sandstone-prone infervals between the mostly carbonate-
and shale-bearing Oswego and Kansas City (fig. 4). Regional lateral lithologic variations
evident within these foxfmations in figure 4 are discussed 1n subsequent sections.

The Cleveland Formation is named for the townsite of Cleveland about 25 miles
northwestkof Tulsa, Oklahoma, where sandstdne reservoirs first produvced oil and gas at
shallow depths (1,600 ft) in 1905 (Krumme, 1981). Extensive outcrops of the Cleveland

occur in the vicinity of Tulsa, where the unit consists of several thick (as much as 200 ft)
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report emphasize the dominantly siliciclastic section comprising the Cleveland and

Marmaton (undivided) intervals shown in well logs B and C.
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channel-fill sandstones interstratified with shale, coal, and thin limestone beds
(Bennison andChenoweth, 1968; Krumme, 1981). Early stratigraphers interpreted the
channelized base of the Cleveland sandstones in the Tulsa area as representing a
regional unconformity that coincided Awith the boundary between the Desmoinesian
and Missourian Series Moore and others, 1937). However, Krumme (1981) concluded
that ’_thesek'sandstones are regionally bcon'formable and exhibit only local channel
scouring; he thus cast some doubt on the validity of the pl_acement of the series
boundary. Although most existing stratigraphic schemes of the western Anadarko Basin
also place the Cleveland at the base of the Missourian Series, no publi‘shed
documentation of the biostratigraphic bejs"ls::f’for_ this placement in that area lias- yet been
found. The original designat_ion of an early Missourian age for the Clevelan:d is therefore
presumed to be en extrapolation from the series-boundary"designation in northeastern
Oklahoma. Paleontological analyses of core samples from the uppermost Marmaton.
Group (undivided) in the study area confirm this age designation (see “Paleontology and

Age of Cleveland Formation”).

Previous Work

Noregional stratigraphic or sedimentological s‘tuAdies‘ of the Cleveland Formation in
the Texas Panhandle exist. Most accounts are field descriptions presented in a volume
on the oil and gas fields of the Oklahoma and Texas Penhandles published by the
Panhandle Geological Society (Best, 1961; Brashear, 1961; Britt, 1961;‘Ec‘kstr0m', 1961;
Ridgell, 1961). Stevens and Stevens (1’960)' and the National Petroleum Bibliography
(1965) contain nunlerous field maps (structure-contour, isopach, net sand) of tlie
Cleveland from major producing areas of the Texas Panhandle. Kousparis (1978)
described geophysica’l aspects of a Cleveland reservoir in central Oklahoma. These

studies are valuable because they provide specific data on Cleveland reservoir



conditions. Finley (1984) summarized existing generalized geologic, engineering, and

economic information on the formation. Kosters and others (1989) described Cleveland

fields of the Texas Panhandle from which greater than 10 Bcf of gas had been produced;

details of the field descriptions are mostly from the older published sources listed
previously. Handford and others (1981) constructed regional cross sections of the entire

Paleozoic section of the Texas Panhandle in which th‘eyv define regional depositional

systems, delineate series boundaries, and correlate major lithofacies. Although no

lithostratigraphic units are differentiated on the cross' sections, they provide a good
regiOnal perspective of the Pennsylvanian System in the: western Anadarko Basin.
Kumar and Slatt (1984) studied Cleveland sandstones in the deep Anadarko Basin
about 75 mi east of the eastern‘border of the Texas Panh:andle in west-céntral Oklahoma
by integrating well-log and seismic data. However, they did not correlate the deep

Anadarko Cleveland facies with the formation in Texas.

Objectives

This report summarizes regional stratigraphic, structural, and paleoenviromhental
studies, and subregional petrographic analysis of the Cleveland Formation in the
western Anadarko Basin. Regional characterization of the formation was divided into
four major areas: (1) lithostratigraphy and regional correlation of intraformational
divisions and their component sandstones, (2) structural geology, including both present
_structural expression of the formation and syndepositional tectonics that markedly
affected formation ,thicltness and sandstone occurrencé, (3) depositional facies and
regional sandstone distribution, and (4) sequence stratigraphy of the Cleveland
Formation‘ and its adjacent stratigraphic units (underlying Maramaton Group and
overlying Kansas City Formation [fig. 3]). Petrographic atudy of Cleveland sandstones

from available cores (see “Data Base and Methods”) includes documentation of grain
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size, grain lithology, cement mineralogy, and primary and secondary porosity. An'alysis
of fossils from the upper Marmaton Group 7.(und1;vided) and’ the lower anc_l ‘middle
Cleveland Formation enabled precise age determination of these strata in the weStern'
Anadarko Basin and provided data on paleobathymetric -condition§ of deposition.
Sequence stratigraphy is an evolving geologic cbncept that enableS regional #tudy
of genetically related depositional facies. Using a suffitiénf d"'en‘sity‘_of w_éll control
supplemented . by core data, sequencé stratigi'aph_i‘cr' analysis yields a high-resblﬁtioﬁ
chronostratigraphic framework for subsurface correiation of these facies (Van Wagonér
and others, 1990). The resulting analysis provides. a 'pow_érfui predictivé model for the
vertical and areal occurrence of- potenti_di'freser'voi-rs, sealing strata, and source rocks
within the stratigrapﬁic interval studied. The sequence stf_atigrap_hic modei was applied

not only to the Cleveland Formation but aiso to underlying (Oswego Limestone,

‘Marmaton Group [undivided]).'and overlying (Kansas City Formation) successions to

more accurately define the position of the Cleveland in the regio_nal sequence
frarhework of the western Anadarko Basin.v Although beyond the scope. of this study,
such analysis of the Cleveland and adjacent formations may.prc}vide‘ a basis‘for _more
accurate subregibnal and reservoir-scale geolvogicavl studies of Cleveland gas-bearing

sandstones.

Data Base and Methods

The data base used in this study comprises (1) well-log suites for 863 vwells -evenly
distributed throughout thve. S,iOO-miz study area, with-an approximvate average well
spacing of 3 mi, (Z)Faccbompany‘ing lithologié sample logs for about 7 percent of these
well logs, anq (3)bthrvee cores of sandstone-bearing portioﬁs of the Clevelahd Fofmatibn
from niajor gas-ptoducing areas (fig. 2). Thin sections and chlps from‘ 24 Sandstone and

2 shale samples were cut from the 3 cores for petrographic and X-ray diffraction (XRD)

11



analysis; 11 additional shale samples were cut for XRD and total organic carbon (TOC)
analysis. Marine microfossils were Separated’ from 17 shale samples of approximately
1kg each from the 3 cores to determine the age of the upper Marmaton Group
(undivided) and the Cleveland Formation. Two sidewall cores of the basal Cleveland
shale marker bed were provided by Maxus Exploration Company from the Maxus Littau
No. 3 _well in east-central Ochiltree County (H&TC Suri'ey, Block 43, Section 665).
Well-log sﬁites consist of various combinations of spontaneous-potential (SP),
resistivity, gamma-ray, sonic, neutron porosity, density, and caliper logs; however, most
suites include SP, tesistivi'_cy, gamma-ray, and sonic cu';ves; Of these, gamma-ray and
resistivity logs are the most effective ones for accﬁrat"e correlation of the Cleveland
section; reasons for this are discussed in the following section (see “Lithostratigraphy”).

Identification of lithology from sonic, porosity, and density logs was only occasionally

necessary because of the fairly even distribution of lithologic sample Iogs within the

study area (fig. 2). Well logs were selectively chosen from large collections housed at the

Bureau of Economic Geology to provide an even regiorial: distribution of well control.
Gaps of data in‘ the otherwise even distribution aré prirriarily due to either the absence
of wells in certain aieas or to thé presence of wells ‘fhat are too shallow to have
penetrated the Cleveland. A limited number of well logs from south of the southern
border of the study area were studied to better document the lateral facies relations

between the Cleveland sandstones and the granite wash.

To construct net- and percent-sandstone maps of the Cleveland Formation,

sandstone-interval thicknesses were measured on well logs by using (1) a2 minimum
cutoff of 15 to 20 ohm-m on the deep induction log and/or (2) a decrease greater than 6

to. 10 API units in the gamma-ray response from the shale base line. Because the

Cleveland is a tight formation, the SP log did not accurately record sandstone intervals.

Resistivity log cutoffs were adjusted in loca'l‘ areas to account primarily for increased

calcite content in sandstones.
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Lithologic sample logs provided good control on the identification of lithology
throughout the study area. Major changes in Cl‘eveland lithology occur at the
subregional scale, and thus the distribution of lithologic samble logs was adequate.f A few
lithologic logs for wells not indicated on figure 2 were also ﬁtilized in the‘ study.

Internal sedimentary featufes, textures, an‘drrock compositiqns identified from the
three cores (Maxus Shrader No. 3, Maxus Tubb “D” No.’3, Maxus Glasgow. No. 2; fig. 2)
were used to substantiate interpretations of depositional environments and facies

boundaries deduced from well-log signatures and correlation.

LITHOSTRATIGRAPHY
Cleveland Formation
Formation Boundaries

No published formal 6r informal defif;ition of the Cleveland Formation ira the
subsurface Anadarko Basin exists in the literature. Best (1961), Brashear (1961), Ridgell
(1961), and the Railroad Commission of Texas (1981) iliustrated 'SPv/resistivit'y logs -of
parts of the Cleveland Formation, primarily the productive sandstones in the middle of
the formation, but not the entire unit. Britt (1961)- presented an SP/resistivity log of
what is probably the complete Cleveland section in the Ellis Ranch field in eastern
Ochiltree County; however, because of local lithologic and"thickness changes and
variation in électric—log signature of the Cleveland, correlation with even surrounding
Ellis Ranch wells proved to be imprecise ‘at best. As is discussed below, accurate .regional
and subregional correlation of the formation’s boundariés requi_res gamma-ray logs.‘

’Al‘he.stratig‘rapﬁic boﬁndaries of the Cleveland Formation used in this study are
those typically used by the petrolleum industry (Maxus Exploration Company,

unpublished cross sections; Mike Brenner, personal communication, 1990). Elevations
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of the top of the Cleveland given on oil- and gas-well completion cards commonly
record only the top of the major producing sandstone within the medial part of the

formation.

‘Base of Cleveland

The base of the Cleveland Formation is defined as the top of a regionally
contihuous high-gamma-ray shale marker bed of thé uppermost Marmaton' Group
(undivided) (fig. 4) that is typically about 10 ft thick but’ranges frbm less than 10 to
about 28 ft thick. The marker bed extends areally throughout Lipscomb, Hemphill, and
northern Wheeler Counties, includes all of Ochiltrée ‘and most of Roberts Counties
except locally in their southernmost and northernmost parts, respectively, and extends
to northern and (only locall_y) southeastern Hainsford County and northeastern
Hutchinson County. Beyond fhe' eastern border of the study areé, the marker bed can
be correlated as a continuous unit at least as far east a§ west-central Oklahoma (Oryx
Energy Company, unpublished cross sections). It continues northward into the
carbonate-dominated section of the distal Kansas Shelf facies and southward, where the
marker bed commonly interfingers with distal granivte wésh facies of the Amarillo Uplift
(see fig. 24, below). The marker bed is not present~whére the Cleveland Formation is
very thin or absent in western and central Hansford and western Hutchinson Counties;
Where only locally preserved, the marker bed is either erosionally truncated, changes
texturally and/or in content within major axes of Cleveland siliciclastic deposition (that
is, “diluted” by siliciclastic influx, thereby decreasing thé gamma-ray response to match
that of the adjacent shales), or pinches out. In these‘_: areas the formation base is
correlated by resistivity markers between wells that record the locally préserved high-

gamma-ray shale marker beds.

14

L]



L

Whole core.and sidewall cores of the basal markervbed prbvided by Maxus
Exploration Company from the Maxus Glasgow No. 2 (fig. 2 and ﬁg 6, below) and Maxus
Littau No. 3 wellS, reépectivély, in east-cehtral »Ochilttee County, show that the bed is a
dark-gray (N3) (Goddard  and others, 11979) to biack (-Nl),. organic-fich, vpytitic,
fossiliferous clay shale. On gamma-ray logs from these‘and other wells, this bed exhibits a
distinétivé, off-scale, highfgamma-ray résponse of as much as 190 tbﬁ 260 API units
(fig. 4). Locally, in-central Ochiltree Couhty and other iimited ateasz the markevrvbed‘
comprises two high-gamma-ray shale unif’s separated by a sh'ale“ bed that is approximately
8 ft thick and of significantly lower response. In these areas the base of the Cleveland
was placed at the top of the upper unit; The corre;ponding resistivity log re‘spénse is
typically one of moderate.i’ncreas,e relétive to that of édiacent shale intervals (fig. 4).
Subreéionally, this resistivity responsé is distinctive and is readily tracgable among wells
for which gamma-ray ldgs are not available. |

Both the highef resistivity signature and the markedly higher gémina-ray response
than those of adjacent shales is due primarily to the high concenfratidn- of org‘anic‘
matter in the clay shale. TOC- values of samples ffom the high-gamma-rayvmark'er»‘bed in
thé Maxus Glasgow No. 2. and Maxus Littau No. 3 wells:'range fromb 1.9 to 5..7 weight
perceﬁt; the average value for four samples (tv;ro from‘ each well) is 34 weight percent.
In contrast, TOC values for other dark-gray shales from thrdUghoU‘t the three'corés
average 0.8 weight'pefceht (seven samples;_ran_bge of 0.5 to 1.:1 w,ei’kgyht percent). TOC
values greater than 0.5 wefght percent are generally accepted as indiéators of potential
hydroéarboh source rock, and rocks with values above 1.0 weight percent are éonsidered
godd source rocks (Tissot and Welte, 1978). The spedral log from the Maicus Glasgow
No. 2 well, the only one _df the three Cleveland cores that sampled the black shale
marker bed, indicafes that uranium is the source of the high-gamma-ray values of the
basal Cleveland black shale; thorium and potassium values exhibit little to no variation

across the marker bed. Uranium concentration in the Glasgow marker bed is about
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16 ppm. Adsorption of uranium ions onto concentrated organic matter is the cause of
the high radioactive ng response (Swanson, 1960, 1§61;; Leventhal, 1981).

The mineralogy of the basal black shale samples determined by XRD is consistently
(in general order>of abundance) quartz, calcite, dolomite, albite, Kaolinite, and siderite.
Tllite is present in two of the four samples. Other Clevelaﬁd shales in the cored sections
are composed of quartz, kaolinite, illite, albite, and siderite. Malachite and calcite are

present in some of the samples. Relative mineral abundances among the samples vary

slightly. The primary mineralogical difference between the high-gamma-ray marker

shales and the other Cleveland shales is the presence of dolomite in the marker shales.

Top of Cleveland

Industry defines the top of the Cleveland Formation as the base of the lowest of
five thin high-gamma-ray shale marker beds that can be correlated regionally within the
carbonate-and-shale successién of the Kansas City Formation (fig. 4). Although no cores
from this interval are available, the lithology and organic content of the Kansas City
marker beds are probably s;milar to those of the clay shalé marker bed at the base of the
Cleveland Formation. Lithologic sample logs consi‘stently‘ describe fhe five thin units as
black shales within intervals of limestone/dolostoné and gray shale. Thickness of the
~upper Cleveland marker bed is generally no more than 10 ft. Its gamma-ray responses
are commonly as much as 340 API units in the eastern paft of the study area, but they
gradually decrease toward the west, probably recbrding increasing proximity to minor
diluting siliciclastic sources at the Anadarko Basin’s western edge. The marker bed’s
resistivity response is typically much greater fhan that of the formation’s basal marker
(fig. 4).

_yAs both the Cleveland and cWerly_ing Kansas City; Formations ‘thin toward the

western margin of the Anadarko Basin, the intervals between the five Kansas City high-

16

—

]



1

|

S

-

N

)

~gamma-ray marker beds also thin to the point where the upper Cleveland marker bed

consolidates with the next younger Kansas City black shale marker. In the west-central
part of the study area, a general trend of progressive upsection and westward
consolidation and possibly pinch-out of successive, overlying shale marker beds within

the Kansas City is evident. Locally over the crest of a paleohigh in the western part of

_ the study area (see “Thickness”), several or all of the five high-gamma-ray shales in the

Kansas City have consolidated into one or two units. Consolidation/pinchfout north of
this paleohigh in northern Hansfbrd C‘ounty‘ only occurs immediately adjacent to the
paleohigh; the five Kansas City marker shales are well definved in thé northwestern and
north-central part of the s{udy area. In the western part of the study area the top of -
the Cleveland is placed at the base of the lowest gafnma.-ray marker bed in the Kansas

City Formation. Several of the regional dip sections presented later in this report

" illustrate this phenomenon (see “Sequence Stratigraphy”).

Thickness

Because of the distinctive and readily identifiable log response of ‘the regionally
correlative Cleveland F,ormationv bouhdafy shales (fig. 4), variation in thicknéss ,,of the
formation within the study area can be mapped With great precision. Calculatibn of
formation thickness, not cdrrected for the minimal regidnal dip' (see “Present
Structure”), is accurate to within 2 ft when measured on the expanded gamma-ray and
resistivity logs that accbmpanied most well logs used in the study.

The principal regional trend of bthickness variation within the formation is one of
increasing thickness toward the southeast into the deep Anadarko Basin along the
basin’s structural axis. However, subregionally the Cleveland also thickens markedly
(1) toward the north-northeast off the northern fl;mk of the Amarillo Uplift at the

southern border of the study area, (2) toward the south and especially the north from
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- the western paledhigh, and (3) toward the southwest in northe_a#tern Lipscomb County
(fig. S).

The unit raﬁges in thic‘kness from O ft in parts 61’ Hansford and Hutchinson
Counties to a maximum of about 590 ft in southwestern Hemphill County (fig. 5).
Thinnest Cleveland (0 to about 50 ft range ‘defiriing ?westem paleohigh on inset in
fig. 5) is réstricted fo_central' Hansford, west-central Ochiltree, and wesfern Hutchinson

Counties. However, note that this area of relatively widely separated contours continues

toward the east into Ochiltree and northeasternmost Roberts Counties. Regions of

thickest Cleveland (>300 ft) are the southern two-thirds of Lipscomb, rhost of Hemphill,
and northern Wheeler Counties. A prominent, northwest-trending linear trough of
thickgst Cleveland also extends from southwestern Hemphill County into north-central
Roberts County. The northwestward cohtinuation of this trough exists primarily as
aligned, discontinuous local thick§ in southwestern Ochiitree and southeastern Hansford
Counties.

As a generalization, regions of principal Cleveland ésedimént accuxhulation existed
in the northern and southern parts and eastern third of the study aréa; the northern
and squthern areas were separated by an east-_trending depositional barrier (paleohigh)

in the study area’s central portion.

Lithology

The Cleveland Formation is mostly sandstone, siltstbne, and shale throughout the
eastern, central, and southern parts of the study area, Whereas carbonates (limeﬁtone,
minor doloétone, and minor ma;l) and shale dominate the formation in the
northwestern and north-central regions (fig. 4). Arkosic granite wash is common in the
Cleveland seétion in the southernmost part of the study area. Because the Clevelaﬁd

sandstones are the reservoir lithology, discussion of their composition, petrophysical
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. characteristics, and regional distribution is emphasized. Sandstone and shale depositional
facies and regional genetic stratal patterns are discussed in subsequent sections
(“Depositional Facies” and “Sequence Stratigraphy,” respectively). General descriptions
of component Cleveland lithologies obtained from lithologic sample logs are summarized

in table 1.

Sandstone
Stratigraphic Distribution

Cleveland sandstones are typically best developed in the middle pait of the
formation, although thinner and siltier sandstones can occur throughout the Cleveland
(fig. 4). Sandstone thickness ranges from thin beds to sand-dominated intervals as much
" as 80 ft thick. The formation consists primarily of stacked, upward-coarsening units of (in
ascending order) silty shale, interbedded silt'stone/sandstone, and sandst‘one. A single,
‘thick (20 to 65 ft) upward-fining sandstone unit is a common feature of the formation in

most of the southern and central parts of the study area.

Color and Texture

Within the study area there is generally little variation in the color, texture, and
gross composition of Cleveland sandstones, especially in the major gas-producing regions
of Ochiltree and Lipscomb Counties. Where examined in core and described in
lithologic sample logs throughout the study area, Cleveland sandstones are almost
uniformly light gray (N7) (Goddard and others, 1979) to very light gray (N8, described as
white on most sample logs). Sandstones are fypically very fine to fine grained (locally
coarsening to medium and coarse grained); are mostly well bedded, laminated, or cross-

-laminated; and contain abundant shale laminae, thin shale interbeds, and shale lenses
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Table 1. Cleveland lithology from sample logs in the nbrthern, central,
and southern parts of the study area.

Lithology
North
Sandstone ’

Shale

Carbonate*

. Central -

Sandstone*

Shale* -

Carbonate

Coal
South

Sandstone*

Shale*

Carbonate

Granite wash*

*Dominant lithologies

Description -

Whité to gray, very fine to fine grained, angular to subangular grains,
massive to slightly platy, slight porosity to tight, slightly calcareous,
micaceous, commonly trace of oil stain

Medium dark gray, calcareous, lammated micaceous, locally
arenaceous

Limestone, buff to brown, ﬁnely crystalline, tight, in part dolomitic,
locally arenaceous, sparse glauconite, locally bearing chert, locally
fossiliferous

Marl, dark gray, tight, lotally silty |

White to gray, very fine to fine grained, angular to subangular grains,
massive to platy, mostly tight with some slight porosity, slightly
calcareous, argillaceous, micaceous, commonly trace of oil stain, locally
trace of pyrite

Gray to black, laminated, micaceous, locally arenaceous, thm brown
mudstone uncommon

Limestone, gray and brown, fmely crystalline, tight, locally sparse
pellets and fossils, locally oolitic and arenaceous

Dolostone, brown, finely crystalline, less common than limestone in
thin zones (<15 ft)

Marl, gray, tight

Bedded, vitreous, in thin zones (<2 to 5 ft), only lbcally presént

White to brownish-gray, very fine to coarse grained, subangular to
subrounded grains, massive, mostly tight with some slight porosity,
arkosic, argillaceous, micaceous- ,

Medium dark gray, calcareous, lammated mlcaceous locally -
arenaceous

Limestone, gray to brown fmély crystallme tight, locally arenaceous -
and arkosic, slightly fossilferous, dolomitic

Dolostone, gray to brown, finely crystalline, less common than
limestone in thin zones (<15 ft)

Marl, gray, tight, arenaceous

Gray to brown, fine to very coarse grained, commonly conglomeratic,
subrounded to rounded grains, arkosic, micaceous
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(drapes) (figs. 6 through 8). As observed in the three cores from the gas-producing
region, relatively little clay-free (“clean”) sandstone is present (sporadicallyr in the
interval 7,197 to 7,206 ft of the Maxus Glasgow No. 2 of fig. 6; 7,021.5 to 7,025 ft of the
Maxus Shrader No. 3 of fig. 7; and 8,063 to 8,075 ft of the Maxus Tubb “D” No. 3 of

fig. 8). However, sandstone intervals with visually estimated sand contents of 60 to

80 percent are common. Sedimentary structures within sandstones and siltstones are

geﬁerally sméil scale, ripple trough lamination with shale drapes (ﬂésers) being by far
the most common type. In descending order, hQrizontal lamination, massive
| (structuréless) thin to medium beds, normally graded thin beds, and medium- to large-
scale crossbeds follow in relative abundance. Cleveland sandstqnes gradationally become
coarser grained (medium to very coarse sand) and arkosic foward the far southern part of

the study area, in proximity to the granite wash deposits along the Amarillo Uplift. |

Composition

Regional data on Cleveland sandstone composition are unavailable. However,

petrographic examination of 24 Cleveland sandstone samples from the 3 cores reveals

characteristics that are probably shared throughout at least the gas-producing region of
-Ochiltree and Lipscomb Counties‘(tables 2 through ;1). The sandstone samples 'used for
' petrographic analysis in this study are not representative of the Cleveiand Formation as
a whole, but they are representative of tﬁe Cleveland reservoir sandstones.

All Cleveland sandstones examined are classifiéd ‘as either lithic arkoses or
feldspathic litharenites (Folk, 1974) (fig. 9). Except for one sample froih the Maxus
Tubb “D” No. 3 well (sample depth 8,109.'7 ft), the sandstones are quartz-grain
dominated (Duttbn and Hentz, 1991). The average Cleveland sandstoﬁe composition
~derived from all 24 core samples is Qs9F21Rp0 (S. P. Dufton, personal communication,

1991). Average composition among the three wells is remarkably consistent, with the
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Figure 6. Core log of the upper Marmaton Group (undivided) and lower and middle
Cleveland Formation from the Maxus Glasgow No. 2 well in east-central Ochiltree
County. Log depths are given; to locate sandstone samples used in petrographic analysis,
which are identified by core depth (table 2), the core-to-log correction factor is log
depth + 9 ft = core depth. See figure 2 for location of well.
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Figure 7. Core log of the middle Cleveland Formation from the Maxus Shrader No. 3 well
in south-central Ochiltree County. Log depths are given; to locate sandstone samples
used in petrographic analysis, which are identified by core depth (table 3), the core-to-
log correction factor is log depth + 2 ft = core depth. See figure 2 for location of well.
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Core

depth (ft)

7,204.2
7,206.1
7,210.3
7,214.6
7,216.3
7,223.2
7,228.4
7,233.3
7,237.5
7,243.7

Core
depth (ft)
7,204.2
7,206.1
7,210.3
7,214.6
7,216.3
7,223.2
7,228.4
7,233.3
7,237.5
7,243.7

Table 2. Petrographic analyses of Maxus Glasgow No. 2 Cleveland Formation samples.

Framework grains (%) '

Quartz Plag.! K-spar? PRF3 MRF* Chert Ss%/Clay® Muscovite Other
37.0 14.5 0.5 4.5 16.0 0 1.5/0 3.0 5.07.89
47.0 13.5 0 4.5 12.0 0 0.5/1.0 2.5 1.079
40.5 13.5 0 2.5 8.0 0 0 /0 1.0 1.07.10
48.0 14.5 0.5 2.5 14.5 0.5 0 /0 0 1.589.10
39.5 18.5 2.0 4.0 12.0 0 0 /0 0 1.57911
47.5 7.5 0.5 1.5 14.5 0 0 /0 2.0 3.582
50.5 15.5 0 1.0 11.5 0 1.5/0 3.0 2.07°
46.5 16.0 0.5 4.0 11.0 0.5 1.0/0 1.0 0.5
44.5 14.5 1.5 6.0 11.0 0.5 25/0 1.5 3.579.10
53.5 7.0 1.0 2.0 11.0 0.5 05/0 1.5 0

Cements (%) Porosity (%)
Quartz Calcite Ankerite Siderite Illite Chlorite = Other  Primary Secondary

6.0 1.5 0 0.5 2.0 3.0 0 2.0 1.5

5.0 2.5 0 1.0 1.0 4.0 0 1.0 3.0

1.0 22.5 10.0 0 0 0 0 0 0

4.5 0 2.0 0.5 1.5 2.0 0 2.5 4.5

8.0 2.0 0 0.5 2.0 3.5 0.512 3.0 3.0

6.5 14.0 0 0 0.5 1.5 0 0 0.5

4.0 0 0 2.0 1.5 2.0 0.512 0.5 4.5

9.0 2.5 0 0.5 1.0 1.0 0 2.0 3.0

8.0 1.5 0 0.5 1.5 1.5 0 0.5 1.0

4.0 14.0 0 2.5 1.0 1.0 0 0 0

Matrix (%)

1.5

COCOOCTCOOOO

Grain size

Clay-sized fines

Iplagioclase; Zpotassium feldspar; 3plutonic rock fragments, mainly quartz diorite; metamorphic rock fragments, mainly muscovite-rich phyllite and schist; Ssandstone fragment;
Sclay clast; “chlorite;organics; biotite; 9zircon; 'tourmaline; and 2feldspar overgrowth, probably albite.
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Table 3. Petrographic analyses of Maxus Shrader No. 3 Cleveland Formation samples.
Core . | Framework grains (%) ‘ Matrix (%
depth (ft) Quartz Plag.' K-spar?  PRF? MRF* Chert Ss%/Clay® “Muscovite Other  Clay-sized fines
7,003.0 48.5 6.5 1.5 - 1.0 15.0 1.5 1.5/ 15 3.5 1078 0
.7,012.9 48.5 12.5 0.5 2.5 10.5 0.5 1.5/0.5 0 1.07 1.0
17,0249 40.5 14.0 0 3.5 11.5 0 2.5/15 0.5 1.5%10 0
7,026.6 - 500 11.5 1.0 5.0 6.0 0 - 1.5/0 0 1.0° 0
7,032.7 46.0 10.5 0 5.5 13.0 0 2.5/0.5 0.5 1.01 0
7,041.4 47.5 11.0 LS 3.5 8.5 . 2.5 2.5/0.5 3.5 1.578.10 0.5
Core _ | Cements (%) Porosity (%) Grain size |
depth (ft)  Quartz Ankerite  Kaolinite  Illite Chlorite Siderite Other - Primary Secondary (mm)
7,003.0 7.0 2.0 0 0.5 1.5 3.0 0 1.0 3.5 0.090
7,012.9 10.0 4.5 0.5 0.5 3.0 1.5 0o 0 1.0 0.150
7,024.9 8.0 . 7.5 3.0 1.5 1.0 0.5 0.52 0.5 2.0 0.188
7,026.6 10.0 ' 5.5 0.5 1.0 20 0 0 2.0 3.0 0.165
7,032.7 6.0 - - 5.0 0 1.0 1.0 . 0.5 0 4.5 2.5 0.128
7,041.4 12.0 LS 0.5 0 1.0 1.5 0 0. 0 0.113

1Plagioclas f 2potassium feldspar; 3p)utonic rock fragments, mainly cluartz dioﬂte, 4metamorphic rock fragments, mainly muscovite-rlch phyllite and schist; 5sandstone fragment

6clay clast;

chlorite; aorganics, %biotite; 1°zircon;. tourmaline; and

2feldspar overgrowth probably albite



Table 4. Petrographic analyses of Maxus Tubb “D” No. 3 Cleveland Formation samples.

Core : Framework grains (%) Matrix (%)
depth (ft) Quartz Plag.! K-spar? PRF3 MRF* = Chert Ss°/Clay® Muscovite Other Clay-sized fines
8,056.2 52.0 7.0 0.5 0 13.5 0 1.0/0.5 4.0 ‘ 0.57 6.0
8,064.8 5.5 0 0 0 0 0 0 /0 4.0 5.58 85.0
8,072.7 21.5 0 0 0 0 0 0 /0 4.0 9.08 64.5
8,079.7 48.5 115 0 2.0 14.0 0 1.5/0 1.0 0 0
8,088.5 50.5 115 0 1.5 13.0 0.5 2.5/0.5 0 0 0
8,096.1 © 415 12.0 0 3.0 16.5 1.5 0 /20 0 0.5? 0
8,101.9 41.5 13.5 0 2.5 19.0 0.5 6.5/1.0 1.5 1.010 0
8,107.4 43.0 12.0 0 3.5 13.5 0 1.5/20 0.5% 1.589.10 0
8,109.7 27.0 22.5 0 3.5 24.0 0.5 20/4.0 0 0.5° 0
8,116.4 44.5 16.5 0 4.5 15.5 1.0 30/1.0 0.5 1.081 0

o ‘

* Core ‘ ~_Cements (%) Porosity (%) Grain size

depth (ft) Quartz Fe-Calcite  Ankerite Illite Chlorite  Siderite Other Primary Secondary (mm)

8,056.2 9.5 2.0 0 1.5 1.5 0.5 0 0 0 0.090
8,064.8 0 0 0 0 0 0 0 0 0 0.004
8,072.7 0 0 0 0 0 1.0 0 0 0 0.004
8,079.7 8.0 4.0 3.5 1.0 1.5 0 0 0.5 1.5 0.135
8,088.5 10.5 0 0.5 1.0 2.0 1.5 0 2.5 20 0.150
8,096.1 9.0 7.0 0.5 0.5 20 1.0 0 1.5 1.5 0.120
8,101.9 9.5 0 0 0 2.5 0 0 0 0.5 0.165
8,107.4 5.5 14.5 0.5 0.5 1.0 0 0 0 0.5 0.150
8,109.7 8.0 0 0 1.0 2.5 0.5 1.512 0.5 1.0 0.180
8,116.4 6.0 0 0 1.0 3.5 0 0 0.5 1.5 0.173

lPlagioclasei' Zpotassium feldspar; 3plutonic rock fragments, mainly quartz diorite; metamorphic rock fragments, mainly muscovite-rich phyllite and schist; Ssandstone fragment;
Sclay clast; “chlorite;3organics; *biotite; 19zircon; 'tourmaline; and 'Zfeldspar overgrowth, probably albite.
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Maxus- Glasgow No. 2 well containing QggF23R17, the MéxUs Shrader No. 3 well
containing Qg1F20R19, and the Tubb containing (kstoRés. Preserved feldspar grains are
mostly plagioclase} potassium' feldspar is either absent or a.'minor constituent in samples
(tables 2 through 4). Rock fragments comprise low-rank metamorphic (muscovite-rich
phyllite and schist) and plutonic (quartz diorite) lithologies. Chert fragments are absent
or minbr cbnstituents., There is generallf little or no clay-sized matrix in-the 24 samples;
hoWever, the visually cleanest (reservoir-quality) samples were purposely selected for
petfographi’c inspection. Average grain size of all sampl‘esvis 0.124 mm (core averages:
Glasgow 0.098 mm, Shrader 0.139 mm, Tubb 0.145 min), placing the avérage grain size in
the very fine sand category but close to the very fine/fine sand limit (0.125 mm). Grain
size range is 0.075 to 0.188 mm.

The dominant cement'(tables 2 throﬁgh 4) in the 24 sandstone samples is quartz (as
overgrowths), with an a&erage of 7.3 percent of the whole rock volume for all samples
(Dutton and Hentz, 1991). Total-carbonate cement averages 6.2 percent Qf the whole
rock volume for all samples; the carboﬁate cements encountered include calcite, Fe-rich
calcite, ankerite, and siderite. The average of total-clay (chlorite, illite, and kaolinite)
cement for all samples is 3.0 percent of the whple rbck volume, with chlorite being the
most dominant of the authigenic clay minerals at 1.9 bercent. Feldspar overgrowths,

probably albite, occur in 4 of the 24 sandstone samples.

Permeability and Porosity

As a formally designated low-permeability (“tight”), gas formation, the Cleveland
contains reservoir sandstones that typically have permeabilities of less than or equal to
0.10 md. The arithmetic average in situ permeability for Cleveland sandstones in 501
wells in the main gas-producing region of Ochiltree and Lipscomb Counties is 0.140 md

(Railroad Commission of Texas, 1981), ranging from a high of 19.55 md to a low of
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<0.001 md. Thé few large maximum readings recorded may be due to natural fractures
within the reservoir. In the Ellis Ranch field of eastern Ochiltree County, the premier
Cleveland gas-producing field, typical permeability 1;5 0.4 md (Britt, 1961).

Average porosity observed in thin secti‘on (primary. and secondary). for ail
sandstone samples frbm the three cores examined in this study (tables 2 through 4) is
2.8 percent, primary porosity averaging 1.0 peréent and se‘condéry porosity averaging
1.7 percent (Dutton and Hentz, 1991). The wells from which the sémbles wére téken
are nonproductive m the Cleveland ihterval. |

Limited published d#ta on rthe poiosity -of‘.Cleveléndv'reserVOirs- are availablé. ,
However, those that exist suggest a remaﬁ{éibly uniform chéracterf within the pfod'ucing
reservoirs in Ochiltree and Lipscomb Counties. In the Ellis R_anéh field typical porosity '
measured from core is about 14 pércent (Britt, 1961); althou'gh not specified, this value
" is probably porosime{er pqroéity. Analyses from four other cores throughoilt the two-
county area showraverage poroSitiés ranging from 10 to 14 percent (Maxus Exploration |
Company, unpublished data). The si-gnificaht porosity diffe_r‘ence between Cléveland
reservoir and nonreservoir rocks may be misleading because the two data sets probably
resulted from two différent porosity-measuring techniqué‘s. Becéuse porosimeter
porosity is t&picélly S to 6 percent higher fhan porosity measured in the same sémplve
by Qbservation ih thin section, most of the pordsity difference can be accounted for by
differing methods of measuring pofosity. Regionally, t&pical Cleveland reservoir (pay
zone) ch.ﬁracteristics are (1) porosities rénging from 10 to 1S percent, (2) perméabilities
ranging from 0.1 to 141 md, (3) water saturation rangihg from 30 to. 40 percent,
(4) initial reservoir temperature ranging from 140° to 182°F, and (S) initial reservoir

pressure ranging from 1,750 to 3,560 psi (Kosters and others, 1989).
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Regional Distribution

Net- and percent-sandstone maps of the Cleveiand Formation record distinct areal
sandstone distribution patterns within the unit (figs. 10 and 11). Thickest (80 to >160 ft)
net sandstone occurs primarily in two parallel, atcuate, north-south-trending belts
extending from (1) east-central Ochiltree through southwestern Lipscomb and
northwestern Hemphill Counties into east-central Roberts County (western trend) and
(2) northwestern Lipscomb County through central Lipscomb and Hemphill Counties to
southwestern Hemphill County (central trend) (fig. 10). The central trend also ihclude‘s
the shorter but distinct northwest-elongate sandstone thick in southern Hemphill and
northern Wheeler Counties. A third, les$ pronounced, parallel trend of aligned
sandstone thicks is suggested in east-central Lipscomb County (eastern trend). The
_central trend is the most prominent of the three and contains the maximum net-
sandstone reading of 215 ft in south-central Lipscomb County. Other areas of thick net
s‘andstone exist (1) within an elongate east to east-southeast trend extexiding from
southeastern Hansford and northern Hutchinson Counties to the east-central edge of
the study area and (2) in central Wheeler County, an area of localized accumulation of
coarse arkosic sandstone locally derived from the Amarillo Uplift.

Comparison of the Cleveland isopach map (fig. -5) and net-sandstone map (fig.vlo)
indiéates that areas of primary sand accumulation in the formation coincide with areas of
greatest formation thickness. Note in particular the concurrence of (1) the prominent
central sandstone trend in the eastern part of the study area with broad areas of thick

Cleveland in Lipscomb and Hemphill Counties and (2) the elongate east-southeast

sandstone trend in the western and central parts of the study area and the southern

parts of the western and central sandstone trends with the linear formation thick

(depotrough).
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Figure 10. Net-sandstone map of the Cleveland Formation in the western Anadarko
Basin. Inset map highlights primary trends of thickest net sandstone.
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Figure 11. Percent-sandstone map of the Cleveland Formation in the western Anadarko '

Basin. Areas of thick sandstone occurrence where the Cleveland Formation is relatively
thin are emphasized.
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Percent-sandstone trends within the Cleveland Formation (fig. 11) generally mimit
trends illustrated on the net-sandstone map (fig. 10), although they commonly
emphasize areas of relatively thin but sandstohe-rich Cleveland. Exceptions are evident
in the eastern third oflbthe study area where the Clevelahd' is"quite thick. Principal areas
of highest percent sandstone (3‘0 to >50 percent) are found 1) sposadically aligned
along'the pfominént central sandstone trend of figure 10, (2) within the northern part
of the western sandstone trend of figure 10, (3) aligned along the elongate east-
southeast sandstone trend of the western and central parts of the map area, and (4) in
central Wheeler County where the formation abruptly thins against the northern flank

of the Amarillo Uplift.

Carbonates

Carbonate lithologies, including limestone, doloStone; and marl (table 1), are
restricted to the upper part of the Cleveland Formation thfoughout most of the;
sandstone-bearing parts of the study area (fig. 4). Except for a thin (4-inch) fossiliferous
grainstone in the Maxus Glasgow core (fig. 6), no carbonate lithologies are present in
cores examined for this study; therefore, rock descriptions other thén those from
lithologic sample logs (table 1) are hot available. -

Liméstone and minor marl dominate the Clev‘eland. section in the northwestern
and north-central parts of the study area (figs. 4 and 12) where the siliciclastic Clevelahd
Formation grades into the thick carbonate and shale succession of the Kansas Shelf to
the north of the study area. Carbonates here typically attain net thicknesses of as much
as 190 ft (only limestone measured) and composev an e_sfimated 90 percent or more of
the entire Cleveland ipterval. This region of marked northwaid thickening of

carbonates in the formation is restricted to the north of the Cleveland paleohigh

(compare fig. 5 with fig. 12). To the south in central Wheeler County, limestones in the
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Figure 12. Net-carbonate map of the Cleveland Formation in the western Anadarko
Basin. Only limestone and dolostone were measured for this map; marl was included as a
shale lithology. Carbonates (primarily limestone) in the Cleveland are restricted to the
upper part of the formation throughout most of the study area. However, carbonates
compose most of the formation in the northern area where the siliciclastic facies of the
Cleveland thin into the thick carbonate facies of the Kansas Shelf.
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middle and u.pber Cleveland form prbmihent local buildups along the northern flank of
the Amarillo Uplift (fig. 12)( where locally they make up close to 60 percent of the
formation. A moderate carbonate thick in southern‘Lipscon‘lb County (fig. 12) coincides
with an area of underlying primary sahd aécumulation,(northem part of the cehtral :
sandstone trend of fig. 1'0) and may have formed at least in part because of the
presence of this 'rel_ativ’ely stable and less compactible substrate (forming a subtle
topographic high during carbonate deposition). Throughout most of the study ‘karea,
carbonates coinpose less than-10 to 15 pércent of the Cleveland Formation.

No Cleveland cafbonates exist in the west-centfal and central parts of the study
area because (1) the form‘ation is ab.s'en't‘ (fig. S) and (2) the regi’dri was. probéb]y a
primary terrigenous-sediment transport route (fig. 10) throughout most of Cle&'eland
time, thus preventing extensive biologic production of carbonates.

The lateral stratigraphic ~tfansitioh from the thick Pennsylvanian shelf carbohéte’ ‘
successions just north of the study area and the silicidastics toward the south in the
Anadarko Basin has hot been well understood, in part because of the difficulty ih
carrying physi'cai correlations across the zone of lithologic change. However, current
thought is that the siliciclastics: are coeval with shale units of the Kansas Shelf and were
not deposited contempovraneously with vthe shelf .carbonates (Johnson and others,
1988). Detailed correlations between the‘ siliciclastic-} énd‘ carbonate-dominated
Cleveland sections (géneraiized in fig. 4, logs A and B) support this. The regional black
shale marker beds at the‘base and top of the Cleveland and the subregibnal distribution
of two similar black §hale marker beds in the upper part of the formation (one of which
is illustrated in fig. 4) enabied ‘precise correlation within the transition zone. Mos‘t
common at the top of the formétion in the study area, carbonates become -progres’siVely
more abundant downsection in the Cleveland toward the north. Clévelénd‘ sandstone
and sh#le intervals ‘grade northward into shales between thick carbonate beds of the

shelf facies.
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In most of the southern part of the study area, interfingering of upper Cleveland
carbonates and granite-wash-bearing intervals is common. Basinward to the southeast,
Cleveland carbonates gradually thin and pinch out within eastward-thickening shale

successions (fig. 4).

Shale

Cleveland shales are geherally most abundant in the sbufheastem part of the study
area (fig. 4), where the formation comprises a higher percentage of basinal facies and
major‘sandstone accumulations are not present (that is, away from major axes of sand
deposition; figs. 10 and 11). The entire siliciclastic interval that includes thé Cleveland
and the undeflying Marmaton Group (undivided) becomes progrésSiver richer in shale
toward the deep Anadarko Basin (fig. 1). '.

Inspection of the numerous lithologic sample logs and well logs from throughout
the study area and of the Cleveland cores indicates thaf there are two general types of
shale in the Cleveland section. Most of the shale (type 1) is medium-dark gray to dark
gray (N4 to N3) (Goddard and others, 1979) and ranges widely in quartz-silt content
from silt rich (verging on siltstone) to silt poor (clay shale). Darkest shales contain the
least silt. Shales are commonly micaceous and laminéted.. Sample logs indicate that this
type 1 Cleveland shale is calcareous in the northern and southern parts of the study
area but is noncalcareous in fhe central region (table l). Shalesv'in the Cleveland core
(Maxus Glasgow No. 2) from the northem region are shown to be noncalcareous to
strongly calcareous by HCI acid testing; however, shales in the other two Cleveland
cores (Maxus Shrader No. 3 and‘ Maxus Tubb “D” No. 3) farthef south are mostly
noncalcareous. Bedding ranges from thick (about 100 ft) to thin as inteilaminatibns and
lenses/drapes with sanqstdne and siltstone; The second type of Cleveland shale (type 2)

occurs as two thin (<10 ft) beds in the upper half of the formation primarily throughout
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the eastern half of the study area. Sample logs invariably identify them as black shales,
and they have characteristically high gamma-ray résponses. Figure 4 iilustrates one of
the beds (7,700 /ft in log B; 10,500 ft in log C); figure 8 show§ both of thesé thin
radioactive shales at the tops of parasequences 6 and 8. No samples of type 2 Cleveland
shales were cored, although these beds are probably sirﬁilar to the formation's high-
gamma-ray boundary marker beds described> above (see “Base of Cleveland”).
Collectively, these beds compose only a minor part of the Cleveland section but are
regionally quite significant' by enabling precise correlation within the formation in the

area of thickest Clevéland.

Granite Wash

Granite wash, which was eroded from the mostly granitic Amarillo Uplift (fig. 1), is
areally restricted to a narrow zone bordering the northern flank of the structure in
soufhern Hutchinson and Robert‘s Counties and southwestern Hemphill and Wheeler-
Counties. These coarse siliciclastics extend through the Penhsylvanian section in the
Anadarko Basin (fig. 3). Only a few wells south of the southern border of the study area,
which approximately coincides with the northernmost edgé of the Amérillo Uplift, were
examined; therefore, grén.ite-wash intervals were hot traced far.ﬁp the paléohigh.»
Nevertheless, correlation 'among these wells indicates that, within the‘4CIev¢land 7

Formation, the distance between the distal (northernmost) parts of granite-wash

tongues and equivalent updip sections to the south, which are composed entirely of

granite wash, is typically no more than 10 to 15 mi. Thus, the gradaﬁon from the fine-
grained siliciclastic Cleveland to its coarser arkosic equivalent is relatively abrupt.

No cored granite wash was examined for this study. Lithologic‘det‘ails come only
from sample logs (table 1). However, granite wash is readily distinguished from other

Cleveland lithologies by its much more pronounced SP and resistivity log responses. The
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SP curve typically exhibits a negative deflection from thé shale base line of as much as
140 mV; lateral separation of the deep induction log from the laterolog is commonly as
much as 20 to 30 Qe.m. Both responses recorq the permeability of the ‘coarse granite
wash as being much higher than permeabilities of adjacent lithologies. The gamma-ray
response of the granite wash is not diagnostic; it is typically slightly td moderately lower
than that of Cleveland shale.

As recorded on lithologic sample logs from the southernmost part of the study areé,
arkosic sandstone in the Cleveland is common in this region. It is inferred that the
granite wash served as a local, proximal sediment source to the much finer grained

Cleveland sandstones.

Coal

The presence of thin (<2 to S ft) vitreous coal in the Cleveland Formation is
documented from two areas in the western Anadarko Basin. Coal was recorded on a
lithologic sample log and on surroundihg well logs from southeastern Hemphill County.
The 4-ft coal bed in this area coincides with a distinctive low-velocity, sonic-log signature
of >100 p/ft. With distance (>3 mi), the sonic logs of surrounding wells exhibit gradually
decreasing travel time for this bed, suggesting local. lateral gradation to carbonaceous
shale. Furth‘ermoré, the core from the Maxus Tubb “D” No. 3 well in south-central
Lipscomb County contains a thin (about 1 inch thick) coal bed sitting aboize a rooted
zone (fig. 8). Because of its thinness, this coal cannot be detected on the accompanying
sonic log; logs of surrounding wells similarly do not indicate the presence of coal at that
horizon, probably for the same reason.

No comprehensive survey was conducted for coai in all the well logsvused in this
study. However, given (1) the limited thickness and probablé discontinuity of the coal,

and therefore difficulty in detection and (2) the apparent local distribution of the
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_ seams, it is probable that Cleveland coals are more widespread in the study area than

the two documented occurrences would suggest and that they are beyond the. limit of

detection on most well logs.

Adjacent Formations
Oswego Limestone

The Oswego Limestone, the basal formation of the Marinaton Group (fig. 3), is
distributed | throughout the study area and provides a regionally correlative
lithostratigraphic base to the overlying siliciclastic interval comprising the Maﬁnafon ,
Group (undivided) and the Cleveland Formation (fig. 4). In most of 'fhe western
Anadarko Basin, the Oswego is bcomposed of interstratified limestone and s‘hal‘e in beds
10 to SO ft thick; the top of the formation is the top of the uppermost limestone bed.

Oswego limestone beds become progressively less numerous and thinner toward the

| southeast into the deep Anadarko Basin, where they interfinger with thickening basinal

shale facies. The base of the Oswego is poorly defined where it contains shale interbeds.
Regional correlation of the formation'’s base is beyond the scopé bf' this investigation,
and no studies were found' that provided consistenéy-in the base’s stratigrapﬁic'posi_tidn.

In a north-south-trending zone approximately coinciding with the Cleveland
Formation thick in south-céntral Lipscomb and north-cent"ral Hemphill Counties (fig. 5),
the Oswego takes on a markedly differeht bedding chara&er. Here, thev formation is a
single bed ranging from’100‘ to 250 ft thick and composed a‘lmosf entirely of limestone
(fig. 4, sections A and B). In this area the formation’s base is easily identified. Log
response is typically blocky, but the formation may also contain several upward-
coarsening and upward-fining limestone units. The subregional areal extent ofithe thick-
bedded Oswego facies‘ and its coincidence with thickest Cleveland strongly suggest

differential subsidence within the study area at least from Oswego through Cleveland
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- time. A more complete discussion of possible structural effects on deposition is found in
“Structural Framework.” Also, for a more complete graphic perspective of the regional
variation in the bedding character of the Oswego, refer to the cross sections presented

in “Sequence Stratigraphy.”

Marmaton Group (Undivided)

In regional thickness variétion and‘in gross stratigraphic and lithologic character,
the siliciclastic Mar'ma’ton Group (undivided) is generally similar to the overlying
Cleveléﬁd Formation. The interval thickens from O ft over the same western paleohigh
that affected Cleveland deposition (fig. 5) to a maximum of about 560 ft toward the
southeast (fig. 4). The Marmaton '(undivided) thins toWard the north as it grades into
shale intervals in Kanség Shelf carbonate facies and 'towa'rd the south against the
Amarillo Uplift. \

Marmaton sandstones are thickest and best developed in the east-central part of
the study area. Here in the lower part of the formation, they are generally thicker
bedded (20 to 30 ft) and, based on their log response, more clay free than in the upper
half. These lower Marmaton (undivided) sandstones cap several upward-coarsening
intervals (fig. 4, ‘section B). Mostly thinner bedded (<10 ft) shaly sandstones are
interstratified with shales of similar thickness in the upper part of the formation.

Elsewhere, Marmaton sandstones are generally thin and poorly to moderately

developed (fig. 4, section C).

Kansas City Formatioh

The Kansas City Formation, the upper formation of the Skiatook Group (fig. 3),
overlies the Cleveland Formation throughout the study area. The carbonate- and shale-

bearing Kansas City forms the upper lithostratigraphic limit to the largely siliciclastic
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Cleveland/Marhaton (undivided) section below. The Kansas City ranges in thi‘ckness
from about 20 ft or less in the extreme western parts of Hutchinson and central
Hansford Counties (probably absent locally) to about 1,1'90 ft in east-central Wheeler
County in the extreme southeastern corner of the sfud'y area.

As with the Cleveland, limestone is the principal lithology of the Kansas City
where the carbonate facies thicken toward the Kansas Shelf in the northwestern and
north-central parts of the study area (northern Hansford and Ochiltree Counties). Shale

of more basinal facies becomes increasingly more voluminous toward the south and

southeast (fig. 4), where it composes most of the unit. Comparison of well logs and

lithologic sample logs shows that the order of relative carbonate abundance is limestone,
marl, and dolostone. | |

Shalés are mostly gray, but several conspicuous thin (;10 ft) black shale beds with
high, off-scale gammé-ray responses are fairly evenly distributed Within the Kansas City;
The lowest black shale forms the base ofkthekfor‘m»ation. Five black shales can be
correlated regionally in most of the study are.a and are excellent marker beds (fig. 4). As
the Kansas City thins toward the wesf-central and southwestern ﬁarts of théf sfudy area,
the number of black shales progressively decreases. For a graphic perspectivé’ of the

regional distribution of the black shale marker beds and of the lithologic variation of the

~ Kansas City, refer to the cross sections presented in~“Sequénce Stratigraphy.”

PALEONTOLOGY AND AGE OF CLEVELAND FORMATION .

Of the three cores from which rock sampies wére téken for paieontological
analysis, only the Maxus Glasgow ‘No. 2 core yielded abundant fossils. Poor recovery wés
due mostly to (1) the great difficulty in disaggregating the wéll-indurated, cemented,
pyrite-rich shales and (2) the paucity or absence of fossils in deltaic shale facies (see

“Deltaic Facies”). Most fossils from the Glasgbw core came from the hivgh-gamma-ray
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_ black clay shale and carbonate grainstone béd at the top of the Marmaton Group
(undivided); the grainstone bed in particular contained numerous taxa (table 5). Fossils
in these uppermost 5 ft of Marmaton strata (7,287.0 to 7,282.5 ft, fig. 6) increase in total
number and diversity upward (table 6). Conodonts of séveral species occur throughout
but generally decrease in number upward within the black clay shale; conodonts are
common in the grainstone bed, but they are exclusively robust platform types. The
absence of the more delicate ramiforms indicates that the conodonts in the grainstone
were transported/reworked. Other shales in the Glasgow core either are barren or
contain rare fossils (table 6).

The age of the uppermost Marmaton interval is latest Desmoinesian, as indicated
primarily by the presence of several terminal species of the conodont Neognathodus and
the terminal articulate brachiopod Mesolobus (D. R. Boardman II, personal
" communication, 1991). The distinctive faunal éssemblage of the black clay
shale/grainstone interval enables correlation with a bed of similar lithology throﬁghout
‘the North American Midcontinent (see “Cleveland Formation and Late Pennsylvanian

Eustasy”). The lithostratigraphic position of the Desmoinesian/Missourian S‘eries
boundary cannot be determined with precision in the Maxus. Glasgow No. 2 core
because of the absence of diagnostic fossils above the carbonate grainstone bed at the
top of the Marmaton Group. However, most, possibly all, of the Cleveland Formation is
early Missourian in age. Elsewhere in the Midcontinent region, the series boundary

typically occurs at stratal contacts where continental beds overlie marine strata,

commonly unconformably (D. R. Boardman II, personal communication, 1991). The

series bouhdary in the Cleveland study area may thus be tentatively placed at the base
of the fluvial incised-valley fill and correlative horizon near the middle of the formation

(see “Fluvial Facies”; “Sequence Stratigraphy, Incised-Valley System”).
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Table 5. Faunal content of limestone at the top of the Marmaton Group in the Maxus Glasgow No.
2 well (at depth of 7,282.5 ft, figs. 6 and 18). Fossils are presented in approximate order of

abundance by major fossil group.

Mollusks
Pelecypods
Paralledon
Schizodus
Anthraconeilo
Unidentifiable nuculoids
Gastropods
Euphemites
Bellerophon
Sinuitina
Glabrocingulum
Trepospira
Donaldina
Plocezyga
Meekospira
Soleniscus
Nautiloids
Pseudorthoceras
Ammonites
Trochilioceras prone
Crinoid stems, unidentifiable
Brachiopods
Inarticulate
Orbiculoidea
Articulate
Leorhynchoidea
Mesolobus
Hustedia
Productid spines
Conodonts . v '
Neognathodus medexultumus
Neognathodus (several terminal species)
Idiognathodus nodocarinatus*
Idiognathodus expansus
Idioprioniodus sp.
Gondolella sp.
Adetognathus lautus
Ostracods
Cavellina
Healdia
Hollinella
Corals
Tabulate
Michelinia
Thamnoporelia

*=I. cf. concinnus, 1. sp. 6, and 1. aff. excelsus
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Table 6. Vertical succession of faunal assemblages in the Maxus Glasgow No. 2 core (fig. 6).

Log depth (ft)

7,172.0

7,252.2
7,254.0
7,282.5

7,283.1

7,285.0

7,287.0

7,290.2
7,293.5

7,297.3
7,300.2
7,303.5

Fossils

Pelecypods (Dunbarella), bryozoan
fragments, and rare ostracods

Barren
Barren
Abundant macrofossils (see table S)

Abundant macrofossils including
brachiopods (Leiorthynchoidea), nuculoid

“pelecypods, nautiloids (Pseudorthoceras),
crinoid stems; rare conodonts (ramiforms),

rare ostracods (Cavellina, Hollinella), rare
small calcareous foraminifera

Rare macrofossils including inarticulate

brachiopods (Orbiculoidea); moderately

abundant conodonts (mostly ramiforms,
also platforms including Idiognathodus),
rare ostracods (Cavellina)

Abundant conodonts (mostly ramiforms,
also platforms including Idiognathodus
expansus, Neognathodus)

Rare ostracods (Cavellina), rare bryozoan
fragments

Rare ostracods (Cavellina), rare bryozoan
fragments '

Rare ostracods (Cavellina)
Barren
Barren
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Environmental conditions

| Shallow marine

Marginal marine
Marginal marine

- Deep marine, condensed

sedimentation, aerobic

Deep marine, condensed
sedimentation, slightly dysaerobic

Deep marine, condensed
sedimentation, moderately

~dysaerobic

Deep marine, maximum sediment
condensation, highly dysaerobic

Shallow to marginal marine
Shallow to marginal marine

Marginal marine
Marginal marine to nonmarine
Marginal marine to nonmarine
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STRUCTURAL FRAMEWORK
Present Structure
Regional Perspective

At the western end of the Anadarko Basin, the top of the Cleveland 'I?‘ormation
composes a generally southeasterly dipping monocliﬁe. interru>pte‘d by severél
promineﬁt faults and locally by small folds (fig. 13). Dip progfessively increases toward_
the southeast into the deep Anadarko Basin. Dip fvarie_s from a minimum of 26 to
40 ft/hii »in the western part of the study area (Hans‘fordeournty) to about 70 ft/mi in
most of the cgntral and eastern parts (Ochiltree, Lipscomb, Hemphill, and northeastern
Roberts Countfes) to a maximum of about 105 ft/mi in the exfréme southeésterny part '_
(east-central Wheeler County). Dip direction at the ;tc.)p‘of thé Clevéland'Formation‘:
ranges frkovm about S45°E to S25°E (135° to 155°) throughout most of the eastern part of
the study area, but it shifts locally to S75°E (105°) in northwestern Roberts County on
the soufhwestem side of the major fault zone and to variablg dip directions within the
fault zone itself (fig. 13). The radial. arrangement of dip difections in the west reflects
the geometry of the western terminus of the Anadarko Basin. These dip patterns Within
the seven-county Cleveland study area ~clbsely approxirhate those of the tops of the
underlying Mississippian System (Totten, 1956, his fig. 4,{Sw‘ansori, 1979‘, his fig. 3;
Ruppel, 1985, his fig. 4) and Lower Ordoviciaﬁ Ellenburger Group (Ruppel, 1985, his

fig. 3) within the same area.

Faults

Two distinct fault trends can be distinguished in the study area (fig. 13). These
northwest-trending fault zones are the easternmost of several en echelon fault zones

that extend as much as 70 mi northwestward from the Amarillo Uplift in the northern
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Figure 13. Structure map contoured on top of the Cleveland Formation in the western
Anadarko Basin. Prominent structures are the Lips fault (longest fault zone), the
Camrick-Perryton Arch (southeast-plunging fold in northeastern Ochiltree County), and
the Central Lipscomb-Feldman structure (southeast-plunging fold in northeastern
Hemphill County). Although the Cleveland is absent in parts of Hansford and
Hutchinson Counties (fig. 5), the top-of-Cleveland correlation maker extends into these

areas.
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Texas Panhandle (highly generalized in fig. 1). These zones, including those mapped in
this study, displace several stratigraphic levels above and below the Cleveland
Formation within the western Anadarko Basin: top of the Lower Ordovician Ellenburger
Group (Ruppel, 1985, his fig. 3), top of the Mississippian System (Ruppel, 1985, his
fig. 4; Swanson, 1979, his fig. 3), and the top of fhe Pennsylvanian System (Dutton and
others, 1982, their fig. 15). The longer of the two fault zones mapped in this study is
also present at the tbp of the crystalline basement (Dutton and others, 1982, their
pl. 5). | ’

The principal fault zohe— cutting the 'Cl_evveland, termé_d the Lips fault (Evans, 1979),
strikes abbut N40°W (320°) and exhibits a decreasing amount of throw toward its
termination in the‘northwest. Net vertical offset ranges from_dbout 450 to ‘500” ft in
east-central Wheeler County to 200 ft or less in southwestern Ochiltree Coimfy. The
zoné is interpreted as being .composed of at least three major fault segments in the" '
study area, two of which merge toward and connect with é central fault ‘(fig. 13). Dutton
and others (1982) and Ruppei (1985) mapped this zoneb as a single fault and a group of '
p}arallelb'bnonjoining faults, respectively, although theiry studies were more regional vin:‘
scope and therefore employed considerably sparser well control than this investigation..
The net displacement is dip-slip, the relative downthrown sides of the individuali fault
blocks consistently on the northeast sides. The dip'directions and aﬁgles of the fault
planes cannot be dete'rmined with the study’s data set; however,‘ the faults are probably
either moderate- to high-angle normal or reverse faults.v Harlton (19'63) and Ham and k
others (1964) described the faults compo'sing the southern edg_e of the Anadarko Basin
in southwestern Oklahoma aS steeply dipping to. vertical, and Evans (1979) interpreted
the Lips fault as a high-angle reverse fault. However, seismic profiling of similarly
northwesf-trending faults separating the Wichita Uplift from the Anadarko Basin in
southwestern Oklahoma indicates that these nearby-faults are moderate-angle (averaging

30° to 40°), southwesterly dipping reverse faults along which crystalline rocks of the
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Wichita Uplift were thrust over sedimentary rocks of the basin during Pennsylvaniah
time (Brewer and others, 1983). Significant regional crustal shortening (compression)
occurred iri the Anadarko Basin during the Late Pennsylvanian (Ham and others, 1964),
the final stage of the basin’s long tectonic evolution. The faults in the study area
probably also record this deformation episode and are reverse in nature.

A shorter fault or a fault zone at least 18 mi long and striking N25°W (335°)
displaces Cleveland rocks in northern Hutchinson and southern Hansford Counties
(fig. 13). Maximum throw along this fault is probably not much more than 100 ft, and
net displacement is down to the southwest. The same fault has also'been mapped at the
top of the Mississippian System (Totten and Horn, 1968, their fig. 3; Swanson, 1979, his
fig. 3). The fault is associéted with two structural highs on the northeastern side of the
fault ‘and a low on the downthrown side. Ridgell (1961) also mapped the more
prominent of the two highs on the top of the Oswego Limestone in the North

Hutchinson field.

Folds

There vare three principal areas of folded Cleveland in the study area:
(1) sporadically thrbughout most of Ochiltree and Lipscomb Counties, (2) in
northeastern Hemphill County, and (3) along the southwestern side of the principal
fault zone in Wheeler, Hemphill, and Roberts Counties (fig. 13). In areas (1) and (2),
folds generally plunge toward the south to southeast and have axial traces that are less
than 4 to about 8 mi long. Most of the smallest folds could be classified as structural
noses. These smallest folds in Lipscomb County are not well expressed in figure 13
because of the small scale of the map. However, Best (1961), Brashear (1961), and the
National Petroleum Bibliography (1965) presented larger scale maps of several fields in
area (1) that delineate the smaller, primarily southeast-plunging folds. Two regional-

scale, southeast-plunging anticlines in northeastern Ochiltree County and northeastern
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Hemphill County (fig. 13) are termed the Camrick-Perryton Arch and Central Lipscomb-

Feldman structure, respectively (Eddleman, 1961). .

In Situ Stress and Neotectonics

The northern Texas Panhandle was initially designated as being in the

Midcontinent stress province by Zoback and Zoback (1980), who in a subsequent work

(1989) plaéed ié in a "mid-plste". stress prdvince. By eitﬁér designaﬁon, this stress
province is a large, relatively tectonically quiescent region chara_cterized by nearly
uniform northeast- to east-northéast-striking: maximum horizontal compresﬁive stress
produced either directly or indirectly by plate-tectoni¢ processes. The northeast-
southwest Vcoxvnpressive stress here has been defined by hydraulic fracture measurements
(Haimson, 1977) and by earthquake focal méch‘anism‘s (Herrmann, 1979). In the Texas
and Oklahorﬁa Panhandlés, stress-induced well-bbre -bre’al‘(outs and hydraulic fracture
measurements also generaily indicate northeast-oriented compressive stress (Dart,
1989). The orientation of least principal horizontal stress indicafed by hydraulic fracture
treatment in the Anadarko Basin is N25°W (von Schonfeldt ahd others, 1973).

Localiy, in situ stress at the Maxus Glasgow No. 2 well (fig. 2) was dete‘rmined_k using

several methods of analysis: Formation Microscanner highlight imagery, core fracture

. analysis, velocity anisotropy analysis, and borehole breakout analysis (Hill, 1991). The |

data gathered indicate a maximum horizontai compressive‘ stress direction between 95°
and 105°, an east-southeast stress direction that deviates only slightly from the much
more generalized ahd regiohal data sets described above. The few near-vef,tical natutai
fractures observed in the Glasgow well have a strike range of 120° to 130°.

One of the most prominent young tectonic features in the Midcontinent stress
province is the northwest-trénding Meers féult alohg the notrthern edge of the

Amarillo-Wichita Uplift in southwestern Oklahoma. The fault is coincident with a pre-
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Permian fault, but scarps in alluvium indicate the fault is Quaternary in age (Gilbert,

1983; Luza, 1989). The fault displays reverse sense of motion and a component of left-

lateral slip (Ramelli and Slemmons, 1986; Myers and others, 1987). Recent studies '

indicate that movement occurred on the Meers fault during late Holocene time
(Madole, 1988; Luza, 1989). Movement on the Meers fault suggests that significant east-
northeast-directed tectonic compressive stress may exist in the nearby Cleveland study
area. -

More than 370 locatable earthquake events have taken place in the Anadarko
Basin since 1897 (Luza, 1989). However, only a few earthquakes have occurred in the
shelf region and deep parts of the basin. The Amarillo—Wichita Uplift and its associated
fault zones, including those in the Cleveland study area _(fig. 13), are seismically quiet
relati&;e to the extreme eastern end of the Anadarko Basin where most earthquakes
have occurred. However, notable seismic events with Richter magnitudes of as much as
4.8 have been recorded in the northern Texas Panhandle and northeastern New

Mexico (Northrup and Sanford, 1972).

Syndepositional Tectonics and Paleophysiography
Regional Perspective

The active period of tectonism in the Anadarko Basin durihg the late Paleozoic had
a profound effect on sediment accumulation in the basin. Actively subsiding throughout
the Pennsylvanian orogenic activity, the Anadarko Basin received as much as 18,000 ft
of Pennsylvanian siliciclastics and carbonates (Johnson, 1989); a maximum of about
9,000 tb 10,000 th accumulated in the study area (Nicholson, 1960, his fig. 47). Major
positive tectonic elements that are associated with, an'd that contributed ‘detritus to, the
basin during the Middle to Late Pennsyl;/anian were the Arbuckle Uplift and Ouachita

foldbelt at the southeastern margin of the basin, the Wichita—~Amarillo Uplift defining
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- the southern flank of the basin, and the Ozark Uplift to the northeast (Frezon and

Dixon, 1975; Moore, 1979: Rascoe and Adler, 1983). The Cimarron Arch, which forms
the western térmi'nus of the Anadarko Basin (fig. 1), was ;;robably active during the end
of tectonic activity that creatéd the Wichita-Arharillo Uplift (Johnson, 1989). Farther
west, active tectonic elements of the front fange of the Ancestral Rocky Mountains
(Sierra' Grande énd. Apishapa Uplifts) and the Bravo Dome (fig. 1) Shed siliciclastic

detritus into the western Anadarko Basin in the Late Pennsylvanian (Hills, 1963).

Emergent Areas and Paleohighs

Two regional structures were erhergent peripheral to the western part of the
Anadarko Basin during _deposition'of»the Cleveland For’rﬁation: the Ar‘narillo Uplift and
the Cimarron Arch. Emetgence of the Amaﬁllo Uplift during most of the Pennsylvaﬁién
Period and specific’al’iy during Late Pennsylvanian (Missourian) time is well documented
(for example, Totten, 1956; Frezon a‘nd Dixon, 1975; Dutton, 1982). Regional
isopachous mapping (fig. S) and correlation (fig. 21, below) of the Cleveland Formation
in the western Anadarko Basin reveals that the formation is absent and very thin
throughout most of Hansford and western Hutchinsoﬁ Counties. This area coincides with
the eastern margin of the Cirharron Aich. Of the litﬁostratigraphic units examined .for
this study (figs. 3 and 4), both the Marmaton Group (undivided) énd the Cleveland
Formation gradually pinch out toward the Cimarron Arch and are absent over it. The
Kansas City secfion also thins toward but also over the uplift to a minimum thickness of
30 ft or less. The Oswego Limestone occurs throughout fhe.uplift region in the study
area; however, thickness variation, if any, of this unit over the ﬁplift could not be
determined because the base of the Oswego is poorly defined there.

- These thickness trends indicéte that the Cimarron Arch was emergent (but with

low relief) during Marmaton and Cleveland siliciclastic deposition (fig. 14) and was still a
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Figure 14. Paleophysiographic/paleotectonic map of the Cleveland Formation.
Physiographic boundaries are based on regional thickness patterns of the entire
formation (compare with fig. 5). See text for discussion of relationship between
tectonics and sedimentation.
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~significant topographic high (but not emergent) during subsequent Kansas City time.
~The thick-bedded limestones of the Oswego interval formed the resistant substrate of
the exposed Cimarron landmass in the western part of the study area.

Generally east-wést-tr'endirng areas of widely spaced isopach contours of relatively
thin Cleveland in eastern Hansford County, most of Ochiltree County, northern
Hutchinson County, and western Roberts County (fig. S) define a physiographic
paleohigh/shelf-platform region peripheral to the Marmaton/Cleveland highland, which
composes the eastern flank of the Cimarron Arch (fig. 14). During depbsition of_ the
Cleveland Formation, this paleohigh and the adjacent stable shelf platforin in moét of
Hansford and Ochiltree Counties collectively served as an effective ‘partition separating.
carbonate-shelf deposition to the north (fig. 12) from siliciclastic—dominated shelf and

basin deposition to the south (figs. 10 and 11).

Physiographic Shelf Platform and Basin

Isopach patterns also clearly differentiate distinctive shelf—pla_tform and basin
regions separated by a narrow.zone coiriciding with a steep formation-thicknessk gradient
extending‘along the Ochiltree/LipsComb county line through eastern Roberts County
and into southwestern Hemphill and northern Wheéler Counties (compare fig. S with
fig. 14). The shelf-platforin physiographic region,b which acttially encompasses only part
of the entire Cleveland shelf depositional setting (see “Cleveland Formation, Highstand
Systems Tract”), is interpreted to have been a relatively tectonically quiescent, gently
sloping part of the study area during Cleveland time, havirrig experienced minimal
subsidence and sediment accumulation. In contrast, the Cleveland physiographig basin
region, which extends southeastward beyond the study area, underwent marked
subsidence. Regional cross sections (fig. 4; figs. 20, 21, 22, 25, and 26, below) show

generally progressive basinward thickening of all correlation subdivisions of the
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- Cleveland Fomiati.on,‘ Marmaton Group (undivided), Oswégo iirhestone, and Kansas City
Formation. Mbreover, several subdivisi-on; of the Marmaton- (undivided) and Cleveland
pinch out at the basin/shelf-platform boundary (at Ochiltree wells 21 and 14 on fig. 20,
below, and at Hemphill well 1 on fig. 21, below), indicating that a physiographic break
existed at this position during deposition and acted as a Edepositional barrier for parts of
the siliciclastic interval. It is emphasized that the above-described shelf platform and
basin are physiographic rvegions; compelling evidenczé suggests that much of the
physiographic basin in the study area was actually part of an irregular Cleveland
depositional shelf that underwent marked differential subsidence (see “Cleveland

Formation, Highstand Systems Tract”).

Effects of Faulting and Differential Subsidence on Deposition

The Cleveland basin in the study area is bounded: in the south by a prominent,
northwest-trending linear zone of thick Cleveland (fig. S),“which is interpreted to have
been a fault-controlled trough that was actively subsiding during Cleveland deposition
(fig. 14). This same zone also exists as a linear thick ih the Lower Penr.;sylyanian
Morrowan Series (Eddleman, 1961, his fig. 2) and was therefore probably a site of
continuous differehtial subsidence throughout most bf the Pennsylvanian Period. Faults
composing this zone (Lips fault) currently displace the formation (fig. 13). The northern
border of the Cleveland baSin is marked by a parallel (riorthwest-trending) monoclinal
flexure that marks an abrupt change in Cleveland thickness in northeastern Lipscbmb

County (compate fig. § with fig'. 14). Because these parallel structures are elements of

the regional tectonic fabric of northwest-trending, en echelon fault zones described

- above (see “Structural Framework,' Faults”), downwarping on the sbuthern limb‘ of the
'ﬂexixre was pfobably controlled bj? movement (drape fol‘ding) on a basement fault that

was parallel to the southern fault but did not extend upwaid into the Cleveland section.
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The syndepositional fault and flexure form a possible half graben in the eastern
part of the study area, which during Cleveland time Contained two structural subbasins
(figs. 5 and 14). Subsidence 6f the sduthern subbasin was probably brimarily‘controned
by down-to-the-north displaCemeﬁt along the fault zone, whereas down-to-the-south
faulting along a buried fault probably sustained downwarping south of the flexure in the
northern subbasin. It canndt be determined whether théée Pparallel structures were
moderate- bt high-angle reverse faults (thus not forming a true grabeh),'normal faults, or
one of beach duringb deposition  of the Clevelénd Fo‘r.ma,tion, but the relative
displacément along the struétures is clear. The subbasins are séparated by an 'easf-west-
trending linear zone of relatively less subsidence (thinner Clex?éland) than that in the
adjacent subbasins; this zone forms a structural saddle extending just sdﬁth of and along
" the Lipscomb/Hemphill county liné (figs. 5 and 14 and figs. 24 through 26, below).-The
saddle is a hinge zone separating two areas of more prorl'ounced subsidence.

The half graﬁeﬁ influenced regiOnal‘ sédimeﬁtation péfterns from at least Oswego
through Kansas‘Cify time. The northern and Southem boundarieS of the zone of Oswégo
Limestone buildup ‘in_ the eastern part of the study area (see “Oswego Limestone”)
coincide closely with the mapped ﬂexﬁre-hinge and .fault-tracevlocations, respectively
(compare fig; 14 with fig. 27,vbelOW). The western border of the subbasins ‘and -of the
Oswego Limestone buildup also nearly coincide, indicating' a sustéined, higherbrate of
subsidence east of this location from Oswego' through at least Cle&eland time. Pi:imary
Cleveland sandstone accumulatibns are locéted mostly 'between the two graben-
bounding structures (figs. 10 and 11). Moteover, Cleveland net-carbonate distribution
patterns in the eastern thirdv of the study area show géheral northwest orientatibns

(fig. 12) parallel to the structures.
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DEPOSITIONAL FACIES

The siliciclastic parts of the Cleveland Formation and Marlhaton Group (undivided)
cdmprise mostly stacked, upward-coarsening depositional cycles (figs. 4, 6, and 7) that
are interpreted to be progradational marine successions composed primarily of deltaic
facies (ih ascending order within each cycle: prodelta, distal delta front, and proximal
delta front). Upward-coarsening progradational interdeltaic (shoréface) deposits possibly
exist in the siliciclastic intérval, but without the benefit of more cores they are difficult
. to distinguish from deltaic facies solely on the basis of log expression. However,
assemblages of sédimentary features in sﬁfficiéntly thick core sections can be used to
confidently distinguish deltaic from shoreface deposits (Moslow and Pemberton, 1988).
All progradational successions in the three Cleveland cores examined for this study are
interpreted to be deltaic.

An upward-fining sandstone (ranging from about 20 to 65 ft thick), interpreted to
record fluvial sedimentation, occurs in one stratigraphic zone in the middle part of the
Cleveland throughout most of the eastern part of the study area and locally in the west.
The Maxus Tubb “D” No. 3 core is the only one of the three cores that contains this
aggradational deposit.

The high;gamma-ray, organic-rich black clay sha.l'e and immediately adjacent shales
in the Maxus Glasgow No. 2, and the equivalent interval that is regiorially distributed in
the study area, are interpreted to represent distal shelf sedimentation.

Interpretations of depositional environments in the Cleveland study area are based
on (1) regional well-log expression, (2) lateral and vertical associations of depositional
cycles, (3) lithologiéal and sedimentological characferistics in core, and (4) areal
depositional patterns determined by net- and percent-sandstone mapping.

. Inferred source areas and paleotransport directions for sediments in the siliciclastic

Cleveland Formation and Marmaton Group (undivided) are discussed in “Source Areas of
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Systems Tracts.” However, in summary, most of the Cleveland Formation was derived
from highland sources to the southwest, whereas adjacent intervals had more distant

easterly sources.

Deltaic Facies
Prodelta

Prodelta facies in the Cleveland Formation occurs in the lOwef p’ar{ of the upward-
coarseﬁing progradafional' succeS-sions’ (figs. >6 and 8). Ilrvl the thrée .Cleveland éo;es
examined, this facieﬁ i‘s‘beither thin, exceeding no.more':than 5 ft in thickness and
cbmmonly interbedded with distal delta-front sandy sha‘les, or absent (fig. 7) at the base
of deltaic cy.cles.A The facies comprises dark-gray (N3) laminated shéle with sparsely
distributed thin streaks and lenses of siltstone no more than 0.5‘ inch long. No
macrofossjls or burrows were observed in.these deposits.

Having been deposited m the most bas‘inward, or distal, of deltaic subenvironments

(transitional with shelf deposits), prodelta deposits in modern settings are

-charaéteriSti,cally very fine grained and display low lithologic variation (for example,

Kanes, 1970; Maldonado, 1975; Coleman, 1982). Because depo’sition is entirelyv"from
suspensibn, parallel laminae are by far the fnojst common primary sedirhentary structure.
Because of the high rétgs of deposition associgated with prodelta deposits, these deposits
typically escépe intense burrowing. Silt_stonegstreak-s and lenses probably record storm-

induced current activity at the most basinward part of the delta systems.

Distal Delta Front

The most abundant of the delta deposits, the distal delta front composes the

thickest facies interval in the individual deltaic cycles in the Cleveland cores (for
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example, 7,280 to 7,230 ft, fig. 6). Because it occurs higher in the upward-coarsening

deltaic successions than the underlying prodelta deposits, this facies is characteristically

sandier than the prodelta deposits. The distal delta-front intervals coarsen upward

gradationally (figs. 6 and 7)> from a typically burrowed to laminated dark-gray (N3) shale
containing streaks and thin lenses Qf siltstone (fig. 15a and b) to a nonburrowed
lenticulaf laminated to .thin-bedded light-gray (N7), very fine sandstone and medium-
dark-gray (N4), planar- to wavy-laminated shale. The dominant sedimentary structures in
upper distal delta-front facies are lenticular thin bedS and laminae of ripple cross-
lamihaﬁon (commonly asymmetrical wave-ripple cross-lamination) and planar to slightly
wavy fine lamination (figs. 6 through 8 and fig. 16). Plénar-tabular cross-lamination,
normally graded thin beds, and soft-sediment-deformed beds oc'cur'lesvs commonly
(figs. 6 and 7). Shale laminae and‘thin‘ interbeds become thinner, less abundant, and
more lenticular upward.

Because distal delta-front deposits record more shoreward deposition than the
prodelta deposits, sedimentary features are more varied and of a larger scale than those
of the prodelta facies. Modern distal delta-front deposits (also termed distal bar‘deposits)
exhibit an assemblage of sedimentary features similar tb those in_the three Cleveland
cores and were deposited on the seaward-sloping margin of an advancing delta-front
complex (for example, Coleman and Gagliano, 1964, 1965; Donaldson and others, 1970;
' vManka and Steinmetz, 1971; Oomkens, 1974). Wave-ripple cross-laminations with
diagnostic irregular lower bounding _surfaces, bundle-wise arrangement of foreset
laminae, and foreset laminae with offshoots (De Raaf and others, 1977), commonly
observed in the upper parts of the distal delta-front intervals in the Cleveland cores
(fig. 16), indicate sand transport/reworking on the subaqueous delta plain by wave

activity.
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(b)

Figure 1S. Core photographs of lower distal delta-front facies. Core slabs are 3.5 inches
wide. (a) Sparsely burrowed (horizontal burrows as siltstone-filled pods) dark-gray shale
with thin lenses and laminae of siltstone and very fine sandstone typical of the thickest
deltaic successions in the Cleveland cores. From Maxus Glasgow No. 2 at 7,273 ft (log
depth). (b) Heavily burrowed (vertical and horizontal burrows) dark gray shale and
siltstone/very fine sandstone that occur in the thinnest deltaic successions. From Maxus
Glasgow No. 2 at 7,184 ft (log depth).
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Figure 16. Core photograph of upper distal delta-front facies. Core slab is 3.5 inches b
wide. Ripple cross-laminated and lenticular laminated very fine sandstone in dark-gray
shale typify these rocks. Note asymmetrical wave ripples throughout most of core =
section. Absence of burrows in this facies is attributed to more rapid sediment influx and .
higher energy conditions of sedimentation (wave modification) relative to the lower . =
distal delta-front facies. Burrowed (fig. 15) and nonburrowed variations of the distal .
delta-front facies compose the major part of deltaic successions in the Cleveland |
Formation. From Maxus Glasgow No. 2 at 7,243 ft (log depth). , » L
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Proximal Delta Front

Proximal delta-front facies are differentiated from underlying distal dvelta-front
deposits primarily by the occurrence of coarser light-gray (N7) sandstone (to fine-

grained sandstone), the near absence of shale (thin shale beds and laminae occur but are

“rare), and the presence of other sedimentary features that are indicative of higher -

energy, more nearshore conditions of deposition relative to those of the underlying
facies. The thickest and cleanest sandstones from the cored deltaic intervals come

mostly from the proximal delta-front facies (table 2: all samples eXcept last one listed;

table 3: most of the samples). ProXirna__} delta-front and npper‘ distal]deltaiﬁont

sandstones within individual deltaic sect_ibns range from 10 to 60 ft thick; Where such -
facies of two deltaic cycles are superimposed, total continuous sandstone thickness is as
much as 90 td 100 ft. These accumulations compose the primary reservoir rocks 1n the
Cleveland Formation.

The most common sedimentary structure of this facies is ripple cross-lamination

(and sparser wave-ripple cross-lamination) with thin shale drapes (flasers) (fig. 17a and

- b). The abundance of rounded and angular shale intraclasts '(isolated, as local

concentrations, and aligned along foresets), the presence of coaly organic fragments
(fig. 17b), and the occurrence of large-scale crossbeds (fig. 7) are unique to this deltaic
facies in the Cleveland cores.

This deltaic facies represents depositi_oh in the shallowest water on the subaqueous

Cleveland delta plains and was deposited mostly as distributary mouth bars in areas of

shoaling associated with the seaward terminations of distributary channels. In médern
deltas, these bar sediments are subjected to constant reworking by distributary currents
and by waves generated in open water beyond the channel mouth; high-energy

currents and proximity to distributary feeders produce well-winnowed sands with
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Figure 17. Core photographs of proximal delta-front facies. Core slabs are 3.5 inches
wide. (a) Ripple cross-laminated very fine sandstone with evenly distributed shale
~drapes (flasers) and coaly organic laminae on tops of ripple forms. From Maxus Glasgow
No. 2 at 7,201 ft (log depth). (b) Ripple cross-laminated very fine sandstone containing
shale intraclasts, thin shale drapes (flasers), and organic material. Presence of shale
intraclasts as long as 1 inch and organic debris is a common and unique feature of the
proximal delta-front intervals. From Maxus Glasgow No. 2 at 7,217.5 ft (log depth).
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. intraclasts and accumulations of organic debris (Coleman énd Gagliano, 1965; Coleman

and Prior, 1982).

The elongate, north-south-oriented net- and percent-sandstone thicks of the
western, central, and possibly the eastern sandstone trends (figs. 10 and 11) are
composed mostly of the well-developed- delta-front séﬁdstones at the tops of the
stacked Cieveland deltaic successions. Proximal delta-front sands‘- progradedvyno farther
east than about the central to eastern parts of Lipscomb and Hemphill Counties. The
créscentic, strike-elongate sandstone trends probably represent positions of shorelinev
stabilization‘ and enduring sand depocenters during eastWard progradation of the
Cleveland deltas. The western and centi%;al séndstohe trénds coincide closely with the
region of pronouncéd syndepositional subsidence shown oh the Cleveland isopach in,ap

(fig. 5) and more precisely with the limits of the Oswego Limestone buildup (compare

- fig. 10 with fig. 27, below). Although superficially resembling eldngaté distributary lobes,

the dip-oriented sandstone trends extending eastward frorh the central trend near the
Lipscomb/Hemphill county line are composed mostly of a 'single fluvial channel fill that v
overlies the superimposed deltaic cycles (see “Fluvial Facies” and “Sequénce
Stratigraphy, Incised-Valley Fill System”). No distributary chaﬁnel-fill deposits were
encountered in the cores. Because the sandstone-distribution maps (figs. 10 and 11)
record the cumulative sandstone pattérn of the entire Cleveland Formation and not of
any individual delta system, locally occurring distributary channels. are poorly defined, if
at all. However, the overall broadly lobate areal sandstone pattern most closely
resembles that of modern wave-dominated deltas with steep offshore slopes (Coleman
and Wright, 1975), such as probably existed at the western end of the Anadarko Basin

during Cleveland time.
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Fan-Delta Facies

No data gathered for .this study Coﬁclusively de-monstrate the existence of
Cleveland fan delta facies, although such coarse, arkosic facies occur in a narrow zone
adjacent to the northern flank of the tectonically active Amarillo Uplift pfobably
throughout the Pennsylvénian System. Dutton '(1982) described Missourian fan-delta
deposits composed of granite wash in Mobeetie field in northwestern Wheeler County,
Texas. Thev (1) abundance of arkosic sediments in the Cleveland Formation in the
southerﬁmost part of»the study area (table 1) and (2) presence of a lobate thick of
arkosic séndstone trending parallel to the Amarillo Uplift in central Wheeler County
(fig. 10) suggest synorogenic fan-delta sediment transport off the Amarillo highlands
during Cleveland time. Tongues 6f granite wésh, primarily in the Marmaton Group
(undivided) and the KanSag City Formation, extend into the sbuthern' part of the study

area and also probably represent fan-delta deposits (figs. 23 through 26, below).

Fluvial Facies

Throughout most of the study area, a singlé,-generally continuous, uniformly
upward-fining sandstone interval occurs near the middle (eastern part of study area) and
upper (western part of study area) parts of the Cleveland Formation (cored interval in
fig. 8; parasequence 4 in fig. 19, below; incised-valley fill in figs. 21 and 22, below; and
fig. 29, below). The interval is a single, regionally correlative stratigraphic zone that
ranges from about 20 to 65 ft thick. It exhibits a sharp, regionally erosional base. Where
thickest in the central and eastern parts of the §tudy area, this sandstone unit
(parasequence 4 in fig. 19, below) incises the uppermost of three underlying deltaic
intervals (Cleveland parasequence 3, see “Sequence Stratigraphy”), locally completely
renioving this interval and cutting into the next older deltaic cycle (parasequence 2). In

the western part of the study area the upward-fining unit is the primary sandstone
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interval in the formation (incised-valley fill in fig. 21, below) and occurs in narrow,
strongly east-west-aligned sandstone belts (figs. 10 and 11). Degree of incision by the
sandstone in this area is difficult to determine because the interval below the sandstone
is shaly and has few marker beds. The east-west trend of this unit continues into the
eastern part of the s.tudy area But is largely obscured on the net- and percent-sandstqﬁe
maps of the Cleveland (figs. 10 and 11) because thicknesses of all ‘Clevéland sandstone
units were mapped. Primarily on the'basis of (1) its regional erosional relation with
underlying units, (2) the unifdrmly aggradational nature of its log expression, and (3) its
| linear areal configuration, 'this unit is inferred to be a channel-fill deposit.

The cored interval from the Maxus Tubb “D” No. 3 well in south-central Lipscomb
County (fig. 2) comprises most of "this upward-fining san‘dgtone interval; only the very |
basal part of the deposit is not represented (fig. 8). The aggradétional deposit m the
Tubb well probably includes two channel-fill successions at (1) 8,120 to 8,096.5 ft and |
(2) 8,096.5 to 8,056 ft. The cbre consists of the upper part of interval 1 and all of
interval 2 In addition to fining upward in gfain size (8,09 6.5 to. 8,056 ff; fine sand,vto
silty shale), the Cleveland chaﬁnel fill generally fines upward in the scale of primary
sedimentary structures (fig. 8). The base of channel fill 2 (at 8,096.5 ft, fig. 8) exhibits a
sharp contact with underlying rdcks and is probably e_tosional. Large-scale c‘rossbedsv
. containing coaly organic fragments and shale intraclasts aligned along thé foresets
compose the basal sandy part of the channel fill. The middle sandy channel-fill deposits
are mostly thin interbeds of ripple-laminated units and pfanar lamination;' shaie drapes
(flasers) on ripple forms are common. bThe upper sandy channel ﬁll comprises a more
diverse assemblage of sedimentary features, including .cross-laminatidn, planar
lamination, normal grading, soft-sediment deformation, thin shale interbeds, and coaly
organic fragments. A thin coal bed and carbonaceous shale bearing coarse plant fossils
(4 inches thick), undeﬂain by a mode;ately bioturbated (rooted) zone, czip the entire

sandy channel fill. The remainder of the channel fill in the Tubb core (8,060 to 8,056 ft,
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_fig. 8) consists of richly sideritic (as high as 60 percent), finely laminated, dark-gray silty
shale containing silty nodules up to 2 inches thick.

The upward-fining interval is interpreted to have been deposited by a regional
fluvial system developed during or after a pronounced drop in the regional base level
during Cleveland time (see “Cleveland Formation, Incised-Valley System”). Although on
any one well log the succession of several upward-coarsening deltaic cycles overlain by
this channel-fill interval resembles that of a delta distributary channel incising deita-
front and prodelta deposits (for example, fig. 19, below), this is clearly not the true
facies relation for several reasons. The channel fill is regionally distributed (its
distribution would be highly localized if it were a delta distributary channel). Moreover,
the channel fill occurs in a single stratigraphic zone and consistently overlies the
interval of the three stacked deltaic cycles composing the lower Cleveland section
" (multiple delta distributary channel fills would occur locally and sporadically above any
or all of the individual deltaic cycles at or near delta depocenters). The channel-fill
facies succession in the Maxus Tubb core (fig. 8) most clbsely resembles that of a sandy
meandering river system (Walker and Cant, 1984). The primary evidence of this
interpretation is (1) upward-fining trends in sand grain size and sedimentary structures,
(2) concentration of intraclasts and organic material above an erosional base, (3) soft-
sediment-deformed and thin graded beds, probably recording oversteepening and
resedimentation (by slumping and minor sediment gravity flows) of upper point-bar

deposits, and (4) occurrence of a rooted zone and coal bed that grades upward to

3inches of plant-fragment-rich dark-gray shale at the top of the fluvial sandstone. The

coal, plant-bearing shale, and laminated sideritic shale above the sandy channel facies
represent deposition under oxygen-poor conditions (floodplain swamp or lake) in the

abandoned channel.
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Distal Shelf Facies

A lithofacies that displays evidence of having been deposited in an offshore
marine environment that was not influenced by significant siliciclastic influx (that is,
away from deltaic depocenters) occurs in the Maxus leasgo‘w No. 2 core at about 7,290
to 7,282.5 ft (fig. 6). This interfr’al corresponds to the regionally distributed high-gamma-
ray black clay shale t_hat_ defines the lithostrafigraphic'bou'ndary between the Marmaton
Group and the Cleveland Formation (see‘ “Base of C‘leveland'f for details of its
distribution, well-log chéréctér, and mineralogy). The facies is a finely laminated to
structureless, generally black (N1), organic-rich, fossiliferous clay shale. Finely
disseminated pyrite is pervasive throﬁghout the faciés, and the ;clay shale is more
calcareous upward. Calcium phosphate' nodules ar‘e‘ sparse in the depbsit. TOC Qf this
facies ranges from 1.9 to 5.7 weight percent, which contrasts sharplyv with the _TOC‘
range of 0.5 to 1.1 weight percent for prodelta and distal delta-front shales.

" Most fossils from the,biack clay shale inchide generally small (<2 cm) mollusk
remains and abundant micrpfossils (table 6). Mollusks are generally fragmental,' probabvlyb
in part allochthonous, and gradually increase in’abundarice ‘upward in the clay shale.
The uppermost 4 inches of this facies compri’ses'a fossiliferous carbonate grainstone
resting on a sharp, vprobably erosionalﬁ base (fig. 18i. Abruptly above this interval lies
nonfossiliferous lower distal delta-fronf arid prodelta facies of the Cleveland Formaﬁbn.
The grainstone contains a diverse assemblage of féuna (table 5) and carbonate grains
(<1to S rhm), including (in approkimat'e 6rder of abundﬁﬁte) coafed grains, pelecypods,
gastropods, crinoids, encfusting algae, joncolitic coatings, crinoid-grainstone lithoclasts,
and tabulate corals. Pelecypods and gastropods compose the bulk of the fau‘nal
component. At least one hardground underlain by a few bored pelecypod fragments
occurs within the grainstone bed. A similar, abundantly fossiliferous bed capping a

transgressive interval occurs at the top of the Glasgow core (fig. 6).
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Figure 18. Core photograph of carbonate grainstone in uppermost part of the distal
shelf facies. Core slab is 3.5 inches wide. This highly fossiliferous deposit (table S) is
interpreted to represent current-concentrated fossil material that accumulated in an
area of sediment starvation on the Cleveland shelf. Note the thin, uneven,
nonfossiliferous hardground abruptly truncating the fossil bed about 3 inches above its
base. Several bored pelecypod fragments lie below the hardground; a more mud-rich but
less fossiliferous thin bed overlies it. Black, organic-rich, fossiliferous clay shale directly
underlies the grainstone. Lenticular laminated siltstone and shale of lower distal delta-
front and prodelta facies of the lower Cleveland Formation directly overlie the
grainstone. From Maxus Glasgow No. 2 at 7,282.5 ft (log depth).
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This facies is interpreted to record distal shelf deposition of pelagic or hemipelagic
sediments that were deposited under very low sedimentation rates (see “Sequence
Stratigraphy, Condensed Section”). The primary evidence for this interpretation
includes (1) sedimentary structure in the shaly facies indicative of sedimentation from
supension, (2) concentrated organic material (high TOC), (3) abundance of pyrite,
(4) occurrence of phosphate', nodules, (5) existence of a hardground, (6) presence of
offshore (deep-water) pelagic faufla, including varieties of conodonts within the black
clay shale (see "Paleohtology and Age of Cleveland Formation”), and (7) the facies’
regional areal distributioh and facies relations with underlying transgressiVe deposits.
Where this facies occurs in the study ar':e&: it consistently rests gradationally above a
much thicker, shale-rich transgressive interval and thus represents the culmination of
relative sea-level rise during late Marmaton time. Further details of this interpretation
(item 7) are discussed in “Sequence Stratigraphy, Marmaton Group (Undivided).”
Items 2, 3, and 4 demonstrate that anaerobic to largely dysaerobic sediment conditions
exisfed during deposition of this facies; paleontological data indicate that variably highly
dysaerobic to aerobic bottom-water conditions influenced the bielogical environment
(table 6). The fossil assemblage of the carbonate grainstone bed is a well-developed
Trepospira-Ammonoid Coxﬁmunity (D. R. Boardman II, personal communication, 1991;
table S5), one of the deepest water communities found in Pennsylvanian Midcontinent
cyclofhenis (Boardman and others, 1984). The hardground (item 4) in the grainstone

bed represents a readily identifiable hiatus in sedimentation.

SEQUENCE STRATIGRAPHY

The terms associated with the evolving geologic concept of sequence stratigraphy
are many and varied, but they are well described in several sources (for example, Van

Wagoner and others, 1987, 1990). A brief summary of key terms used in this report is

71



presented below, but the reader may wish to consult the citations listed above and
below for mbre in-depth treatment of the sequence stratigraphic model. The
fundamental unit of sequence stratigraphy is the sequerice, a lithogenetic unit bounded
by regional unconformities and their correlative conformities and composed of systems
tracts. Systems tracts are contemporaneous depositional systems (thre_e-dimensional
assemblages of genetically related facies) that are genetically linked (Brown and Fisher,
1977). More recently, the concept of systems tracts has been applied to dépositional
and erosional processes associated with lowstand, transgrésSive, and highstand phases of
eustatic (global sea level) fluctuations (Posamentier and others, 1988). Systems tracts are
defined by their position within the sequence'a_nd: by the stackir_lg patterns of
parasequence sets. A parasequence is a conformable{ typically progradati()nal (upwafd-
coarsening) sutéession bf 'genetically related strata bounded by marine-flooding or
equiiralent surfaces. The ‘interplay betweén rates of accommodation (volume of space
available for potential sediment accumulation) change and sediment supply determines
stacking patterns exhibited by genetically related parasequences, or parasequence sets.
Relative sea level change determines whether accommodation is increasing or decreasing
and involves the interplay between eustasy, subsidence/uplift, and sediment supply.
Lowstand and highstand systems tracts consist of progradational (seaward-stepping)
parasequence sets; lowstand systems tracts are deposited during rapid fall of relative sea
level below the depositional shoreline break and commonly below shelf edges, and
highstand systems tracts form when relative sea level is at a maximum. Incised-valley
systems are entrenched fluvial systems that have extended their channels basinward
and have eroded into underlying strata in response to é fall in relative vsea level. The
transgressive systems tract comprises a retrogradational (landward-stepping) parasequence
set deposited during rise of relative sea level. Maximum flooding surfaces mark extended
petiods of sediment starvation that terminate transgressive deposition. These bsurfaces

constitute important regional nondepositional lithogenetic boundaries that separate

72

)]

]

| AE——

i
-

]



o

T
A

]

transgressive from highstand systems tracts. The condensed section is a facies consisting of
thin marine beds of: pelagic or hemipelagic origin»thatﬁ are deposited at very low
sedimentation rates and are most extensive at the time of maximum regional
transgression of the shoreline (Loutit and others, 1988).

For this study, the seqdence‘.v,stratigraphic model has been applied primarily to the
siliciclastic interval consisting of the Marmaton Group’(un'di‘vride.d) and the Cleveland ‘
Formation. However, the carbonate-béaring,, séndstoné-p_oo,r Ovswego' Limestone and
Kansas City Forrh,atioh are also discﬁssed toy more fully define the p_osition of the

Cleveland in the regional sequence framework of the western Anadarko Basin.

~Systems Tracts and Sequence Boundaries
Marmaton Group
Oswego Limestone

Only the upper part of the Oswego Limestone (fig. 3), particularly the upper
contact, was corrvelated for this seque‘nce’ stratigraphic analysis. This horizon is infefred
to be a sequencé bbundary, probably a ‘type 1 seéuence»boimdary (an unconformity
that extends across the shelf and into the basin as a résult of a rapid eustatic fall at a rate
greater than that of subSidence at the shelf area), resting above Oswego 'highs.tand'
carbonate facies. Designation of the tOp of the Oswego as a sequence boundary is based
primarily on (1) the regional relation 6f the formation with overlying siliciclastic systems
tracts and (2) sedimentary éspects of thé formation where it iS exposed in Oklahoma,
Karisas, and Missburi. '

Where the base of the Oswego Limestone is dearly defined in the eastern part of

the study area, the uniform, generally blocky log expression of the unit suggests that it

‘is part of, or wholly composes, a single depositional systems tract. Elsewhere, where the
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base of the Oéwego is not clearly defined, a similar evaluation of the unit cannot be
made, and it may be found that the Oswego interval comprises several systems tracts. In
regional cross sections (figs. 20 through 26, below), the base of the Oswego is correlated,
but this correlation is purely lithostratigraphic. Local, detailed well-log correlation in
basinward areas where thé Oswego limestone facies thins toward the southeast (fig. 4
and figs. 20 through 22, below) indicates that the thick Oswego buildup is actually
equivalent to a southéastward-thickening, predominantly shale succession. The blocky,
buildup facies described herein may be just the uppefmost of several systems tracts.
However, throughout most of the study area the Oswego is overlain by a regionally
correlative progradational parasequence,. set in the lower part of the Marmaton
siliciclastic interval (fig. 19), that exhibits unequivocal evidence of deposition during a
relative sea-level lowstand (See. “Marmaton Group [Uridivided], Lowstand Systems
Tract”). The thick (100 to 250 ft), blocky aggradational interval that composes the
Oswego in most of the eastern part of the sfudy area (fig. 4) is probably a highstand
systéms tract, given that the Oswego (1) is :egionally distributed throughout at least all
of the western Anadarko Basin, (2) has considerable thickness in. many areas, and (3) is
subregionally underlain by a retrogradational parasequence set composing a transgressive
systems tract. These are characteristic features of highstand carbonate systems tracts,
particularly “keep-up” carbonate systems (carbonate accumulation is maintained within
the photic.zone near sea level) described by Sarg (1988). By this line of reasoning, the
top of the Oswego, which lies below an inferred lowstand systems tract, is thus
indirectly interpreted to be a sequence boundary. Derstine (1989) proposed that a
sequence boundary occurs near the top of the Oswego in west-central Oklahoma;
howeveAr, he also concluded that the Oswego is composed of three sequences and
several systems tracts representing several eustatic cycles. Such may be the case in the
study area, but only detailed correlation from the Texas Panhandle to Oklahomﬁ will

help resolve the regional character of the complete Oswego interval.
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Figure 19. Representative well logs of the siliciclastic Marmaton Group (undivided) and
Cleveland Formation, showing log expression of the component sequences, systems
tracts, and parasequences. Wells are located about 10 mi apart in south-central Lipscomb
County (Pioneer Wheeler No. 1-369) and northwestern Hemphill County (Philcon
William No. 1), Note that parasequences are numbered independently within each
formation. Parasequences 1 and 2 of the lower Marmaton siliciclastic interval and

- parasequence 10 of the upper Cleveland Formation are absent in the region of these

wells. S1, S2, and S3 are sequences 1, 2, and 3. MFS = maximum flooding surface
(coincides with top of thin, high-gamma-ray, black shale intervals interpreted as marine-
condensed sections); SB = sequence boundary; LST = lowstand systems tract; TST =
transgressive systems tract; HST = highstand systems tract; and IVS = incised-valley
system.
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Figure 20. Regional dip-oriented cross section A-A’ of the northern part of the study
area. That part of section between well 14 (Ochiltree County) and well 18 (Lipscomb
County) coincides with the northern subbasin of the Cleveland Formation (fig. 14). Two
interpreted Oswego shelf-platform steps (slope breaks) that affected Marmaton and
Cleveland siliciclastic sedimentation occur at well 25 (Lipscomb County) and well 20
(Ochiltree County). Tkc, Tcl, Tmarm, and Tosw identify tops of Kansas City Formation,
Cleveland Formation, Marmaton Group, and Oswego Limestone, respectively; other
abbreviations defined in figure 19 caption. Line of section shown in figure 2.
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Figure 21. Regional dip-oriented cross section B-B’ of the central part of the study area.
Section line crosses northwesterly trend of fault-controlled linear thick in the Cleveland
Formation (fig. S) at well 24 (Ochiltree County). Section between well 1 (Hemphill
County) and eastern end of section coincides with the northern subbasin of the
Cleveland Formation (fig. 14). Two interpreted Oswego shelf-platform steps (slope
breaks) that affected Marmaton and Cleveland siliciclastic sedimentation occur at
wells 25 and 1 (Hemphill County). Tkc, Tcl, Tmarm, and Tosw identify tops of Kansas
City Formation, Cleveland Formation, Marmaton Group, and Oswego Limestone,

respectively; other abbreviations defined in figure 19 caption. Line of section shown in
figure 2.
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Figure 22. Regional dip-oriented cross section C-C’ of the southern part of the study
area. Section line crosses northwesterly trend of fault-controlled linear thick in the
Cleveland Formation (fig. 5) at well 8 (Roberts County). Section between well 18
(Roberts County) and eastern end of section coincides with the southern subbasin of
the Cleveland Formation. Two interpreted Oswego shelf-platform steps (slope breaks)
that affected Marmaton and Cleveland siliciclastic sedimentation occur at well 29
(Hemphill County) and well 18 (Roberts County). Tkc, Tcl, Tmarm, and Tosw identify
tops of Kansas City Formation, Cleveland Formation, Marmaton Group, and Oswego
Limestone, respectively; other abbreviations defined in figure 19 caption. Line of
section shown in figure 2.

80



l HEMPHILL ‘ ¢ "
1

|
® ®@ ® @ ® ® ® O @

x ,
J
B GR B —MFS
Li 2k MFS
| - ..
- 3
-~ p g
L o e °
,,.'.'. o‘ s
= s MFS |®
— n g MFS  |&
I { —  —-—
Pl |"'
[ I
I e B, MF S o
=SB emm——
Z %, ¢ C1E . =3k o
= o
Si
!"‘ . 5 1 T
I } sk HST
,,,,, ! — — ¥ —MFs
- v'k o
i g
. g
L o TST b
“_ﬁ_ 1 —_—
i N
LST
B E e 5B e
HST
‘—‘ i
) .
] ! 0AIG70Sb
I . :
| ! fig. 22 (cont.)

81



’
/ /
OCHILTREE | ROBERTS
1
i GR —_
[ = N
- % '3
- ’%,_ < MES §
N [
3
~
7 3] 4
e NS >
h E
— MFs |2
——— MFS {0
£ ——— MFS
LR
#‘JMSB—
% ._A’g MFS o
-g 1VS n
ey
HST
————MFS |—
i} TST )
S| LST
g
o
O
0
~
Ny 5 10 mi
0 1 T 1 T i J
o] 5 10 15 km
EXPLANATION
Highstand systems tract Tfohsqressive systems ftract e Sequence boundary
% = = === Moximum flooding surface
Inci -valley fill t t
l/‘ ncised-valley fi Lowstand systems "oc', veveseeen. S€Quence boundary ond
moximum flooding surface
QA16706

Figure 23. Regional strike-oriented cross section 1-1°. Section line crosses northwesterly
trend of fault-controlled linear thick in the Cleveland Formation (fig. 5) at well 9
(Ochiltree County) and wells 1 and 2 (Roberts County). Tkc, Tcl, Tmarm, and Tosw
identify tops of Kansas City Formation, Cleveland Formation, Marmaton Group, and

Oswego Limestone, respectively; other abbrevi

of section shown in figure 2.
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Outcrop characteristics of the Oswego provide direct evidence that the top of thé
unit is a sequence boundary. The subsurface Oswego Limestone is equivalent to the
exposed Fort Scott Limestone of Oklahoma, Kansas, and Missouri (Krumme, 1981)} the
upper member of the Fort Scott is the Higginsville Limestone Member (surface) or
upper Oswego (subsurface) (Drexler, 1984). The top of the Oswego Limestone' in the
Texas Panhandle is equivalent to the top of the Higginsville Limestone Meniber. Knight

(1985) documented the occurrence of well-developed root casts and rhizocretions at the

top of the Higginsville throughout its outcrop area, indicating regional subaerial

exposure of the unit and a significéht drop in relative sea level after O_sWe‘go
(Higginsville) shelf;éarbonafe depositioh.; In northA-cenvtral Oklahoma the subsurface
upper Oswego interval is imvmediately overlain by_fluvjal facies (Drexler, 1984), althqugh‘
no inéision by ﬂﬁvial cha‘nnels into the Oswego is described. No evidence of channel
incision of the Oswego in the study aréa was noted éither. Observations prese_nted in
Drexler (1984) and Knight (1985) support the interpretatioh 6f a sequence boundary at

the top of the Oswego.

Marmaton Group (Undivided)
Lowstand Systems Tract

The lower five siliciclastic parasequences of the Marmaton Group (undivided) form
a lowstand systems tract (lowstand wedge) that prograded westward,through the western
part of the Anadafko Basin after a late Desmoinesian drop’in relative sea lével.
Parasequences 1 through 5 collectively exhibit (1) an overall Upward-coarsening trend
and (2) an upward increase in the proportion of sandstone within each parasequence,
charactéristics of a progradational parasequence set (figs. 19 through 26). Although no
cores of these deposifs were examined, the similarity of the well log expression of these

Marmaton parasequences and of their regional stacking pattern to those of the cored
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Figure 24. Regional strike-oriented cross section 2-2’. Section line crosses northwesterly
trend of fault-controlled linear thick in the Cleveland Formation (fig. S) at wells 7 and 8
(Roberts County). This area of thickened strata and also that between wells 14
(Ochiltree County) and 4 (Lipscomb County) coincide with the westernmost parts of
the southern and northern subbasins, respectively, of the Cleveland (fig. 14). Note (1)
lap out of Cleveland parasequences 5, 6, and 8 (transgressive systems tracts) at the
northern edge of the southern subbasin, (2) lenticularity of Cleveland parasequence 10
(trangressive systems tract) in the southern subbasin, and (3) lenticularity of Marmaton
parasequence 4 (part of lowstand wedge) in both subbasins. Tkc, Tcl, Tmarm, and Tosw
identify tops of Kansas City Formation, Cleveland Formation, Marmaton Group, and
Oswego Limestone, respectively; other abbreviations defined in figure 19 caption. Line
of section shown in figure 2.
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Figure 25. Regional strike-oriented cross section 3-3’. Parts of cross section between
well 7 (Lipscomb County) and well 8 (Hemphill County) and between well 11 (Hemphill
County) and well 2 (Wheeler County) coincide with the northern and southern
subbasins, respectively, of the Cleveland Formation (fig. 14). Zone of markedly
increasing dip starting at well 7 (Lipscomb County) coincides with monoclinal flexure at
the northern border of the northern subbasin. Note (1) increased thickness of Oswego
Limestone in the subbasins, (2) lap out of Cleveland parasequence 10 (transgressive
systems tract) toward the boundary high between the northern and southern subbasins,
and (3) lenticularity of Marmaton parasequence 3 in both subbasins. Tkc, Tcl, Tmarm,
and Tosw identify tops of Kansas City Formation, Cleveland Formation, Marmaton
Group, and  Oswego Limestone, respectively; other abbreviations defined in figure 19
caption. Line of section shown in figure 2.

«| Lowstand systems tract

86

QA167080

-

4

/

.

-

| S—



)

bt

—

o

i

el

E T o

HEMPHILL | WHEELER
I

00 09 o .

GR Res
GR Res N } GR . Res |
L | - _§ // ——— MFS
- ® 77— wFs
~ S Tke K 2B 7 _
~ £l &< P
—— T AT F]
. - . ) c
- X - ——v-l'ﬁ“|‘m p = i) 3
"
|| ]
. | | - - S
g A — — — — o— a— ——— - . A ————MFS H
p a—— :

— o —
b o e o— A
— i e

Match line

QAI6708b

fig. 25 (cdnt.) _

87



4 LIPSCOMBI HEMPHILL

O ® ® ® ® i 7
BRI EAR

o
i — e —— - —— ]

N
T\_7000

A — ——

I

]
3

)
\
7400

Match line

10 mi
]

5
o-t + 7 T
8 16 km

o

EXPLANATION

x I 7 . .
‘) Highsiond systems tract Transgressive systems tract ’/1 Incised - valley fill

e—— Sequence boundory o == = Maximum flooding surface t==e===e. Sequence boundary ond maximum
flooding surface

Lowstand systems
troct

QA167090

Figure 26. Regional strike-oriented cross section 4-4’. Northern and southern Cleveland subbasins occur
between well 16 (Lipscomb County) and well 16 (Hemphill County), and between well 16 (Hemphill
County) and well 7 (Wheeler County), respectively. Zone of markedly increasing dip starting at well 17
(Lipscomb County) coincides with monoclinal flexure at the northern border of the northern subbasin.
Note (1) lap out of Cleveland parasequence 10 (transgressive systems tract) against the northern edge of the
southern subbasin and lenticularity of P10 in the northern subbasin and (2) lenticularity of Marmaton
parasequence 1 (lowstand wedge) in both subbasins and restriction of Marmaton parasequence 2 to the two
subbasins. Tkc, Tcl, Tmarm, and Tosw identify tops of Kansas City Formation, Cleveland Formation,
Marmaton Group, and Oswego Limestone, respectively; other abbreviations defined in figure 19 caption.
Line of section shown in figure 2.
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Cleveland deltaic parasequences 2 and 3 strongly suggests that the Marmaton déposits
are also deltaic, although progradational shoreface facies may compose some or all of the
interval. Deltaic or shoreface sandstone at the tob of Marmaton parasequence S forms
the Hepler sandstoﬁe, a productive unit in the weﬁtern Anadarko Basin.

The westerly direction of progradation (regression) of the Marmaton lowstand
wedge is documented in figure 27. The western limits of progressively younger
parasequences (P1 = oldest,-'PS = youngest) extend progressively farther, and become
progressively shalier, westward. Lowstand deltaic/shoreface cycles (parasequences)
decrease in thickness westward from a maximum of 120 ft in the east to less than 40 ft
in the west. It is most significant to note that Marmaton parasequences 1 and 2
terminate at the eastern limit of the immediately underlying Oswego Limestone
buildﬁp. Similarly, part of the western extent of parasequence 3 and all of parasequence
4 terminate at the western limit of the Oswego buildup (fig. 27). Moreover, cross-
sectional (dip-section) views indicate that Marmaton parasequences 1 and 2 lap out
against (onlap) the downdip limit of the Oswego Limestone buildup, and parasequences
3 and 4 terminate at or near the updip extent of the Oswego buildﬁp (figs. 20 through
22). This demonstrétes that the underlying Oswego shelf platform was (1) interfupted
by two distifxct steps, or slope breaks, that aéted as deposiﬁonal bérriers to the westward
progradation of the first four Marmaton deltaic/shoreface systems during a relative sea-
level lowstand and (2) subaerially exposed updip (westward) of each slope break during
deposition of the respective onlapping parasequence pairs. Because the Oswego slope
breaks have generally north-south trends at high angles to the northwesterly trend of
regional faults, fault control (at least by deep-seated faults) of these features is unlikely.
The parasequence pairs thicken abruptly downdip of the Oswego shelf breaks, marking
areas of greater differential subsidence (figs. 20 through 22). Strike cross-sectional view
of the lowstand barasequences reveals that the structural high separating the two

Cleveland subbasins (fig. 14) was also a depositional barrier during Marmaton
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(parasequences 1, 3, and 4) time (figs. 24 through 26). Marmaton parasequence S, the

uppermost paraSequence of the lowstand wedge, overlaps all these paleophysiographic
barriers and extends westward to the Cimmaron Arch and the western terminus of the
linear, fault-controlled thick (fig. S) that influenced both Marmaton and Cleveland

sedimentation.

Transgressive Systems Tract

Parasequence 6 of the Marmaton Group (undivided) composes a transgressive

systems tract that records deposition during the rise of relative sea level after Marmaton

lowstand deposition. Parasequence 6 is composed of several (three to six) very thin,

upward-coarsening depositional cycles (parasequences) and thus actually forms a
_Darasequence set (fig. 19). Regional correlation of these individual parasequences was
vfound to be impractica'l due to their limited thicknesses (as little as 10 ft) and thus,
inconsistent regional well-log expression. This interval occurs throughout the study area
and exhibits (1) an overall upward-fining trend and (2) an upward decrease in the
proportion of sandstone within each parasequence, characteristics of a retrogradational
parasequence set (figs. 20 through 26). The céntact between the Marmaton lowstand
and transgressive systems tracts (transgressive surface) is generally marked by an abtupt
increase in shale above the contact. The Marmaton transgressive systems tract is
represented only in the basal 24 ft of the Maxus Glasgow No. 2 core (7,310.5 to
7,287.0 ft, fig. 6). These deposits compose the distalmost parts of at least two deltaic
parasequences: (1) 7,310.5 to 7,303.5 ft and (2) 7,303.5 to 7,287.0 ft. Interval 1 contains
lower distal delta-front faciebs similar to that shown in figure 15a; this is only the upper
part of a thin, upward-coarsening deltaié cycle. Interval 2 consists of prodelta facies
grading upward to distal shelf deposits. Intervals 1 and 2 form the upper part of an

~overall upward-deepening succession of inferred deltaic cycles (parasequence 6) that
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culminates in a marine-condensed section, which records pelagic or hemipelagic
sedimentation during maximum regional transgression of the shoreline (see “Condensed

Section”).

Condensed Section

A marine-condensed sectionv occurs at the top of Marmaton patasequenceré
(fig. 19) but adually composes part of both this upper’Marmaton transgressive systems
tract and the lower Cleveland highstand syétems travct. However, this interval is
described separately in this ‘section bgcause of its importance as '(1) ‘a readily -
recognizable lithostratigraphic »marker that represents _néarly uniform regioné}
depositional conditions and (2) a precise chronostratigraphic tie befween basih» and
shelf sections (Loutit and others, 1988). ThiS ‘depo‘sit's litholbgical and mineralogical
characteristics, areal distribution, organic content, and well-log expression are discusséd
in “Base of Cleveland.” The paleontology of the Marmaton condensed section. is ;
described in “Paleontology and Age of Cleveland Formation,” aﬁd aspects of the
deposit’s environment of deposition and p_aleoecolc)gy are discussed in “Distal Shelf
Facies.” However, in summary, the upper Marmaton condehsed section is a thin (<10 to
28 ft), organic-rich, fossiliferous, black clay shale thatiis continuous throughout most of
the study area (extending from basin to shelf afeas) and is expressed on well logs as a
high-gamma-ray marker bed at the top of the Marmaton Group (figs. 4, 6, and 19
through 26). The featufes of this interval and those detaiied elseWhere in this report are
characteristics of other ﬁiarine’-condenéed sections (for example, Baum and Véil,>1988;
Leckie énd others, 1990)'. Deposited in an anaerobic to dysaefobic distalrshelf
environment, the interval represents the culmination of relative sea-level rise
(maximum ﬂooding‘ conditions) during the lafest stage of the Marmaton transgressive

episode and the earliest period of Cleveland highstand deposition.
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In the seduence stratigraphic model a condensed section is a thin marine unit
extending from basin to shelf that was deposited in areas of sediment starvation during
maximum shoreline transgression (Loutjt and others, 1988). It consists of pelagic or
hemipelagic sediments that accumulated under very low sedimentation rates and that
contain evidence of apparent sedimentation hiatuses. The high-gamma-ray black clay

shale at the top of the Marmaton Group, which was cored in the Maxus Glasgow No. 2

well between about 7,290vand'7,282.5 ft (fig. 6), displays evidence of depositional'

condensation: (1) significantly higher concentration of organic material relative to
Marmaton and Cleveland deltaic shales, (2) marked abundance (concentration) of fossils
relative to the mostly barren, higner energy deltaic silty shales (table 6) that were
deposited under high sedimentation rates, (3) uni‘formb x}ery fine texture (clay-sized
particies' predominate) and fine lamination, both indicative of sedimentation from
suspension, and (4) presence of a hardground in the carbonate grainstone that caps the

condensed section.

The zone of maximum sediment starvation (maximum flooding surface) of the

condensed section in the Maxus Glasgow No. 2 core is inferred to be close to or at
7,287.0 ft, near the midd'le of the black clay shale interval, where (1) organic (TOC)
concentration is highest, (2) the fauna is highly restricted to only abundant conodonts
A (table 6), and (3) the occurrence of calcium phosphate nodules is restricted. From this
zone upward to the top of the condensed section (top of grainstone bed at 7,282.5 ft), a
well-developed oxygen gradient is recorded by the fossil assemblages (table- 6). The
upward change in‘ assemblages within the upper half of the condensed section from a
restricted conodont community to a well-developed, diverse Trepospira-Ammonoid
Community (grainstone bed; table S), which indicates nearly‘ aerobic bottom-water
conditions (Boardman and others, 1984), suggests an upward-shallowing trend. However,
it is inferred that the v‘condensed section above the maximum ﬂooding surface (7,287 ft)

records the earliest period of deposition by the lower Cleveland highstand systems tract.
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Therefore, the maximum flooding surface is also the downlap surface. Relative sea level
is stil} rising at this time, but the rate of relative sea-level rise is decreasing with the
onset of highstand deposition, as is predicted ‘by the sequence stratigraphic model. This,
in combination with progressive eastward progradation of updfp highstand deltas toward
the Glasgow well site, would allow (1) minor transport of progressively shallower water
fauna and (2) influx of increasingly more oxygenated _Water, thereby progressively
(upwardly) intreasing‘ the in situ faunal diversity at thé‘well site. OVeralli faunal
abundance during this peri-od would be maintained by the low sedimentation rate at the
depositional site recorded at the Glasgow well. With the eventual prbgrgdation of 'distal
deltaic facies (Cleveland parasequence 1) above the.to'p of the grainstone bed énd the
attendant high sedimentation rate, most biological production ceased, as is recotded by
the largely barreﬁ strata above the condensed section (table 6).

The thin carbonate grainstone bed at the top of the condensed section in the
Maxus Glésgow No.. 2 core (ﬁgs. 6 and‘18) is interpreted to represent a current-reworked
concentrate of fossils derived from mostly in situ faunas, from minor current transport of
more shoreward faunas, from minor erosion of underlying fossiliferous shale, and from
minor pelagic carbonate fallout. The bed records (1) a period of deposition when the
rate of biological production under well-oxygenated bottoni-waterv'conditioné'greatly
outpaced the existing low rate of sediment influx and (2) the zenith of the progressive
upward increase in faunal diversity observed in the condensedr section above the
inferred maximum flooding surface at ‘7,287 ft. The presence of only abrasion-resistant
robust conodont forms in the grainstone bed (D. R. Boardman II, personal
communication, 1991) and the bed’s sedimentary texture indicate that relatively gentle
water currents, probably mostly geostrophic, acted as a sorting mechanism. Division of
the grainstone bed by the hardground (fig. 18) records a period of decreased current
actiVity and depleted oxygenétion of the bottom waters. The grainstone bed is probably

not a storm deposit because of (1) its uniqueness in the section (storm lags reflect

‘95



episodic depositional processes and should therefcre occur repeatedly in the section)
and (2) the presence of mostly in situ faunas in the grainstone bed, indicating little
long-distance transport of more shoreward faunas.

Banerjee and Kidwell (1991) related similar, areally extensive, thin fossil beds in
organic-rich, black, marine shales (condensed sections) of the Lower Cretaceous
Mannville Group of Alberta, .Canada, to the sequence stratigraphy of the interval. They
found that isolated, thin shell beds systematically occur at the top of upward-deepening
intervals composed of black shales (deepest water facies in the middle of sequences)
and rebresent sediment-starved hiatal concentrations that accumulated under aerobic
conditions (their “mid-sequence shell beds”). The grainstone bed from the Glasgow core
shares many of these characteristics, but the areal extent of the béd is uncertain.
However, description of a thin liméstorie bed near the base of the Cleveland Formation
in sporadic sample logs mostly from the northern part of the study area suggests that

this fossil bed may have considerable areal extent.
Skiatook Group
Cleveland Formation

Highstand Systems Tract

The first three Cleveland parasequences overlying the marine-condensed section
compose a progradational parasequenceé set (fig. 19) that accumulated during a relative
sea-level highstand. The‘ greater areal extent of these lower Cleveland parasequences
(fig. 28), compared with the extent of the upper Marmaton lowsténd deposits, indicates
that relative sea level was higher during early Cleveland time. Near overlap of the areal

limits of the highstand parasequences (fig. 28) suggests that relative sea level during
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early Cleveland timé was also experiencing only minor fluctuation (near-stillstand
conditions). |

The upper two paraséquences (P2 and P3) were cored in the Maxus Glasgow No. 2
and Maxus Shrader No. 3 wells (figs. 6 and 7); all three upward-coarsening cycles of the
lower Cleveland highstand systems tract are inferred to have been deposited by
prograding deltas (see “Deltéic Facies”).. Thickness of individual deltaic cycles range from
about 30 to 160 ft, generally thinnest in the central part of: the study area and thickest
in the eastern and southeastern parts. Coastal plain facies are inferred to predominate
in the western part of the highstand systems tract; parasequencés 1 through 3 are
characterized by upward-fining, probably fluvial channel-fill siliciclastic deposits in
southwestern and south-central Ochiltree County,  western Robe;ts County,
southéastem Haﬁsford County, and northeastern Hutchinson County. Generally east-
west-trending linear sandstone belts shown in figures 10 and 11 in this region represeht
the coastal plain fluvial systeins of this highstand episode and of the subsequent
Cleveland lowstand period (see “Incised-Valley System”). The eastward limit of
progradation ‘of delta-fro_nt facies in the highstand systems tract oécurs in the central to
eastern parts of Lipscomb and Hemphill Counties (see “Proximal Delta Front”), although
more distal deltaic facies extended into west-central Oklahoma and the Oklahoma
Panhandle (fig. 28). The western, central, and minor eastern net-sandstone trends
(fig. 10) are localized thicks of stacked proximal delta-front sandstones from all three
highstand parasequences. | |

Cleveland highstand deposition was affected by significant differential subsidence
along preexisting structural and paleophysiographic features. The near alignment of
(1) the western net-sandstone trend with the updip edge of the western Oswego shelf-
platform slope break and (2) the central and eastern sandstone trends With the updip
part of the eastern Oswego slope break suggests that the differential subsidence in this

‘part of the study area that affected Oswego and Marmaton deposition continued into
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Cleveland time, and that the updip parts of the two slope breaks mark positions of
Cleveland delta (shoreline)-stabilization (compare fig. 10 With fig. 27). The easternmost
of the two Oswego shelf-platform slope vbreaks (fig. 27) is inferred to mark the
approximate position of the Cleveland depositional shélf edge. The Cleveland
depositional shelf, at least during early to middle Cleveland time, was an irregular,b two-
tiered surface (tiers approximately coincide with the two underlying OsWego shelf;
platform slope breaks) that encompassed most of the Cleveland physiographic basin in
the study area‘ (see “Physiographic Shelf Platform ar_xd‘yBa‘sinv”). The .highstand“
parasequences eithér thin toward or pi'_nch out against 'the monoclinal flexure that
- defines the northern boundary of fhe hélf-g;aben-ii-ke Cle{relénd structure (figs. 25 and
26). The parasequences thicken across the northwest-oriehted,’ l/inear, fault-controlled
troUgﬁ (figs. 21 through 24), indicating differential vsyndepos-'i“tional" subsidence in the.
trough. Apparent thinning of parasequences 2 and 3 in parts of the frough (figs. 23 and

24) is actually erosional truncation by the overlying incised-valiey system.

Incised-Valley System

Cleveland parasequence 4, interpreted to be a fluvial indsed-valley fill (fig. 19),
differs from other parasequences described in this stﬁdy by being consistehtly upward-
fining, indicating aggradational depositional‘ processes, and by having a regionally
erosional contact with the underlying depbsits. Sedimentary characteristics of the fluvial
channel-fill facies from core descfiption (Maxus Tubb “D” No. 3) inciude sandstoﬁe that
fines upward in both grain size and iﬁ scale.of sedi_mentafy' structurés, coaly organic
debris throughout, a rooted zone capped by a coal bed af the top of the sandy part of
the channel fill, and a sideritic, nodular shale at the top of the entire channel fill
(fig. 8). The chénnel fill incises deltaic parasequences 2 and 3 of the Cleveland

highstand systems tract in thé central and eastern parts of the study area where the
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valley fill is thickest (figs. 20 through 26) and probabiy also cuts ihto cOasfal plain facies
of Cleveland parasequence 3 in the western part of the study area (figs. 21 thrqugh 23).
Most of the sandstone composing the east-west-trending linear belts in the west (figs. 10
and 11) is the incised-valley system (fig. 21).

Cleveiand fluvial depdsition probably was initiated during la‘t‘e highstand time, but
river downcutting occurred during early lowstand time when base level dropped after a
rapid fall in relative sea level (Posamentier, 1988). Initially, fluvial deposits were fed
directly to lowstand-shoreline and submarine-fan systems and did not accumulate in the
incised valleys. The Cleveland valley fill did not aggrade ﬁ_ntil relative sea level stabilized
and started to rise during early transgression. Deposition of estuarine facies may have
predofninated in drowned, downdip parts of the incised valley.

’fhe incised-valley system is distributed throughout most of fhe study area (fig. 29)
and extends eastward beyond the lower Cleveland shelf edge (= eastern Oswego shélf-
platform slope kbﬁreak) in eastern Lipscomb and Hemphill Counties, thus forming a
typé 1 sequence boundary (unconformity) that exte_nds across the Cleveland
depositional shelf and into the' basin. Lowstand basinal faéies, which are predicted by
the sequence stratigraphic model to have been deposited contemporaneously with
fluvial downcutting and sediment bypass in updip coastal plain areas, do not exist within
the study area but should be found farther east (basinward) in western Oklahoma. Kumar
and Slatt (1984) described Cleveland submarine-fan facies composing two superimposéd,
lobate deposits located basinward of the underlying Oswego shelf edge in Blaine, Custer,
and Caddo Counties of west-central Oklahoma (about 75 m1 east of thé eastern border of
the study area). These depovsits may be part of the basin-floor fan or lowstand-wedge
complek deposited - during the Cleveland lowstand, although northern and eastern
sources were inferred by the authors. | |

~ The sequence boundary exists not only at the base of the valley-fill facies as an

unconformity but also occurs as a relatively conformable exposure surface outside the
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incised valley at the top of Cleveland highstand parasequence 3 and locally above
parasequence 2 (figs. 20 through 26). In the Maxﬁs Shrader No. 3 core (fig. 7), the
upper part of Cleveland parasequence 3 (6,996.5 to 6,995.0 ft) contgins a grayish-red,
bioturbated (poSsibly rooted) zone in otherwise light-gray proximal delta-front

sandstone. The reddish coloration, the only example in all three cores, and possibly root

casts, may have been imparted by subaerial exposure of the sediment during valley

incision. However, the equivalent interval (7,194 ft) in the Maxus Glasgow No. 2 core
(fig. 6) shows no such evidence of exposure. Ravinement of the exposure surface

(transgressive surface) during subsequent transgression may account for the apparently

- local preservation of incipient soil characteristics.

The lasting effects of syndepositional differential subsidence in the eastern half of
the sfudy area had less apparent influence on deposition of the incised-valley system
than on that of older sy;tems tracts, suggesting.’waning structurallactivity and a decrease
in the rate of addition of accommodatioh, which would vbe expected during lowstand
conditions. However, the northwest-trending, fault-conﬁolled trough (figs. 5 and 14)
was the preferred path of fluvial flow in the western part of the study area (fig. 23). The
western edge of the Cleveland physiographic basin, which coincides with the
underlying western Oswego shelf break, alsb rﬁérks the western limit of valley incision
in the northwestern part of the incised-valley system (fig. 20). Moreover, the absence
of valley-fill facies along tbhe Lipscomb/Hemphill county line at the‘ eaStem border of
the study area (fig. 29) indicates the presence of a contémporaneous, topographic high
that was probably controlled by the eaSt-west-trendi_ng‘ anticlinal structure separating
the two Cleveland subbasins (fig. 14). An area of underlying thick Cleveland sand
composing proximal delta-front facies of the highstand systems tract probably produced
the relatively resistant topographic high that locally. prevented Valley incision in

eastern Ochiltree and western Lipscomb Counties (compare fig. 10 with fig. 29).
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Transgressive Systems Tract

Cleveland parasequences S and 6 form a-retrogradational' parasequence set
deposited during a relative rise in sea level. These two parasequences compose the
transgressive systems tract in most of the study area (figs. 19 through 26); a third
upward-coarsening interval (parasequence 4a) of the systems tract was correlated locally
below parasequence S in southern Hemphill and northwestern Wheeler Counties
(fig. 25). |

The lower part of parasequence 5 was cored in the Maxus Tubb “D” No. 3 well
(8,056 to 8,042 ft; fig. 8); both parasequences 5 and 6 are probably represented in the
Maxus Glasgow No. 2 well (7,194 to 7,171 ft; fig. 6) but are not clearly distinguishable
because the well is located where both lapout at their updip limit (compare fig. 2 with
figs. 20 [Ochiltree well 21] and 30). These cored intervals share mahy of the sedimentary
and lithologic charactefistics of the cored Cleveland highstand deltaic deposits, although
parasequences of the transgressive systems tract are much thinner (10 to 40 ft) than
those of the highstand deltaic deposits (30 to 160 ft). Parasequence S contains an
upward-coarsening interval of lafninated grayish-black prodelta shale overlain by
lenticular laminated and burréwed distal delta-front facies (fig. 8); the well-developed

sandstone capping the parasequence (see well log, fig. 8) is the proximal delta-front

~ deposit. Both parasequences 5 and 6 are more intensively burrowed than the highstand

deltaic deposits, recording the lower sedimentation rates of the transgressive deltaic
deposits. A thin (<5 ft), high-gamma-ray black shale, interpreted to be a marine-
condensed section and depicted as a maximum flooding surface in the regional cross
sections (figs. 20 through 26), overlies parasequence 6 in much of the study area.
Parasequences 5 and 6 exhibit coastal onlap (figs. 21, 22, and 30), clear evidence of
a rise in relative sea level during deposition of the units. Initial progradational

deposition (parasequence 4a) was locally restricted to within the northeast-trending
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Figure 30. Areal distribution of parasequences of the Cleveland transgressive systems
tract (PS and Pé).
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tributary of the incised valley in southern Hemphill and northwestern Wheeler

Counties (fig. 29). This area coincides with (1) the region of thickest Cleveland (fig. S),

-which is within the fault-controlled trough (fig. 14), and '(2) the location of the thickest

valley-fill succession (fig. 25), indicating in part that this area was the most rapidly

subsiding part of the study area during relative sea-level rise in middle to late Cleveland

- time. Therefore, this localized basinward area probably was the first to flood during

initial transgresksion. Parasequence S subsequently prograded from a paleoshoreline
(= lap-out positiqn)» that closely corresponded to the western perimeter .'ofv_:bthe
Clevelahdphysic)graph_ic basin (figs. 20 through 22 and 24 through 26), but it was not
deposited over the northward-shifted veaStern paleohigh (near th’ev Lipscomb/Hemphill

county line) that was -also present during valley-fill depositidn (Compére 'fig. 29 with

- fig. 30). In tum, the parasequence. 6 shoreline transgressed farther inland to form an

embayment extending northwestward along the fault-ccintrolléd troug‘h (figs. 23 and 30)
and northward into the Oklahoma Panhandle (figs. '2(7),,.24 through 26, and 30).
Incursion into the Oklahoma Panhand.levmay have béen controlled by residu,alv
subsidence balo>ng the inferred northwest-trending mohoclinal flexure marking the
northern boundary of the Cleveland physiographic basin (fig.’ 15). Initial sediment
accumulation during transgression, which includes some of the ’aggra-datipn of the ﬂu'vial‘
valley fill (see “Incised-Valley System”), was restricted most_l'y 't() the incised valley, Latér ,

transgressive deposition favored areas of ‘most pronounced syndepositional subsidence

(fault trough, Cleveland physiographic basin).

Systems Tracts of Upper Cleveland Formation

Parasequences 7 thtdugh 10 of the upper Cleveland were correlated throughout
the study area, and their lithologies could be determined from Iitholbgic sample logs and

well-log analysis (figs. 19 through 26). However, no other geologic data were gathered
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for these unit§ primarily bécause thesr do not contain poténtial sbilivc'iclastic .reéervoir
rocks. The upper Cleveland divisiohs are largely rich in shale and carbonates, and eéch
: probably consists of Several thin (<10 ft) pafasequences and ére thus actually
parasequence sets. Two subregionally distributed, thin,l high-gamma-ray, black shale
intervals (depicted as maximum flooding surfaces in figs. 20 through 26) are interpreted
to be marine-condensed sections and provide excellent ‘correlation markers in the
upper Cleveland. They cap upward-fining intervals of transgressive systems tracts
(parasequences 6 and 8). Upward-coarsening cycles (pro_gradat‘ional parasequence sets)
are interpreted to be highstand systems tracts. Inferred sequence boundaries (top of
parasequences 7 and 9) were videntif.ied by the stacking: pattern of the systems tracts
(fig. 19); no evidence of valley incision at the sequence b‘dﬁndaries was observed in the
study area. o

Evidence of depbsitional control on upper Cleveland systems tracts by differential
subsidence appears mainly in the regional geometry of the ‘two transgressive systems

tracts (patasequences 8 and 10). The landward limit of parasequence 8 is close to the

western edge of the Cleveland physiographic basin (figs. 20 and 21). In its updip area,

parasequence 8 is restricted mainly to the southern Cleveland subbasin (figs. 23 and 24); |

however, the unit extends, but thins, across the structural high separating the two
~ subbasins (figs. 25 and 26). The transgressive systems tract of parasequence 10 has
shifted eastward (basinward) relative to that of parasequence 8, but its distribution is also

controlled by the geometry of the Cleveland subbasins (figs. 24 through 26).

Kansas City Formation

The Kansas City interval contains five regionally correlative beds of radioactive
black shale that represent marine-condensed sections, each of which contains a

maximum flooding surface (figs. 4 and Z.O-through 26). Therefore, the Kansas City
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consists of several sequences. The black shale beds extend beyond the study are#,
probably as far shelfward as northern Kansas and southern Nebraska where Watney
(1980) correlated several thin (2 to 20 ft), green to black, high-gamma-tay shale beds at
the bases of cyclic, upward-shoaling 'successions within the Lansing-Kansas City Groups.
No Kansas City systems tracts were differentiated in this Cleveland study, but distinct,
correlative upward;coarsening and -fining carbonate and shale intervals record regional
upward-shoaling and -deepening ’depositional’events that ate progradational and
retrogradational systems tracfs, respectively. Inr the study area, there is no evidencé of
river incision at potentia‘l séquence boundaries within the interval. |

Differential subsidence within the Cleveland subbasins had largely ended by the

time of Kansas City deposition. Kansas" City strata thicken s\ubregionally into the

Cleveland fault-controlled trough; the northwestern end of the vtrough shows marked
thickening of the unit (figs, 21 and 23), but thickened Kansas City is not evident .

elsewhere (figs. 22 and 24).

“Source Areas of Systems Tracts

The lower and middle Cleveland Formation (highstand systems tract, indSed-vailey
system, and part of transgressive systems tract: Cle.velai.ld paréseQuences 1 to 6), the
relatively sandstone-rich part of the formatiobn, compose a Wedge of Westerly derived
siliciclastics that lie between sediments from much more dis-tanf northeastern to
southeasfem sources. The reason for a shift in source area to the West ‘near_ the start of
Cleveland deposition is unclear. However, the ubiquitoﬁs metamorphic and nongranitic
plutonic rock fragments and plagioclase framework grains in highstand and incised-valley
sandstones suggest local rejuvenation of mainly nongranitic terranes near the western

end of the Anadarko Basin.
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Marmaton Group (Undivided)

The source area for the Marmaton lowstand siliciclastics (parasequences 1 to §),
from the perspective of the areal distribution of component parasequences in the study
area, is due east (fig. 27). This finding is supported b& regional studies that document
primary late Desmomesxan (upper Marmaton) to early Missourian sediment sources in
| the Ouachita foldbelt at the southeastern end of the Anadarko Basm (Vlsher and others,
1971; Moore, 1979; Rascoe and Adler, 1983). Local sources in the Amanllo Uplift also
existed. During the late Desmoinesian at least five major deltaic/shoreface systems
(Marmaton parasequences 1 ihrough 5) in the eastern Anadarko Basih prograded
westward, pérhaps almost entirevly across the Anadarko Basin, to the_ western part of the
basin ‘during a relative sea-level lowstand. |

Deposits of the upper Marmaton transgressive systems tract (parasequence 6)
record a gradational shift in sediment Source area from the east (Marmaton lowstand
deposits) to the west and southwest (overlying Cleveland highstand, incised-valley fill,
and transgressive deposits). The Ouachita foldbelt to the southeast, possible source
terranes to the northeast, and point sources in the northwest and southwest (fig. 27),
contributed detritus to the Marmaton transgressive deposits. Difficulty in regional
correlation of individual deltaic cycles within Marméto‘n parasequence 6 may be due to
the shingling of depositional cycles that prograded from at least three different
directions in the study area. The northwestern source area was probably the Sierra
Grande-Apishapa Uplift in eastern Collorado (Hills, 1§63); southwestern . sources were
the Sierra Grande UpliftAof northeastern New Mexico and, more locally, the Amarillo
Uplift.

According to the sequence stratigraphic model, which assumes a uniform source
area for all systems tracts, the first progradational cycle during risihg relative sea level

after lowstand deposition should not extend as far basinward as the lowstand wedge.
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Subsequent paraSequences in the transgressive systems tract should backstep landward-
relative to the first progradational pulse. However, in the Cleveland study area the-neér-
radial distribution of multiple source areas funneling sediment into the western end of
the Anadarko Basin during a rapid rise in relative sea level (rapid addition of
accommodation, whether by eustatic or eustatic/subsidence factors) in upper Marmaton
time probably afccounts for (1) the completé overlap, and extension beyond the
‘western limit of progradation, of the Marmaton lowstand wedge (parasequence 1
through parasequence S) by the transgressi?re systems tract .(pé}asequence 6) (fig. 27)
and (2) the unusually great relative thickness of the entire Marmaton transgressive

interval.

Cleveland Formation

The lower Cleveland highstand systems tract (parasequénceé 1 through 3) was fed
by sediments originating west to southwest of the Anadarko Basin, representing

completion of the gradational shift of primary sediment transport direction from the

northeast to southeast (Marmaton lowstand deposits) and multiple directions (Marmaton

traﬁgressive déposits) to the west. Desigﬁation of a western source for the lower
Cleveland highstand deposits is based primarily on.thef wéstwar’d pqsition of inferred
coastal plaih deposits relative to the deltaic and marine depoSitional environments.
Potential sburce areas are'the Sierra Grande—Apishapé Uplift of northgastern New
MeXico and southeastern‘ Colorado, the Cimarron Arch",> avndvtt»l‘e‘vkvestern part of the
Amarillo Uplift. Extensive highstand Cleveland deltaic ﬁhifs in eastern Oklahomé’_that
are probably equivalent to but aréally segregéted from the Texas Cleveland deltas had
source areas to the south and east of the Anadarko Basin (Visher and others, 1971;

Krumme, 1981).
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Sediment sources for the Cleveland incised-valley system (parasequence 4) were
also mostly inithe west to west-soﬁthwest, with subsidiary, local point sources in the
- south (figs. 10, 11, and 29). West to southwest sources were probably the same as those
for thé Cleveland highstand systéms tract and included the Sierra Grande-Apishapa
Uplift of northeastern New Mexico and sbutheastern Colorado, the Bravo Dome of the
weste;n'Texas Panhandle and northeastern New Mexico, the northwestward extension
~ of the Panhandle volcanic terrane in the northwestern pért of the Tekas Panhandle
(Flawn, 1956), the Cimarron Arch, and the western part of the Amarillo Uplift. The
northern flank of the Amarillo Uplift immediately south of the sfudy area provided
proximal point sources of sediment to the inciéed-valley system. Except for the
Panhandle volcanic terrane and the Cimarron Arch,.these highlands weré_ dominantiy
granitic, although other igneous and metamorphic lithologies were exposed in these

areas during the Middle to Late Pennsylvanian (Flawn, 1956; Hills, 1963).

The petrology of Cleveland sandstones indicates that principal source terranes for

the incised-valley fill (table 4) and the underlying highstand systems tract (tables 2
and 3) were at least in part metamorphic (muscovite-rich phyllite and schist) and

plutonic (quartz diorite). Surprisingly, potassium feldspar grains, indicators of a grahitic

source, are absent or few in the core samples, -although plagioclase content in

sandstones is moderately high (average of 12.8 percént). However, petrographic
evidence suggests that some potassium feldspar was dissolved/replaced in the diagenetic
environment: (1) some calcite-replaced framework grains contain remnant laths of
orthoclase, (2) presence of kaolinite-replaced grains, (3) gxistence of secondary pores
from which the grain has béen totally dissolved, and (4)§presence of ankerite and calcite
totally replaci‘ng grains. Item (1) indicates orthoclase had been replaced, whereas item

(2) indicates that a feldspar had been replaced. Items (3) and (4) only' establish that

some kind of grain had been replaced, but the grains were probably feldspars. Depth of

‘burial of the Cleveland sandstone samples (7,000 to 8,100 ft) may have induced
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dissolution of potassium feldspar grains (Land and others, 1987) that were originally
more abundant at the time of deposition. Moreover, most arkosic detritus was probébly
restricted to the southérn part of the study area (table 1), where short northWard
transport distances from the granitic Amarillo Uplift énd synorogenic sediment trapping
along the more rapidly subsiding edge of the Amarillo fault block would allow
preservation of this nonresistant mineral. The core samples are from the northern part
of the study area, and sediment transport routes were pﬁmarily east-west. The relative
abundance of piagioclase grains attests to the existence of a sigﬁificant nongrahitic
plutonic source terrane.

Sediment that fed the thin deltaic_inte:vals of the Cle,verl'and transgressive systems
tract (parasequences S and 6) was derived from multiple sources: (1) the Amarillo Uplift
to the sbuth,' 2) weﬁtern to southwestern sources drained by vpoorly defined ﬂtivial;
systems that flowed seaward along the fault-controlled trough, and (3) probable sources
to the north and northeast. Evidence for northern and northeastern sources is
equivocal, but they are suggested by the areal configuration of the systems tract in those
areas (fig..30). The upward thinning of systems tracts and the treﬁd of upward
decreasing numbers of discernible parasequences per systems tract m the ubper
Cleveland (fig. 19) offer stronger evidence that a.transitional shift in source area,
probably back to the distant, generally eabstem, source of early Marmaton time, occurred
during depoﬁition of this trangressive systems tract.

The source areas of the upper Cleveland siliciclastics (parasequences 7 to 10) were
much more' distant than those of the lower and middle Cleveland. Evidence includes
the marked thinning of systems tracts and component parasequences, dominance of
shale, and upward-increasing carbonate content within the entire section. Decrease in
relief of more 1oca1 Source ter‘rvanes is not an entirely viable explanation for these sfratal.
characteristics; Missourian fan-delta deposition off the Amarillo Uplift (Dutton, 1982)

indicates continued synorogenic sedimentation at least in the southern part of the
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region. The high‘stand and transgressive systems tracts are composed of the distal toes of
progradational cycles that were probably fed by siliciclastic sediment sources in the
Ouachita foldbelt and Arbuckle Mountains, the dominant' regional sources for the

Anadarko Basin during the Missourian (Moore, 1979; Rascoe and Adler, 1983).

Kansas City Formation

Kénsas City shale and minor siltstone and sandstone were also probably derived
from distant, generally eastern sources, although direct evidence is not available.
However, each of the component sequences of ‘the Kansas City are much thinner than
the sequence composing the Marmaton and lower to middle Cleveland siliciclastics
(sequence 1 of figs. 20 through 26), which were in part derived from proximal sources to
the west. The trend of increasing distance from source area and possible decreasing
relief of some proximal sourco terranes that started in upper Cleveland time continues

through the Kansas City interval.

CLEVELAND FORMATION AND LATE PENNSYLVANIAN EUSTASY

The assemblage of conodonts, particularly several terminal species of Neognathodus
(table S), from the uppermost Marmaton Group marine-condensed section indicates
that this stratum is latest Desmoinesian in age. From the conodonts and the distinctive
associated fauna within the condensed section, the interval can be precisely correlated
with the exposed Nuyaka Creek Black Shale Bed of the upper Holdenville Formation of
Oklahoma and of the Lost Branch Formation of Kansas; additionally, the condensed
section is equivalent to the unnamed black shale beci of the East Mountain Shale
exposed in North-Central Texas (D. R. Boardman II, personal communication, 1991). On
the basis of this correlation with the well-studied Uppér Pennsylvanian Midcontinent

cyclothemic successions, deposition of the uppermost Marmaton Group condensed

112

\A“'ﬁi B

[



{
[

_—

" section during a relativé sea-level highstand can be determined as being coeval with a -

major maximum transgressive phase (“Lost Branch major cYcle"') that occurred
throughout the North Ametican Midcontinent (Heckel, i986;‘ Boardman and Heckel,
1989). The continentél-scale extent of eustatic fise wﬁs th4usvprobably'a major control on
relative sea level during latest Marmaton and Cleveland time, although as describ_e‘d
abofre, Subfegional téc_tonic effects also markedly influenced relative éea;level change in

the western Anadarko Basin during the Late Pennsylvanian.b ’

REGIONAL HYDROCARBON DISTRIBUTION

Major Cleveland oil and gas fields occur primarily in ‘Ochiltrve'e and Lipscomb
Countiesf(fig.. 31, tables 7 and- 8). In this two-cbunty area, sub_sea dépth to ,t_he’ top of the
Cleveland Formation‘is abéut 3,600 ft (west) to 5,400 ft (east); ‘d‘epth of the top of the |
Cleveland below land surface is about 6,600 ft (west) to 8,000 ft (east). The hydrocarbon
trap styles of most of the fields are either combinatibn types (sfratigraphic and
structural) or stratigraphic (both lithofacies and porbsity/pérmeability pinch-outs)
(table 9). Putely structural traps are associated with fault displaéeméht and fault-related

folds along the two major fault zones in southwestern Ochiitree (Lips:vfaﬁlt) and

- northern Hutchinson Counties (fig. 31). Combination traps typically involve pinch out

of reservoir facies within geherally 'southeaSt-plunging an’ticiines (sttuctixral noses) in
central Ochiltree and Lipscomb Counties. Cleveland n‘et"-sandstOne trends are Vlargely
parallel to the anticlines (compare fig. 10 with fig. 31). An areal coincidence of
sandstone trends and folds may in fact compdse many ofAthe reservoirs. Most of these -
folds are local structures fhat are no more than several miles long (National Petroleum

Bibliography, 1965). The Camrick-Perryton Arch of Ochiltree County (fig. 13) is the

- largest of these structures.
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Table 7. Producing Cleveland gas fields of the Texas Panhandle.!

Field

Hansford Co.
Horizon* (M)
Morse
Morse, N
Spearman Park
Twin

Hemphill Co.
Allison Parks
Humphreys
Mathers

Hutchinson Co.
‘Hutchinson, N (M)
Shirley

Lipscomb Co.
Boker
Bradford
Bradford, N
Bradford, SE
Follett, W
Higgins, W
Horse Creek, NW
Kiowa Creek
Lipscomb
Lipscomb, S
Lipscomb, SW
Mammoth Creek, N (M)
Mammoth Creek, NW
Mammoth Creek, S
Patti Cake
Peery* (M)
Peery, N
Peery, SE
Skunk Creek*
Trenfield
Wolfcreek

Ochiltree Co.
Dude Wilson
Dutcher*

Ellis Ranch
Farnsworth
Farnsworth, SE
Lips (M)
Northrup (M)
Perryton, W*
R.H.F.

Cumulative
production
Number of wells? (Mcf)3
14 16,153,378 (N)
1 822,163
3 2,708,153
1 3,078,419 (N)
1 131,891 (N)
0 17,131
1 190,152
2 449,193
4 3,829,319 (N)
8 2,910,539 (N)
0 99,940
125 88,083,149 (N)
0 226,048 (N)
1 237,640
1 176,611
i 105,896
11 4,756,449
3 2,888,069
22 10,526,138 (N)
0 0N
56 - 28,903,453
82 51,787,606 (N)
1 366,089
0 0 M)
0 1,033,789 (N)
6 1,454,367 (N)
1 706,520 (N)
3 449,660
0 32,468
11 2,870,401
0 0 (L
4 2,087,763 (N)
3 970,959 (N)
142 123,269,991 (N)
4 1,939,563 (N)
12 7,035,814 (N)
3 2,398,693 (N)
40 17,365,000 (N)
0 0 (L)
2 1,051,457 (N)

114

Discovery
year

1957
1973
1978
1959
1958

1984
1980
1978

1956
1969

1977
1959
1964
1977
1976
1975
1973
1979
1959
1961
1975
1961
1988
1968
1958
1962
1964
1980
1984
1983
1979

1900
1959
1958
1961
1963
1960
1959
1986
1958
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Table 7 (cont.)

Cumulative- '
' production
Field Number of wells2 - (Mcf)3
Ochiltree Co.
Stekoll* 0 0@
Turner 0 2,846
Waka, W 4 2,788,768 :
Wamble 0 9,036 (N)
Roberts Co.
Lips, W (M) 32 28,120,678 (N)
Sherman Co. o
Coldwater Ranch : 1 228,113

leat‘a source: Raﬂroad Commission of Texas (1989)
“2Total number of producing wells in 1989 in entire field (all counties)

3Production to 1/1/90

* = Associated field ‘

(L) = Designated field but has not produced as of 1/1/90
(M) = Multiple counties '

(N) = Gas production data prior to 1970 not included in total
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year

1960 .
1981

1980
1960

1959

1987



Table 8. Producing Cleveland oil fields of the Texas Panhandle.!

Field

Hansford Co.
Hansford, N
Horizon (M)
Horizon, NW
Morse

Hemphill Co.
Allison Parks
Glazier
Horse Creek, SE
Parsell
Riley
Urschel

Lipscomb Co.
Bradford
Bradford, SE
Carroll
CNB
Follett, NW
Frass
Glazier, NW (M)
GEX
Higgins, W
Horse Creek, NE
Kiowa Creek (M)
Lipscomb
Lipscomb, SE
Lipscomb, SW (M)
Mammoth Creek, N
Mammoth Creek, S
Patti Cake
Peery (M)

Rader
Skunk Creek
Trenfield
Turner (M)
Warren
Wassel

Ochiltree Co.
Booker, SW
Buler, N
Dude Wilson
Dutcher
Ellis Ranch
Ellis Ranch, NE (M)
Farnsworth, SE
Lone Butte (M)

Number of wells2

3
161

(=N

OO~ OO

P

N w
HEOAWONOUMOODOWNULMOONONROOOOO
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Cumulative
production
(bbl)3

207,303
9,142,181
105,326
2,452

647
658
8,954
1,817
91,558
1,270

124,807
3,311
14,183
7,961
2,913
37,375
15,812
15,429
91,327
2,136
22,238
682,319
34,881
50,190
164,749
887
2,033
916,522
5,285
86,277
110,741
38,407
4,877
14,354

16,586
500,734

12,347
2,444,053
22,379
49,818
60,069

. 1,281,367

Discovery
year

1959
1957
1962
1973

198S
1984
1975
1980
1967
1983

1959
1961
1981
1980
1963
1960
1978
1957
1966
1983
1960
1958
1983
1975
1963
1968
1958
1962
1975
1982
1986
1982
1983
1981

1988
1973
1982
1959
1976
1961
1978
1979



Table 8 (cont.)

Cumulative
production Discovery
Field Number of wells2 - (bb)3 : year
Ochiltree Co. (cont.) , :
Northrup 1 » 756 , 1986
Pan ' Petro 4 109,557 - 1974
Paul Harbaugh (M) 3 268,751 1957
Perryton ' 0 323,243 1959
Perryton, W 13 427,375 1958
Schroeder - 0 2,469 1978
Share, SE 1 9,124 1976
Stekoll 0 52,310 1960
Wagner 0 1,167 1984
Waka, W 2 15,240 1960
Roberts Co. ‘
Hodges 1 13,864 1978
Lips (M) 2 67,425 1958
Lips, W 1 36,037 1958
Morrison Ranch 0 18,597 1976

ST

PR

1pata source: Railroad Commission of Texas (1989)
Total number of producing wells in 1989 in entire field (all counties)
3Production to 1/1/90
(M) = Multiple counties
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Figure 31. Map of major Cleveland hydrocarbon fields superimposed on structure-
contour map of top of Cleveland. Although the Cleveland is absent in parts of Hansford
and Hutchinson Counties (fig. S), the top-of-Cleveland correlation marker extends into
these areas. Precise boundaries of individual Cleveland fields are not depicted because
boundaries overlap or adjoin in most areas. Field locations were determined from
unpublished Texas Railroad Commission data. All fields except Morse, Mathers, Higgins
West, Humphreys, and Follett West had produced at least 1 Bcf and/or 1 Bcf-equivalent
(oil) as of January 1, 1990 (tables 7 and 8). Hamker Ranch (Cleveland) field is not listed
in the Railroad Commission of Texas (1989) data but is included on the map because it is
a field name used by Maxus Exploration Company, a major Cleveland gas producer in
the Texas Panhandle. Production totals for Lipscomb and Lipscomb 610 fields were

combined and listed as Lipscomb field in tables 7 and 8. See table 9 for description of

trap types for many of these fields.
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Field
Bradford

Dude Wilson
Dutcher
Ellis Ranch -

Farnsworth
Hansford N
Horizon

Hutchinson N
Kiowa Creek

Lips

Lips W
Lipscomb
Mammoth
Creek N
Northrup
Patti Cake
Paul Harbaugh
Perryton W

Twin

Trap type

~ Combination—stratigraphic

associated with structural nose

Combination—stratigraphic
associated with structural nose
(Upper Morrow)!

Data unavailable
Combination—stratigraphic
associated with structural nose
Stratigraphic (Oswego)!
Stratigraphic (Cherokee)l

Combination—stratigraphic
associated with structural nose

Structural—series of closures
aligned along NW-trending
anticline v
Combination—stratigraphic
associated with structural nose
(Upper Morrow)l
Combination—stratigraphic
associated with NW-trending
anticline on SW side of fault
separating field from Paul
Harbaugh field

Stratigraphic

Stratigraphic—updip porosity and
permeability pinch-out

Combination—stratigraphic
associated with structural nose

Data unavilable
Data unavilable

Combination—stratigraphic
associated with faulted anticline

‘(Morrow)!

Stratigraphic (Des Moines and
Marmaton)!

Stratigraphic (Des Moines)!

Net pay
(ft)
20
16
14
45

14

12

30

16
10
12

24
29
14

19

10

Table 9. Trap types of selected Cleveland oil and gas fields.

Sources
Best (1961), RRC filesZ,

Stevens and Stevens (1960)

.~ RRC files2, Stevens and
- Stevens (1960)

Stevens and Stevens (1960)
Britt (1961), RRC files2

Stevens ‘and Stevens (1960)
Stevens and Stevens (1960)

RRC filesZ, Stevens and
Stevens (1960)

~ Ridgell (1961), Stevens and

Stevens (1960)

RRC files2

Brashear (1961), Stevens and
Stevens (1960)

Stevens and Stevens (1960), |
RRC files?

Eckstrom (1961), RRC filesZ,
Stevens and Stevens (1960)

RRC files?

- Stevens and Stevens. (1960)

Stevens and Stevens (1960)
Stevens: and Stevens (1960)

Stevens and Stevens (1960)

‘St'evens and Stevens (1960)

1'Ifrap type of nearest stratigraphic unit (in parentheses) underlying the Cleveland for which data are available
RRC files = unpublished hydrocarbon-production records of the Texas Railroad Commission
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Hydrocarbons are trapped primarily in upstructure stratigraphic or
porosity/permeability terminations of fluvial sandstone of the Cleveland incised-valléy
fill and of proximél delta-front sandstones at the' tops of Cleveland highstand
parasequences 2 and 3. Sandstones of parasequences 2 and 4 are the primary reservoir
rocks in the Cleveland fields of easternmost Ochiltree County and all of Lipscomb
County (fig. 24, fields between Ochiltree well 13 and Lipscomb well 1; fig. 25, fields
between Lipscomb wells 8 and 12; and fig. 26, fields Between Lipscomb wells 16 and
19), whereas pinch-outs of deltaic facies of parasequences 2 and 3 compose traps in
central. Ochiltree County (fig. 23, fields between Ochiltfee well‘s 4 and 6). Fields in the
southwestern part of the producing area (Dutcher, Paul Harbaugh, Lone Butte, Lips, Lips
West, Horizon, Spearman Park, Hutchinson North, Shirley, Morse, aﬁd Morse North)
produce from the thick sandstone .of the incised-valley system (parasequence 4) (fig. 21,
fields between Hansford well 4 and Roberts well 9, and fig. 23, fields between Ochiltree
well 8 and Roberts well 1). Interestingly, the Cleveland Formation of these
southwestern fields produces mainly oil on the eastern side of the Lips fault and maihly
gas on the western, upthrown side (tables 7 and 8). The anomalous Hansford North field
in northeastern Hansford County (fig. 31) exists in an areaA of no net Cleveland
sandstone (fig. 10); “Cleveland” sandstone in this field is actually probably part of the
upper Marmaton transgressive systems tract (parasequence 6) that extends into this area

(fig. 27).

SUMMARY AND CONCLUSIONS

Low-permeability (generally <0.10 md) sandstones of the Upper Pennsylvanian
(lower Missourian) Cleveland Formation compdse major gas-producing reservoirs in the
western Anadarko Basin of ihe northeastern Texas Panhandle. Exisiing fields of the

Cleveland gas play are restricted to folded and minor faulted zones that have deformed
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‘the northern occurrences of Cleveland sandstones in Ochiltree and Lipscomb Counties.

Regional characterization of the lithostratigraphy, structure, depositional systems, and
sequence stratigraphy of the Cleveland Formation provides a basis for more accurate
subregional and reservoir-scale geologic study. The: ability‘, to predict and explore for
other possible Cleveland péy zones outside this region has been harr;peredr by the very
limited published in-formatioﬁ regarding the regional and subfégibnal lithostratigraphic,
structural, and depositiona1 architecture of the formation. The areal coincidénce Qf

abundant sandstone, vertically proximal potential source rock underlying the Cleveland

reservoir facies (black shale marker bed at the top of the Marmaton Group and distal

delta shales of the Mamilaton"‘and lower Cleveland), and potential trap-producing
structures and facies pihch-oufs throﬁghout m.uch.’of' the western Anadarko Basin
indicate the possibility for newlfield discoveries outside the known producing region. .

The Cléve_land Formation is a well-constraine,d' lithostratigraphic division, being
bounded by regionally continuous high-gamma-ray black’_shale marker beds that extend
beyohd the study area to the north and at least as far easf as west-centrél leahoma and
probably well beyond in the Anadarko Basin.: Thé‘ Cle{re’land seétioﬁ cbntains mostly
siliciclastics between the Amarillo Uplift and the northern part of the studylarea, where
the sandstones thin markedly and grade into thin shale intervals between much thicke;,
massive limestohe_ facies of ‘the Kansas Shelf. -To the south, Clevéland strata interfinger
with wedges of granite wash along th’ebhor.thern flank of the Amarillo Uplift. Eastward
toward the deep Anadarko Basin, the"thickening fdrmation becomes shalier.

Reservoir sandstones origiﬁated in prdximal delta-front and fluvial depoSitional

environments. The lower to middle Cleveland comprises stacked, upward-coarsening

deltaic intervals that prograded eastward and were fed by fluvial systems that had

sediment sources west of the Anadarko Basin. These successions in cores can be divided

into prodelta,_disfal delta-front, and proximal delta-front facies. A regional fluvial
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channel fill incises thie uppermost deltaic cycles in most of the study area; incision is
inferred to havé occurred during a sudden drop in r’egional base level.

Distinctive trends of Cleveland thickness variation record penecontemporaneous
structural elements that greatly affected sediment dispersal and accumulation patterns.
Areas of thickest Cleveland (as much as 590 ft) mark a paleophysiographic basin in most
of Lipscomb and Herhphill Counties that was formed by syndepositional faulting and
localized downwarping along a monoclinal flexure at its southern and northern borders,
respectively. The basin was the site of primary sand accumulation during Cleveland
time. A generally east-west-trending paleohigh within a broad pAhysiographic shelf
platform updip to the west separates Cleveland silicidastic deposits (in the South) from
coeval carbonate facies (in the north). The Cleveland_ depositional shelf edge overlies Aa
pronounced slope' break in the Oswego shelf platform and marks the basinward limit of
Cleveland delta progradation. Both the Oswego and Cleveland slope breaks were
formed, and their geomorphic expression sustained, by differential subsidence.
Structural activity during Cleveland time is in part an expression of the Pennsylvanian
orogenic episode that affected most of the Anadarko Basin and surrounding highlands.

The siliciclastic interval between the Oswego Limestone and the Kansas City
Formation can be divided into well-defined parasequen:ces/par‘asequence sets (P) and
~ systems tracts composing three sequences (S1 through $3). Sequence 1 (S1) includes the
Marmaton Group (undivided) and the lower half to two-thi;ds of the Cleveland in most
of the western Anadarko Basin. Marmaton P1 through P6 overlie a type 1 sequence
boundary that coincides with the top of the Oswego Limestone. P1 through PS
represent a series of westward-prograding, delta and/or shoreface systems deposited
during a relative sea-level lowstand. Subsequent retrogradation of deltaic/shoreface
systems during rising relative sea level is recorded in Marmaton P6. A regional,
fossiliferous condensed section (base-of-Cleveland marker bed) occurs at the top of this

transgressive systems tract or straddles the boundary (maximum flooding surface)
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between the Marmaton transgressive systems tract and the overlying lower Cleveland

highstand systems tract. Cleveland P1 through P3 form generally sandstone-bearing

" deltaic cycles that prograded eastward during a relative sea level maximum. The top of

P3 and locally of P2 is a regional erosional surface (type 1 sequence boundary) created
by incision of a westerly sourced fluvial system (P4, incised-valley -System) during a rapid

fall in relative sea lexlzel'. Sandstones of Cleveland P2 through P4 compose the Cleveland
reservior facies in the northern part of the study area. A rélatiVe sea-level rise followed,
allowing aggradation of the valley fill and formation of the overlying retrogradational

parasequence set that includes PS5 and P6. Component systems tracts of the upper

- Cleveland (P7 through P10) and Kansas City Formations are thin a‘nd were dominated by

carbonate and shale deposition, probably at the distal margins of progradational cycles

sourced far to the east or southeast.
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APPENDIX: Wells used in cross sections in this report. (See fig. 2 for index of

cross-section locations.)

Hansford County
Well no. ' Company

Southern California Petroleum Co.
Phillips Petroleum Co.

1 Drilling & Exploration Co., Inc.
2 Western States Producing Co.
3 Texaco

4 Roy Furr

S

6

Hutchinson County

Well no. - Company
1 Claro, Inc.
2 ‘ Page Petroleum, Inc.

Ochiltree County

‘Well no. Company
1 Shell Oil Co.
2 Gulf Oil Corp.
3 Alpar Resources, Inc.
4 May Petroleum, Inc.
S Horizon Oil & Gas of Texas
6 Sinclair Oil & Gas Co.
7 Maxus Exploration Co.
8 Shamrock Oil & Gas Corp.
9 Maxus Exploration Co.
10 H & L Operating Co.
11 Samedan Oil Corp.
12 C & K Petroleum
13 Cleary Funds, Inc.
14 Paul Haywood
15 Pan American Petroleum Corp.
16 Amarillo Oil Co.
17 Falcon Petroleum Co.
18 Horizon Oil & Gas Co.
19 H & L Operating Co.
20 Diamond Shamrock Corp.
21 Diamond Shamrock Corp.
22 Roy Furr et al.
23 TXO Production Corp.
24 Stekoll Panhandle Ltd. Partnership
25 - Shamrock Oil & Gas Corp.
26 Hamilton Brothers Ltd.

Roberts County

Well no. : Company
1 Atlantic Richfield Co.
2 Hawkins Oil & Gas
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Lease

#1 Cator -

#1 Rafferty

#1 V.P. Quible Gas Unit
#1 George M. Whitson
#1 Yanda

#2 Meek “A”

Lease

#2 M.A.T. Petroleum “A”
#1 Brainard

Lease

#1 S.R. George
#3 C.E. Haar

" #1-24 Carnes

#1 Spicer

#2-17 Bruhlman

#1 J.W. Jines

#3 W. Paul Shrader

#1 C.P. Dickinson “A”
#2 Clem G. Flowers
#1 Sell

#1 Fagg

#1 Altmiller

#1-913 Schoenhals
#1 Kay Nell Hamker Trust

‘#1 Parsell Unit “B”

#1 Cole

#1 O.C. Rogers

#3-20 Sellers

#1 Pshigoda

#3 Carl Ellis “D”
#2-759 ODC “A”

#1 Dodson

#1 Daniel “E”

#1-123 Albert McGarraugh
#1 Dale McLain
#1-128 J.E. Brownlee

Lease

#3 Killebrew
#1-1 Tolbert



APPENDIX (cont.)

Roberts County (cont.)

Well no.

Company
Glenn McCarthy, Inc.
MacDonald Exploration, Inc.
Gulf Oil Corp.
Pan American Petroleum Corp.
Sun Oil Co.
Pan American Petroleum Corp.
Brooks Hall ' ‘
Diamond Shamrock Corp.
MacDonald Exporation, Inc.
E.B. Clark Drilling Co.
E.B. Clark Drilling Co.
Statex Petroleum Corp.
Honolulu Oil Corp.
C.E. Lee, Inc.
Amax Petroleum Corp.

- Pan American Petroleum Corp.

Lipscomb County

Well no.

Company
Diamond Shamrock Corp.
Diamond Shamrock Corp.
Donald C. Slawson
Yucca Petroleum Co.
Mewbourne Oil Co.
Cotton Petroleum Corp.
Shamrock Oil & Gas Corp.
ARCO 0Oil & Gas Co.

Sun Qil Co.

TXO Production Corp.

K & H Operating Co.
Hoover & Bracken, Inc.

H & L Operating Co.
Petroleum, Inc.

Cominco American

Search Drilling Co.

Slagter Production Co.
Humble Oil & Refining Co.
Woods Petroleum Corp.
Amarillo Oil Co.

Mobil Oil Corp.
Mewbourne QOil Co.
Hall-Jones Qil Corp.
Cotton Petroleum Corp.
Scarth Oil & Gas Co.
Humble Oil & Refining Co.

Diamond Shamrock Exploration Co.

Humble Oil & Refining Co.

- El Paso Natural Gas Co. -

Union Oil Company of California
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Lease

#1 J.D. Lard

#1 Rasor

#1 Ida Clark et al. “A”
#1 Ben A. Hill

#1 Marjorie Campbell
#1 J.B. Waterfield “D”
#1 Conrad

#1-168 Warren B. Parsell “I”
#1-30 Morrison “A” -
#1 Morrison

#1 Inez Carter

#1-1 T. Boone Pickens
#1 Osborne Ranch

#1 D.D. Payne

#2-8 Payne

#1 Chambers

Lease : .
#1-558 W.C. Merydith “D’

‘#1 Gaston “D” -
. #1-294 Good

#1-147 Parker Estate
#1 Weber

#1 Latham

#1 Hazel Weinett
#2 Loesch Unit

#1 Schultz

#1 Webb “D”

- #1 C.C. Freeman

#1 Popham

. #1 Sperry

#1 Mason

#5 Stuart Ranch
#1-967 Ballentine
#1 Trenfield

#C-1 W.D. Price
#522-A Landers “E”

_#1 Fritzlen Unit

#6 Olive T. Jones

‘#4 Peery

#1-A H.L. King
#1 Bradford “B”

- #1-689 Piper

#B-2 Schultz

#2-609 Augusta Walton
#1 J.B. Doyle

#1 Kelln

#1-109 Babitzke
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APPENDIX (cont.)

~ Lipscomb County (cont.)

Well no. Company
32 Bracken Energy
33 Cambridge & Nail

Hemphill County
Well no. - Company

1 Monsanto Co.

2 Humble Qil & Refining Co.

3 Dyco Petroleum Corp.

4 Kerr-McGee Corp.

S Humble Oil & Refining Co.

6 : Sun Oil Co. = '

7 Phillips Petroleum Co.

8 Diamond Shamrock Corp.

9 Mobil Oil Corp.

10 TXO Production Corp.

11 Diamond Shamrock Corp.

12 HNG Oil Co.

13 Getty Oil Co.

‘14 Woods Petroleum Corp.

15 - Clarcan Petroleum Corp.

16 ‘Humble Oil & Refining Co.

17 Phillips Petroleum Co.

18 Phillips Petroleum Co.

19 Amarex, Inc.

20 Mesa Petroleum Co.

21 Earl T. Smith & Associates, Inc.
22 Earl T. Smith & Associates, Inc.
23 Kerr-McGee Corp.

24 Malouf Abraham

25 Internorth, Inc. .

26 Gulf Oil Exploration & Production Co.
27 Diamond Shamrock Corp.

28 Sun Oil Co.

29 ~ Philcon Development Corp.
30 : Cotton Petroleum Corp.

Wheeler County
Well no. . Company

Tom F. Marsh

Ferguson Oil & Gas

Arkla Exploration Co.
Arkla Exploration Co.
Pioneer Production Corp.
HNG Oil Co.

Hunt Energy

NON DR WN -
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' Le'ase
#1-73 Imboden

~ #1 Barton

Lease

#1 Brainard

#1 R.A. Flowers
#2-36 J.W. Campbell
#60-1 Locke

#1 Cecil Gill

#1 O.V. Bailey

#4 Kelley-B

#1-70 Lester B. Urschel

#20 L.B. Urschel
#A-1 Newton

#7 Billy Jarvis & Sons
#3 Hoover

#1 Yarnold

#26-1 Waterfield
#1 Fillingim

#1 C.G. Newcomer
#2 jones “N”

#1 McQuiddy “A”
#1-130 Kritser
#1-64 Henderson
#12 Bowers

#6-7 Bowers

#1-6 Kiker

#2 Hext

#10-1 Lockhart
#3-198 Isaacs

#1 David Quentin Isaacs, Sr.
#1 Studer

#2 Humphreys

#2 Marsh

Lease .

#1-36 Hefley

#1 Quail Creek Ranch
#1-29 Boydston

#1-1 Kiker

#1-39 Johnnie Reed
#1-69 Atherton
#1-57 Bryant



