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LEGAL NOTICE This report was prepared by the Bureau of Economic Geology as an account of
work sponsored by the Gas Research Institute (GRI). Neither GRI, members of GRI, nor any
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a. Makes any warranty or representation, expressed or implied, 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 stratigraphic, 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 generally
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-dominated 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 Qs9Fz1R20. 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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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  superimposed
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-Pé6
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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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 resefvoirs had'
pfoduced more than 412 Bcf of natural gas through December 31, 1989 (Railroad
Commission of Texas, 1989).' Because of their typically low permeability, the Cleveland
sandstones - require acidizing and hydraulic ’fracture treatment to produce g’as 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 proiéct, the Bureau of
Economic Geology has been conducting research on low-permeability 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 imderstanding and
ultimate utilization of gas resources in these low-permeability formations through
integration  of regional and field-specific geology, fdrmation evaluation, and reservoir
engineering.

This report summarizes findings regarding fhe 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 be 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 adjacént shallower basin and shelf areas
(fig. 1) has arbitrarily been established at the —IS,OOO-ft basement depth contour
(Petroleum Information Corporation, 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 along the southern margin of the rapidly
subsiding Anadarko Basin adjacent to the uplifts. Other contemporaneous orogenic
events resulted mainly in block faulting and folding 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 Basih 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
- Quachita foldbelt at the southeastern end of the Anadarko Basin were significant
Missourian siliciclastic sediment sources of fhe 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 Corporation for formal 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, and 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 defines the area of lateral stratigraphic gradation 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
Uph’ft and on the west by the Cimarron Arch (fig. 1). The Cleveland Formation 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 just south of the northern
border of the study area. At the southern border of the study area these strata abruptly
grade southward toward the ‘Amarillo Uplift into a succesgion 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 forrhal lithostratigraphic schemes, one applying to the Anadarko Basin and the
other to the adjacent Northern (Kansas) Shelf (Hills and Kottlowski, 1983; Johnson and
others, 1988). Within the study area the largely siliciclastic facies of the Cleveland
Formation are restricted té the basin proper, and thus the straﬁgraphic nomenclature of
the Anadarko Basin is used in this report (fig. 3). |

The succession examined in this study (Oswego Limestone to Kansas City
Formation) comprises Middle and Upper Pennsylvanian (upper Desmoinesian to 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 Group consists of the Oswego Limes-tone at the base and undivided
Marmaton Group at the top. The Clleveland 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 formations in figure 4 are discussed in subsequent sections.

The Cleveland Formation is named for the townsite of Cleveland about 25 miles
northwest of Tulsa, Oklahoma, where sandstone reservoirs first produced 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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channel-fill sandstones interstratified with shale, coal, and thin limestone beds
(Bennison and Chenoweth, 1968; Krumme, 1981). Early stratigraphers interpreted the
channelized base of the Cleveland sandstones in the Tulsa aréa as representing a
regional unconformity that coincided with the boundary between the Desmoinesian
and Missourian Series (Moore and others, 1937). However, Krumme (1981) concluded
that these sandstones are regionally conformable and exhibit only local channel
scouring; he thus cast some doubt on the validity of the placement of the series
boundary. Although most existing stratigraphic schemes of the western Anadarko Basin
also place the Cleveland at the base of the Missourjan Series, no published
documentation of the biostratigraphic bajs\i;‘*'for this placement in that area has yet been
found. The original designation of an early Missourian age for the Cleveland is therefore
presumed. to be én 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

No regional stratigraphic or sedimentological stuAdies‘ 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 Panhandles published by the
Panhandle Geological Society (Best, 1961; Brashear, 1961; Britt, 1961; Eckstrom, 1961;
Ridgell, 1961). Stevens and Stevens (1960) and the National Petroleum Bibliography
(196S5) contain nurherous field maps (structure-contour, isopach, net sand) of the
Cleveland from major producing areas of the Texas Panhandle. Kousparis (1978)
described geophysical 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 they 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 infegrating well-log and seisnﬁc data. However, they did not correlate the deep

Anadarko Cleveland facies with the formation in Texas.

Obijectives

This report summarizes regional stratigraphic, structural, and paleoenvironmental
studies, and subregional petrographic analysis of the Cleveland Formation in the
western Anadarko Basin. Regional characterization éf 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 thickness and sandstone occurrence, (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 study 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. Analysis
of fossils from the upper Marmaton Group (undivided) 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 conditionﬁ of deposition.
Sequence stratigraphy is an evolving geologic concept that enables regional study
of genetically related depositional facies. Using a sufficient density of well control
supplemented . by core data, sequence stratigraphicr analysis yields a high-resblution
chronostratigraphic framework for subsurface correlation of these facies (Van Wagoner
and others, 1990). The resulting analysis provides a powerful predictivé model for the
vertical and areal occurrence of- potenti‘a'”'l‘ reservoirs, sealing strata, and source rocks
within the stratigraphic interval studied. The sequence str_atigraphic model was applied
not only to the Cleveland Formation but also to underlying (Oswego Limestone, .
Marmaton Group [undivided])'and overlying (Kansas City Formation) successions to -
more accurately define the position of the Cleveland in the regional sequence
frarhework of the western Anadarko Basin. Although beyond the scope of this study,
such analysis of the Cleveland and adjacent formations may provide a basis for more
accurate subregional and reservoir-scale geological studies of Cleveland gas-bearing

sandstones.

Data Base and Methods

The data base used in this study comprises (1) well-log suites for 863 wells evenly
distributed throughout the 5,100-mi? study area, with an approkimate average well
spacing of 3 mi, (2) accompanying lithologic sample logs for about 7 percent of these
well logs, and (3) three cores of sandstone-bearing portions of the Cleveland Formation
from major gas-producing areas (fig. 2). Thin sections and chips from‘ 24 sandstone and

2 shale samples were cut from the 3 cores for petrographic and X-ray diffraction (XRD)
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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 Suriiey, Block 43, Section 665).

Well-log suites consist of various combinations of spontaneous-potential (SP),
resistivity, gamma-ray, sonic, neutron porosity, density, and caliper logs; however, most
suites include SP, resistivity, gamma-ray, and sonic curves. Of these, gamma-ray and
resistivity logs are the most effective ones for accﬁrate correlation of the Cleveland
section; reasons for this are discussed in the following section (see "Lithostratigraphy").
Identification of iithology from sonic, porosity, and density logs was only occasionally
necessary because of the fairly even distribution of lithologic sample logs 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 regional distribution of well control.
Gaps of data in the otherwise even distribution are primarily due to either the absence
of wells in certain afeas or to the presence of wells that 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) a 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 local 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 Cleveland lithology occur at the
subregional scale, and thus the distribution of lithologic sami)le logs was adequate. A few
lithologic logs for wells not indicated on figure 2 were also utilized in the’ study.

Internal sedimentary features, textures, and rock compositions 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 definition of the Cleveland Formation in the
subsurface Anadarko Basin exists in the literature. Best (1961), Brashear (1961), Ridgell
(1961), and the‘ Railroad Commission of Texas (1981) iliustrated SP/resistivity 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 electric-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 requires gamma-ray logs.

'Al‘heAstratigraph\ic boﬁndaries of the Cleveland Formation used in this study are
those typically used by the petroleum 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
continuous high-gamma-ray shale markér bed of the uppermost Marmaton Group
(undivided) (fig. 4) that is typically about 10 ft thick but ranges from less than 10 to
about 28 ft thick. The marker bed extends areally throughout Lipscomb, Hemphill, and
northern Wheeler Counties, includes all of Ochiltree and most of Roberts Counties
except locally in t‘heir southernmost and northernmost parts, respectively, and extends
to northern and (only locally) southeastern Hansford County and northeastern
Hutchinson County. Beyond fhe‘ eastern border of the study area, the marker bed can
be correlated as a continuous unit at least as far east as 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 granite wash facies of the Amarillo Uplift
(see fig. 24, below). The marker bed is not presentxwhére 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 the 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 preserved high-

gamma-ray shale marker beds.
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Whole core‘and sidewall cores of the basal marker bed provided by Maxus
Exploration Company from the Maxus Glasgow No. 2 (fig. 2 and fig. 6, below) and Maxus
Littau No. 3 wellé, reﬁpectively, in east-cehttal Ochiltr_ee County, show that the bed is a
dark-gray (N3) (Goddard and others, 1979) to black (N1), organic-rich, :pyritic,
fossiliferous clay shale. On gamma-ray logs from these and other wells, this bed exhibits a
distinétive, off-scale, high-gamma-ray response of as much as 190 tbﬁ 260 API units
(fig. 4). Locally, in-central Ochiltree County and other limited areas, the marker bed
comprises two high-gamma-ray shale units separated by a shale 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 corresponding resistivity log response is
typically one of moderate irncreas,e relative to that of adjacent shale intervals (fig. 4).
Subregionally, this resistivity responsé is distinctive and is readily traceable among wells
for which gamma-ray logs are not available. |

Both the higher resistivity signature and the markedly higher gamma-ray response
than those of adjacent shales is due primarily to the high concentration of organic
matter in the clay shale. TOC values of samples from the high-gamma-ray marker bed in
thé Maxus Glasgow No. 2. and Maxus Littau No. 3 wells range from 1.9 to 5.7 weight
percent; the average value for four samples (tWo from‘ each well) is 3.4 weight percent.
In contrast, TOC values for other dark-gray shales from throughout the three cores
average 0.8 weight percent (seven samples; range of 0.5 to 1.1 weight percent). TOC
values greater than 0.5 weight percent are generally accepted as indicators of potential
hydrocarbon source rock, and rocks with values above 1.0 weight percent are considered
godd source rocks (Tissot and Welte, 1978). The speétral log from the Maxus Glasgow
No. 2 well, the only one of the three Cleveland cores that sampled the black shale
marker bed, indicates 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 log response (Swanson, 1960, 1961;, 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.
Illite 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 irary
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 shale marker bed at the base of the
Cleveland Formation. Lithologic sample logs consistently describe the 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 part 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 than that of the formation’s basal marker
(fig. 4).

As both the Cleveland and overlying Kansas City“ Formations thin toward the

western margin of the Anadarko Basin, the intervals between the five Kansas City high-
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~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/pinch-out north of
this paleohigh in northern Hansford County only occurs immediately adjacent to the
paleohigh; the five Kansas City marker shales are well defined in the northwestern and
north-central part of the study 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~th¢ regionally
correlative Cleveland Formation boundary shales (fig. 4), variation in thickness of the
formation within the study area can be mapped with great precision. Calculation of
formation thickness, not corrected for the minimal regional dip (see “Present
Structure”), is accurate to within 2 ft when measured on the expanded gamma-ray and
resistivity logs that accompanied most well logs used in the study.

The principal regional trend of thickness 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 flank 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 paleohigh, and (3) toward the southwest in northeastern Lipscomb County
(fig. S).

The unit raﬁges in thickness from O ft in parts éf Hansford and Hutchinson
Counties to a maximum of about 590 ft in southwestern Hemphill County (fig. 5).
Thinnest Cleveland (0 to about S50 ft range defining western paleohigh on inset in
fig. S) is réstricted to central Hansford, west-central Ochiltree, and western Hutchinson
Counties. However, note that this area of relatively widély 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, most of Hemphill,
and northern Wheeler Counties. A prominent, northwest-trending linear trough of
thicke_st Cleveland also extends from southwestern Hemphill County into north-central
Roberts County. The northwestward continuation of this trough exists primarily as
aligned, discontinuous local thicks in southwestern Ochiltree and southeastern Hansford
Counties.

As a generalization, regions of principal Cleveland sediment accumulation existed
in the northern and southern parts and eastern third of the study area; the northern
and southern areas were separated by an east-;rending depositional barrier (paleohigh)

in the study area’s central portion.

Lithology

The Cleveland Formation is mostly sandstone, siltstone, and shale throughout the
eastern, central, and southern parts of the study area, Whereas carbonates (limestone,
minor dolo.f;tone, and minor marl) 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 Cleveland

sandstones are the reservoir lithology, discussion of their composition, petrophysical
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(inset map) arbitrarily defined by SO-ft contour line.
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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 part 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 siltstone/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 typically 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 northern, 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

White 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, laminated, 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, locally 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; thin brown
mudstone uncomimon

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

Dolostone, brown, finely crystalline, less common than limestone in
thin zones (<135 ft)

Marl, gray, tight

Bedded, vitreous, in thin zones (<2 to S ft), only locally present

White to brown<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>