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DIAGENETIC STAGE

R. M. Pollastro

BURIAL HISTORY

COMPACTION
PYRITE FORMATION
QUARTZ CEMENT
CALCITE CEMENT
POTASSIUM FELDSPAR OVERGROWTHS
CALCITE TO IRON CALCITE
CALCITE DISSOLUTION
SMECTITE TO ILLITE
CLAY MATRIX DISSOLUTION/REPLACEMENT
DOLOMITE/ANKERITE CEMENTS
CHLORITE CEMENT
ILLITE OVERGROWTHS/SERICITIZATION
GRAIN DISSOLUTION
KAOLINITE TO CHLORITE

Figure 9. Paragenetic sequence relative to burial history interpreted for sandstones of the Simpson

Group in the Sunray DX Parker No. 1 Mazur well.

paper there is much greater emphasis on clay-
mineral reactions and their role in sandstone
diagenesis.

Early diagenesis is characterized by some com-
paction, formation of framboidal pyrite (Fig. 4B),
and early cementation by iron-free calcite or
quartz. Early cementation of calcite (Fig. 8B) and
quartz (Fig. 8C) is evidenced by few grain-to-
grain contacts of the well-rounded quartz grains,
where the grains appear “floating” in the cement.
The high “minus-cement” porosity also suggests
that cementation occurred before significant pri-
mary porosity was lost due to compaction.

Diagenetic stages during intermediate burial
include the conversion of smectite to illite, re-
placement or conversion of iron-free calcite to
iron-bearing calcite, dissolution of calcite cements
and clay matrix, and formation of dolomite and
potassium-feldspar cements. Early iron-free cal-
cites are commonly replaced by iron-bearing cal-
cite, as evidenced by stained thin sections (Fig.
8D). These intergranular calcite cements are com-
monly dissolved, creating secondary porosity and
some late compaction. In some sandstone samples
from the McLish Formation that contain abun-
dant potassium feldspar grains, potassium feld-
spar overgrowths were developed (Fig. 4A).

The onset of illitization of smectite occurs dur-
ing intermediate stages of burial, when tempera-
tures approach 60°C (Hoffman and Hower, 1979).
The smectite-to-illite reaction is probably nearly
complete when Dburial temperatures reach
~110°C, and there is a distinct absence (or dis-
appearance in well profiles) of the 17A glycol
phase on XRD profiles (Pollastro and Barker,
1986). Octahedral pyrite and pore-lining chlorite
cement are also precipitated during intermediate
stages of burial.

Latest stages of diagenesis include illite
growth/overgrowth (sericitization), formation of
ferroan dolomite and ankerite, some quartz ce-
ment, and conversion of kaolinite to chlorite.
With increased burial and temperature >110°C,
the mean particle size of illite crystals increases
(Nadeau, 1985; Eberl and others, 1987; Pollastro,
1985, in press). This illite growth process is also
referred to as sericitization (Eberl and others,
1987; Pollastro, in press).

Evolution of Dolomite and Ankerite

Authigenic dolomite, both ferroan and nonfer-
roan, and ankerite occur as isolated rhombs to ex-
tensive cements throughout the entire section of
Simpson Group rocks in the Mazur core. The
evolution of dolomite cements is similar to the
evolution of ferroan calcite cements where iron-
bearing dolomite or ankerite evolves from or re-
places earlier iron-free dolomite. This order of
genesis is best displayed by stained thin sections,
where darker-stained overgrowths of ankerite en-
case thombs of earlier, clear, iron-free dolomite
(Fig. 10A).

There is a consistent relation where rhombs of
dolomite are proximally and texturally associated
with clay and calcite. The dolomite commonly re-
places detrital clay matrix (Figs. 10B,11A). At
high magnification, SEM reveals individual clay
particles engulfed by the most recent stages of
dolomite crystal growth (Fig. 11B). The dolomite
replaces earlier calcite cement (Fig. 10C), or re-
places calcite in limestone (Fig. 10D).

Dolomite cementation is followed by cementa-
tion or replacement by ankerite. Ankerite cemen-
tation is typically more extensive. Ankerite
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Figure 10. Thin section photomicrographs. A—Dolomite (D) rhombs with darker-stained ankerite (A)
overgrowths in sandstone. B—Dolomite (D) replacing clay (Cl) and calcite (C) cement in sandstone.
C—Dolomite (D) replacing calcite (C) cement in sandstone; Ph, phosphate fossil fragment.
D—Dolomite (D) replacing calcite in limestone (Is). Scale bars equal 0.2 mm.

Figure 11. Scanning electron micrographs. A—Dolomite (D) replacing detrital clay (Cl) in sandstone;
arrow indicates area shown in B. B—Higher magnification of area from A, showing dolomite replacing
individual particles of clay (Cl). Scale bars equal 10 um.
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automorphically replaces earlier detrital clay, and
calcite or quartz cements. Ankerite also replaces
quartz framework grains in sandstones (Fig. 12A).

It is suggested here that some of the late dolo-
mite and ankerite cements in the rocks of the
Simpson Group were formed from the conversion
of smectite to illite. Several investigators have
suggested that the release of calcium, magnesium,
and iron from the smectite-to-illite reaction pro-
duces dolomite and other authigenic mineral
phases in sedimentary rocks during deep-burial
diagenesis (Boles and Franks, 1979a; McHargue
and Price, 1982; Pollastro, 1985). The consistent
spatial and textural relations of dolomite, clay,
and calcite, and the absence of smectite, deter-
mined from XRD profiles, support the concept
that clay-mineral diagenesis may have played a
role in the formation of late dolomite and
ankerite.

The formation of dolomite from clay is
diagrammed in Figure 13. Calcium, iron, and
magnesium are released during the conversion of

R. M. Pollastro

smectite to illite. As smectite is converted to il-
lite, smectite is dissolved and illite is precipitated
(Pollastro, 1985; Nadeau, 1985). Calcium, magne-
sium, and iron probably nucleate dolomite within
the clay matrix of sandstones, and dolomite
grows in part at the expense of the clay. Much of
the calcium for dolomite formation is probably
derived from the dissolution of local calcite ce-
ment. This reaction mechanism is thought to
have formed some of the dolomite; however, it
cannot explain the extensive cementation by
ankerite.

Reservoir Characteristics

Porosity in Sandstones

All porosity revealed from thin-section analysis
is secondary (dissolution) porosity and is best de-
veloped in the sandstones of the Tulip Creek and
Oil Creek Formations. Secondary porosity in
these sandstones is mostly intergranular. Some

Figure 12. Thin-section photomicrographs. A—Ankerite (A) cement partly to completely replacing
quartz (Q) framework grains and earlier intergranular cement(s) in sandstone. B-—Moldic porosity (m)
in sandstone. C—Secondary intergranular porosity (P) from the removal of calcite, as evidenced by
etched grains (e). D—Remnants of calcite (C) cement in quartz sandstone showing secondary poros-
ity (P). Scale bars equal 0.2 mm.
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Figure 13. Diagrammatic interpretation of the formation and evolution of dolomite/an-
kerite from the conversion of smectite (Sm) to illite (ll) associated with detrital clay
(CLAY) and calcite (C) cement in deeply buried sandstones and carbonate rocks of the
Simpson Group, Mazur well. Elements exchanged in the reaction include calcium, mag-

nesium, and iron.

intragranular (moldic) porosity from the dissolu-
tion of framework grains is also present in few
sandstones (Fig. 12B).

Secondary intergranular porosity in sandstones
of the Simpson Group sampled from the Mazur
well was from the dissolution of earlier calcite
and ferroan-calcite cements. Evidence for this in-
terpretation is provided by irregular and etched
surfaces of framework grains (Fig. 12C), indica-
tive of earlier calcite removal, and small rem-
nants of calcite cement found in some of the thin
sections (Fig. 12D). There is also evidence for late
physical and chemical recompaction of the sand-
stone after removal of the calcite. This is indi-
cated by areas containing remnants of calcite ce-
ment having greater “minus-cement” porosity
(Fig. 12D).

Clay Content Versus Gamma-Ray Log

The response of the total gamma-ray log mea-
sured in the Mazur well is a good indicator of
clay content or “shaliness” in potential Simpson
Group reservoirs at this depth, because of a gen-
eral lack of potassium feldspar and a clay-mineral
assemblage in these rocks consisting mainly of
potassium-bearing illite. This is demonstrated by

the excellent agreement between total clay con-
tent, determined from XRD, plotted on a point-
to-point log versus the continuous total gamma
log (Fig. 14). After initial calibration of the XRD
data to the gamma-ray log, total gamma response
can be used to determine clay content in similar
deeply buried Simpson Group reservoirs.

SUMMARY

The rocks of the Simpson Group from the
Mazur well consist of quartz sandstones, shales,
carbonates, and a variety of mixed lithologies. Al-
though the bulk-rock mineral composition of the
Simpson Group from the Mazur well is diverse,
clay minerals are restricted to illite and chlorite,
because of deep burial conditions. Diagenesis has
significantly modified the original textures and
mineralogic composition of most deeply buried
Simpson samples. Many of the sandstones have
undergone extensive cementation by carbonates
and silicates. Several mineral phases in these
sandstones have undergone multiple stages of dis-
solution and/or replacement. Shales are clay-rich
and quartz-poor, suggesting that some silica was
removed during progressive burial.
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Figure 14. Continuous total gamma-ray log response versus point-to-point log plot of total clay con-
tent, in weight percent from X-ray powder diffraction (XRD), from cored intervals of the Simpson

Group, Mazur well.
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SULFIDE MINERALIZATION AND MAGNETIZATION,
CEMENT OIL FIELD, OKLAHOMA

Ricuarp L. REyNnoLDS, NEIL S. FisHMAN, MicHAEL. W. WEBRING,
RicHARD B. WANTY, AND MARTIN B. GOLDHABER

U.S. Geological Survey, Denver

Abstract.—Geochemical, petrographic, and rock-magnetic studies were undertaken to investigate
possible sources for reported positive aeromagnetic anomalies over the Cement oil field, Oklahoma.
Ferrimagnetic pyrrhotite (monoclinic, Fe,S;), intergrown with more-abundant, nonmagnetic pyrite
(FeS,), is present in well-cutting, core, and quarry samples at Cement, and it is the only identified
source of possible enhanced magnetization in rocks over the field. Magnetite, found only in well
cuttings from Cement, is contamination from drilling. Magnetite was considered previously by
others to be the source of magnetic anomalies at Cement.

Several observations indicate that the sulfide minerals formed as a result of hydrocarbon seep-
age. The pyrrhotite is confined to beds above o0il and gas reservoirs. These beds, which lack detrital
organic matter, contain higher sulfide and lower sulfate S (1.7 and 0.1 wt. %, respectively) than
correlative beds off the field (0.2 and 1.1 wt. %, respectively). In the Cement field, isotopic ratios
of sulfide S show a systematic decrease upward through the Permian section from positive (heavy)
values (maximum, +12% at 610-760 m depth) to negative (light) values (—1 to —11% at
32-230 m; —26 to —30% at the surface). The geochemical results, together with time-tempera-
ture data derived from burial curves, limit the major sources for sulfide in the Fe-S minerals.
Isotopically heavy sulfide was generated either by abiologic mechanisms at temperatures >90°C in
hydrocarbon reservoirs beneath Permian strata, or by bacterial sulfate reduction at temperatures
<60°C in the lower parts of the Permian section. In the latter case, bacterial sulfate reduction
would have occurred under sulfate-limited conditions to produce isotopically heavy sulfides. Iso-
topically light sulfide that is dominant toward the surface is attributed to bacterial reduction of
sulfate which was present in unlimited abundance relative to the microbial capacity for reduction.
The bacterial sulfide in Permian rocks is related to the petroleum reservoirs at depth through the
use of leaking hydrocarbons, or associated compounds, as food sources by the sulfate-reducing
microbes.

Magnetic forward modeling techniques were used to assess whether pyrrhotite in the Permian
strata could contribute to the observed aeromagnetic anomalies at Cement. A geometric model was
constructed of six bodies having different shapes and magnetizations, based on geology and on the
petrologic and geochemical results, and supplemented by rock-magnetic measurements of shallow
core and outcrop samples. The rock column through which hydrocarbons passed was divided into
three sulfide-bearing zones on the basis of pyrrhotite content, and it was capped by a weakly mag-
netic, 30-m-thick zone that contains ferric oxide minerals formed mainly from oxidized pyrite. Red
beds unaffected by sulfidization, and a zone of rock depleted in hematite but lacking sulfide, were
modeled as weakly magnetic bodies surrounding the sulfidic zones.

The synthetic magnetic signatures are controlled mainly by pyrrhotite-bearing bodies at depths
of 200-500 m that lie above two anticlinal domes in Pennsylvanian beds. The magnetizations of
these bodies are estimated from (1) petrographic estimates of pyrrhotite content relative to pyrite
contents; (2) content of sulfide sulfur determined from chemical analysis; and (3) magnetic suscep-
tibility values of monoclinic pyrrhotite. Total magnetization of the bodies of highest pyrrhotite
content ranges from about 3 X 1072 to 56 X 107° amp/m in the present field direction, yielding
calculated magnetic anomalies (at 120-m altitude) having amplitudes <1 nT to ~6 nT, respec-
tively, and wavelengths of ~4 km. The synthetic magnetic profiles are dissimilar to the observed
total-field profiles, which are characterized by anomalies having amplitudes as much as 60 nT and
by short wavelengths (typically <1 km). We attribute the short-wavelength features in the ob-
served total magnetic field mainly to culture, such as buried well casings. At Cement, the observed
magnetic signals caused by culture would mostly, if not entirely, mask any contribution from rock
magnetism in the Permian strata.

Our results demonstrate that pyrrhotite, formed by hydrocarbon reactions and within a range of
concentrations estimated at Cement, is capable of causing subtle magnetic anomalies in sedimen-
tary rocks. Numerous assumptions, however, were made in estimation of magnetizations of Per-
mian rocks at Cement; moreover, the observed total magnetic fields over the Cement field are
apparently dominated by cultural features. For these reasons, the results should not be taken to
indicate or to imply that aeromagnetic anomalies related to hydrocarbon seepage have been docu-
mented at Cement oil field.
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NATURAL RESOURCES INFORMATION SYSTEM (NRIS)
OF OKLAHOMA: ANADARKO BASIN DATA

Mary K. GRASMICK

Geological Information Systems,
University of Oklahoma

Abstract.—A great need exists for more-accurate, detailed information on the natural resources
of Oklahoma, both for technical uses such as exploration and research and for public information
and policy uses. In response to this need, the Oklahoma Geological Survey has undertaken efforts
to develop the Natural Resources Information System of Oklahoma, a compilation of publicly
available data on the State’s resources. Oil and gas resources have provided one initial thrust for
these efforts, with several data bases under development to record oil- and gas-related information.
A well-history file is being developed, based on completion reports, with supplemental data from
sources such as scout tickets and well logs. Production data are being maintained at the lease,
field, and county levels. Other data in the system include lease and field locations, formations, and
field-history information.

From NRIS, needed data are available for Anadarko basin research. Sample applications are
provided as illustrations of the information available to the research community through NRIS.

INTRODUCTION: THE NEED
FOR INFORMATION

In late 1985, the Oklahoma Geological Survey
defined a goal of developing an integrated system
of computerized information on the geological re-
sources of the State. This effort, called the Natu-
ral Resources Information System (NRIS) of
Oklahoma, was undertaken in response to the
need for more-accurate, detailed, and accessible
information on the State’s nonbiological re-
sources. Initial emphasis for the system has been
placed on computerizing information relating to
the oil, gas, and coal resources of the State.

Oil and natural gas have been economically im-
portant resources for Oklahoma since statehood
in 1907. In fact, petroleum production began
prior to statehood, with the completion of the No.
1 Nellie Johnstone in 1897. Thus, petroleum has
been of primary interest to the Survey since its
inception, and it is a major thrust in the develop-
ment of NRIS. The remainder of this paper de-
scribes the oil and gas subsystems of NRIS which
currently are under development, and provides
information regarding the availability of these
data to the public, particularly as related to in-
vestigations in the Anadarko basin area of
Oklahoma.

In the work the Survey has done over the
years, several key areas have been defined that
repeatedly would have benefited from a comput-
erized information source. These information
needs provided the foundation upon which the oil
and gas subsystems of NRIS were formulated.

For example, the Survey is commonly involved in
research on the geological characteristics of vari-
ous areas in the State, based on in-depth infor-
mation from all of the oil and gas wells drilled in
the area. Historically, that information has been
contained in scattered documents and libraries,
accessible only through extensive manual
searches. Definition of the boundaries of oil and
gas fields in Oklahoma has been possible only
through manual efforts to reconcile producing
records with known field boundaries, so the “offi-
cial” definitions of field boundaries have been de-
termined frequently to be out of date and errone-
ous. The ability to allocate oil and gas production
to specified fields, and to specific formations, is
fundamental to the geological understanding of
hydrocarbon occurrence and distribution.

OGS researchers are called upon to perform a
variety of geological investigations, most of which
have been completed in the past through exten-
sive manual efforts; the development of NRIS
will greatly improve the timeliness and compre-
hensiveness of these investigations. This need for
information exists throughout various sectors of
the society. Public policy benefits from an in-
formed decision base; private industry needs in-
formation to further its efforts in exploration and
development. NRIS data will be accessible for
fundamental research as well as applied investi-
gations. As a state agency, OGS has a responsibil-
ity to make the results of its efforts available to
all interested parties, and therefore has at-
tempted to consider as many needs as practical in
the design of the system.
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THE DEVELOPMENT OF NRIS
TO MEET THOSE NEEDS

NRIS was designed in response to this identi-
fied need for data from a diverse public. Ma-
chine-readable data are being compiled from
publicly available information on the State’s nat-
ural resources. Because credibility of the con-
tained information is the priority consideration,
the primary goal for NRIS is to build a system
with the highest possible data quality, even
though quality-assurance measures do increase
costs.

The system has been designed to be relatively
simple to understand and manipulate by a vari-
ety of users for a multitude of applications. Sub-
sets of the data can be downloaded to the per-
sonal-computer level for specific applications.
With the expected use of the data by Survey
staff, students, faculty, and the public, new appli-
cations should be fairly easy to develop by indi-
viduals unfamiliar with the system. User routines
and documentation are being developed to facili-
tate these activities.

In some respects, NRIS can be thought of as an
evolutionary system; it is expected that future de-
sign changes will be relatively routine, based on
the addition of new hardware or software capabil-
ities, new data accessibility, or new ideas about
information needs.

NRIS SYSTEM OVERVIEW

Figure 1 is a schematic for the oil and gas por-
tions of NRIS. There are actually two major sub-
systems within NRIS for oil and gas data: the Oil
and Gas Well History Subsystem and the Oil and
Gas Production (OGP) Subsystem. Within the
production subsystem, files are being developed
to maintain data on oil and gas leases, fields, and
county production.

0Oil and Gas Well History Subsystem

The well-history files are designed to provide
historic “snapshots” of information on oil and gas
wells. Most of the data are based on information
reported during the drilling of wells: geological
and engineering data on well completions, forma-
tions, initial production tests, well logs, cores, and
samples. Approximately 800 data items have been
defined for the well-history data; a sample record
is provided in the Appendix.

Between 300,000 and 350,000 wells have been
drilled in Oklahoma; drilling completion reports
(called Form 1002A) are on file for about
250,000-275,000 of these wells. These completion
reports are the foundation for the well-history in-
formation within NRIS.

Supplemental well-history data are available
throughout the State in libraries of scout tickets,
well logs, and core and drilling samples. A pri-
mary goal in computerizing these supplemental
data is to provide references for the existence of
cores, samples, and well logs in various libraries,
and thereby reduce the effort required to deter-
mine if there are samples available for wells being
researched. These data are being added to the
well subsystem in a variety of ways. Some sources
are being computerized through parallel activi-
ties, and then merged with the 1002A records to
complete the well-history information; other
sources are only available through special manual
research. Given the cost to complete the manual
research, these data are being collected through
special projects that focus on specific regions in
the State.

This subsystem is not designed to compete
with existing commercial sources of well-history
information; its primary function is to bring to-
gether all publicly available sources of informa-
tion on any particular well.

0il and Gas Production Subsystem

Since 1983, the Oklahoma Tax Commission has
released to the Survey computerized production
data from tax reports on oil and gas leases; these
data have provided one of the foundations for the
OGP Subsystem. Each month, a tape is released
of reported production for all oil and gas leases
(or subleases) in the State.

The Lease Master File of the OGP Subsystem
primarily is based on the Tax Commission data.
Data items on this file include monthly produc-
tion totals, producing formations, and locations
(county and township, range, section, and quar-
ter-quarter section).

The formation names reported to the Tax
Commission provide a starting point for deter-
mining production by formation; however, these
names require both editorial and geological
standardization before they can be used in this
manner. Through NRIS, the Oklahoma Geologi-
cal Survey is developing a “formations editing”
system that will result in a significant improve-
ment in the availability of formation production
data for Oklahoma.

The Field Master File of the OGP Subsystem
is designed to store information on all current
and historical oil and gas fields within Oklahoma.
Data items on the field file include monthly pro-
duction totals, locations (county and township,
range, section, and quarter-quarter section), and
historical data regarding changes in field designa-
tions due to field consolidations. Plans are to add
cumulative production totals, discovery well, and
abandonment data to the file in the coming year.

The Oklahoma Nomenclature Committee of
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the Midcontinent Oil and Gas Association is re-
sponsible for designating the official oil and gas
field names and outlines within Oklahoma. Over
the last several years, the OGS has begun work-
ing more closely with the Nomenclature Commit-
tee, individual staff members serving either on
the Committee or in an advisory capacity for the
Committee decisions. The results of the Commit-
tee’s work are released in a set of “Blue Sheets”
that is the foundation for NRIS field-location and
history data. About 3,000 fields are currently des-
ignated as “official” (or potentially producing) by
the Nomenclature Committee; another 3,000
names have been “discontinued” but are availa-

ble through historical records. All of these fields
are maintained on the Field Master File.

Field production data are developed through a
process of matching lease records to fields (based
on STR and quarter-section locations), and by
summing the lease production records for each
field to get field totals. The Energy Information
Administration of the U.S. Department of Energy
assigns field codes to all domestic oil and gas
fields as a means to standardize field identifica-
tions throughout government and industry;
within NRIS this DOE/EIA field code is recorded
for each field, and on those lease records that
have been identified with each field.

WELL HISTORY FILES
o Completion Data
o Formation Data

OIL & o Test Data
GAS o Log, Core & Sample Data
WELL
HISTORY
SUBSYSTEM OTC LEASE #
OIL & GAS
PRODUCTION
SUBSYSTEM
LEASE FILES
o Monthly Production
o Locations
o Formations
DOE/EIA FIELD CODE
assigned to lease records based
on locations)
FIPS FIELD FILE
County o Monthly Production
Code o Chronologies
o Locations
/"\
{ FIPS County Code
N2

COUNTY FILE
o Monthly Production

Figure 1. Natural Resources Information System, Oil and Gas Subsystems.
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The County Master File is designed to store
monthly production totals by county. This infor-
mation can be obtained by aggregating produc-
tion from other files; however, it is information
used with such frequency that it is maintained
separately to facilitate these applications.

Linking the Oil and Gas Files

Through various key data items, records from
all of the files can be linked for use in particular
applications or analyses. The Oklahoma Tax
Commission Lease Number is maintained on
records on the Well History files, as well as the
Lease Master files, so that information can be ag-
gregated for all wells within a particular lease.
The DOE/EIA Field Code is used as the key
identifier on the Field Master File, and also is as-
signed to lease records; by extension, the field
code also can be linked back to well records asso-
ciated with assigned leases. County codes, as
specified by the Federal Information Processing
Standard (FIPS 6-3), are maintained on all
records on all files, to simplify analyses by
county.

SAMPLE ANALYSES:
ANADARKO BASIN DATA

A paper presented in this conference by K. S.
Johnson provides an overview of the geology of
the Anadarko basin; Davis and Northcutt provide
an overview of the petroleum development of the
region; other papers presented in this conference
provide detailed information on structural style,
depositional lithologies, diagenetic histories, and
other aspects of the geology of various parts of
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the Anadarko basin. The goal of this paper is to
provide information about the availability of data
for the Anadarko basin, rather than provide ex-
planations of the geology or petroleum history. As
a way of providing some ideas regarding the po-
tential applications for the NRIS data, sample
analyses based on data from the Anadarko basin
area have been included. Ellis County was chosen
as the target area for these analyses.

Figures 2 and 3 are based on data from the
Well History Subsystem. Wells from T. 24 N., the
northernmost township in Ellis County, were se-
lected for these applications. There are 240 com-
pletion reports on file for wells in this area, with
drilling dates back to 1950. Figure 2 presents the
number of wells drilled and completed as produc-
ers versus the number of dry wells, for each dec-
ade since 1950. In Figure 3, the total number of
wells drilled during each decade is presented sep-
arately for each of the four ranges (R. 23-26 W.)
in T. 24 N. of Ellis County.

Figure 4 is an application based on data from
the Qil and Gas Production Subsystem. For Ellis
County, the total monthly nonassociated gas pro-
duction is plotted for each month from January
1983 through December 1987. For comparative
purposes, the monthly production totals within
Ellis County for three separate fields also are
plotted: the Gage field, the Higgins South field,
and the Mocane-Laverne gas area.

PROJECTED DATA AVAILABILITY

A goal for the NRIS system is to make these
data available to the public in an easily usable
form. Standardized reports now being produced
will be available through the Oklahoma Geologi-
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Figure 2. Gas/oil versus dry wells by decade drilled, Ellis County, T. 24 N.
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cal Survey—such as reports of production by
field or county, or reports of all data available on
wells in specified geographic areas. Machine-read-
able copies of data subsets are available on dis-
kettes, as well as mainframe magnetic tapes, and
specialized data requests can be filled on a con-
sultation basis.

The efforts to build the Well History Subsys-
tem are in process, and are being approached on
a regional basis. Over 30,000 records for the
Ouachita Mountains and Arkoma basin areas in
southeastern Oklahoma are now on file, and in
early 1988 efforts were begun on records for the
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Anadarko basin area. It is expected that process-
ing for the entire State will take three to seven
more years, depending on funding levels.
System-development efforts for the Lease and
Field Master files are currently in process. The
production updating system is essentially in
place, and the formations editing routines are
under development. It is expected that some of
these data will be available for public distribution
this summer. The County system is now com-
pleted and available on request. More specific in-
formation regarding these data can be obtained
by contacting the Oklahoma Geological Survey.
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Figure 3. Total wells drilled by decade, Ellis County, T. 24 N.
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APPENDIX:

OKLAHOMA WELL HISTORY FILE
SAMPLE RECORD

IDENTIFICATION SECTION
OGS IDENTIFICATION NUMBER - 033844
API WELL NUMBER - 04521502
OTC / OCC OPERATOR ID NUMBER - 02930
CORPORATION COMMISSION FORM ID NUMBER - 87000068
FORM TYPE - 1002A 85
DATE FORM RECEIVED - 1986 12 16
DATE FORM SIGNED - 1986 12 08
BATCH NUMBER - 0307850308
FORM KEYED ON - 1988 03 09

LOCATION SECTION

WELL

STATE POSTAL CODE -  OK
COUNTY NAME -  ELLIS
COUNTY CODE - 045
SECTION - 02 TOWNSHIP - 24N RANGE -  24W
QUARTER SECTION - C W 1/2 NW 1/4
OPERATOR NAME - JOHN H HILL
OPERATOR ADDRESS - 17400 DALLAS PKWY SUITE 210
DALLAS
TX 75252
OPERATOR PHONE NUMBER -  (214) 931-7331
FARM NAME -  CROOKS
WELL NUMBER - 1-A
DRILLING STARTED - 1986 03 05
DRILLING FINISHED - 1986 03 12
DATE OF FIRST PRODUCTION - 1986 11 02
COMPLETION DATE - 1986 07 07
DISTANCE FROM SL OF 1/4 SECTION (FT.) - 1320
DISTANCE FROM WL OF 1/4 SECTION (FT.) - 660
ELEVATION OF DERRICK FLOOR (FT.) - 2162.4
ELEVATION OF GROUND (FT.) -  2151.9

COMPLETION TYPE
MULTIPLE ZONE COMPLETION

LOCATION EXCEPTION INFORMATION

01

LOCATION EXCEPTION

LOCATION EXCEPTION ORDER NUMBER - 294283, 297418, 2938
PENALTY - 25%
OIL OR GAS ZONES SECTION
ZONE NAME FROM TO
OSWEGO 6455 6465
MORROW 7434 7481

02
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CASING & CEMENT INFORMATION SECTION

01 CASING SET / CEMENT (LINE 1)
CASING SET TYPE -~ SURFACE
CASING SET SIZE (INCHES) - 8 5/8
CASING SET WEIGHT (LBS/FT.) - 24
CASING SET - GRADE - J-55
CASING SET FEET - 1210
CASING TEST PSI - 3000
CEMENT SACKS - . 610
CEMENT FILLUP - 1210
CEMENT TOP - 0

02 CASING SET / CEMENT (LINE 2)
CASING SET TYPE - PRODUCTION
CASING SET SIZE (INCHES) - 5 1/2
CASING SET WEIGHT (LBS/FT.) - 15.5,
CASING SET GRADE - J-55
CASING SET FEET - 7615
CASING TEST PSI - 3000
CEMENT SACKS - 410
CEMENT TOP - 4900

PACKERS SET SECTION
DEPTH (FT.) MAKE
01 7360 BAKER

COMPLETION & TEST DATA BY PRODUCING FORMATION 8
01 PRODUCING FORMATION NAME - OSWEGO
SPACING & SPACING ORDER NO. - 29368
CLASSIFICATION GAS
PERFORATED INTERVALS - 6455-6465
FORMATION ACIDIZED? - YES, 15% HCL/
FORMATION FRACTURED TREATED? - YES,
INITIAL TEST DATA
TEST DATE - 1986 11 25
OIL - BBL. / DAY - O
GAS - MCF / DAY - 178
WATER - BBL. / DAY - 0
EXTRACTION TYPE (PUMPING / FLOWING) -
INITIAL SHUT-IN PRESSURE - 1650
CHOKE SIZE (INCHES) - 20/64
FLOW TUBING PRESSURE - 277
02 PRODUCING FORMATION NAME - MORROW

SPACING & SPACING ORDER NO. - 40718
CLASSIFICATION GAS
PERFORATED INTERVALS - 7434-7481
FORMATION ACIDIZED? - YES, 15% HCL/
FORMATION FRACTURED TREATED? - YES,

17

ECTION

9 640 ACRES

5000
40000 GALS

FLOWING

640 ACRES

1500
40000 GALS
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INITIAL TEST DATA
TEST DATE - 1986 11 25
OIL - BBL. / DAY - O
GAS - MCF / DAY - 1065
WATER - BBL. / DAY - 5.7
EXTRACTION TYPE (PUMPING / FLOWING) -  FLOWING
INITIAL SHUT-IN PRESSURE - 1550
CHOKE SIZE (INCHES) - 20/64
FLOW TUBING PRESSURE - 653

PRODUCTION DEPTHS SECTION
TOTAL DEPTH OF WELL - 7750

FORMATION RECORD SECTION
FORMATION NAMES AND DEPTHS

01 FORMATION - HOOVER
TOP DEPTH - 4252
BOTTOM DEPTH - 4320
02 FORMATION - TORONTO
TOP DEPTH - 5290
BOTTOM DEPTH - 5366
03 FORMATION - TONKAWA
TOP DEPTH - 5548
BOTTOM DEPTH - 5568
04 FORMATION - HOGSHOOTER
TOP DEPTH - 6340
BOTTOM DEPTH - 6400
05 FORMATION - OSWEGO
TOP DEPTH - 6450
BOTTOM DEPTH - 6546
06 FORMATION - MORROW SHALE
TOP DEPTH - 7250
BOTTOM DEPTH - 7430
07 FORMATION - MORROW SAND
TOP DEPTH - 7430
BOTTOM DEPTH - 7560
08 FORMATION - CHESTER LIME
TOP DEPTH - 7560

ADDITIONAL INFORMATION ON FORM
ELECTRICAL SURVEY WAS RUN -

DATE OF LAST ELECTRICAL SURVEY LOG - 1986 03 12
TRUE VERTICAL DEPTH - 7747
COMMENTS AND REMARKS SECTION
SOURCE OF SUPPLEMENTARY INFORMATION - 01
CODING REMARKS - ALL: DUAL COMPLETION WITH THE MORROW

THRU TUBING AND THE OSWEGO THRU ANNULUS
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ANADARKO BASIN HISTORY FROM
STRATIGRAPHIC RESPONSE PATTERNS

GLENN S. VISHER
Geological Services and Ventures, Inc., Tulsa

Abstract.—An analysis of the Anadarko basin in southwestern Oklahoma illustrates the interre-
lation of tectonic and depositional controls. Seismic data to five seconds, regional gravity data, and
deep wells to >381,000 ft provide a data base that is useful in interpreting basin and deposition
history.

Early Paleozoic history, Cambrian to upper Mississippian, reflects shelf carbonate deposition.
Subsequent history, as indicated by seismic sections, shows the development of a wrench-faulted
basin subsiding faster than sedimentary infilling. The principal periods of basin subsidence oc-
curred during periods of onlap unconformity development, at the base of the Springer, at the
Mississippian-Pennsylvanian boundary, and at the Atokan-Desmoinesian boundary. Basin-center
subsidence, from the Upper Mississippian to the Desmoinesian, was >6,000 ft. Shelf deposition
was replaced by deep-hasin, low-density, submarine-fan deposits. Subsidence then continued, but
with the reestablishment of shelf sedimentary sequences.

Gravity data indicate a negative anomaly, suggesting low-density sedimentary fill in the basin
center, and/or changes in lithosphere density in the basin area. This response pattern is consistent
with subsidence and the development of a sediment-starved topographic basin. Subsidence was
produced by the interaction of low-density sedimentary sequences and “driving” subsidence asso-
ciated with both positive and negative flower structures marginal to the basin axis.

Sea-level changes and the response of subsidence to basin sedimentation patterns, basin topog-

raphy, and sediment density were interactive with “tectonic” controls.

INTRODUCTION

One of the principal problems facing geo-
dynamicists today is understanding the causality
of basin subsidence. Thermal expansion and cool-
ing has been modeled to account for basin subsid-
ence, but histories and events do not conform to
simple patterns of cooling. Cratonic-margin ba-
sins, reflecting crustal extension, fit this model
better than cratonic basins. Extensional basins
have a history reflecting driving subsidence in
early stages, slowing rates of subsidence produc-
ing basin fill, and patterns of unconformities that
reflect the history of shelf progradation and basin
fill (Roberts and Caston, 1975). Extensional ba-
sins—for example, the North Sea, the Sirte basin,
and basins on broad cratonic shelves—partially
reflect this history. However, unconformity pat-
terns in most cases are coincident with worldwide
eustatic sea-level falls, and do not exclusively re-
flect local cooling histories.

Cratonic epeiric seas and foreland basins rarely
follow such a history. Unconformities are correla-
tive in time to eustatic sea-level falls, and do not
fit cooling histories, tectonic events, or local
depositional and topographic patterns. Interpret-
ing tectonic, sea-level, thermal-conductivity, and
sedimentary response patterns requires an exami-
nation of the basin depositional history.

ANADARKO BASIN
DEPOSITIONAL HISTORY

Stratigraphic Controls

The Anadarko basin illustrates these relation-
ships (Fig. 1). It contains the deepest wells drilled
into a sedimentary basin (the deepest of these
>31,000 ft); detailed gravity, seismic, and heat-
flow information is available; and many cored
wells provide specific information on depositional
history.

Basement structure shows the Anadarko basin
to be a faulted foreland basin. Bounding faults on
the southwest are locally high-angle reverse
faults, with some thrusting. The marginal struc-
tural high is a strong gravity anomaly on regional
Bouguer gravity maps. The structure of the Ce-
ment field is a classic example of a positive
“flower” structure (Harding and others, 1983).

A stratigraphic cross section illustrates deposi-
tion on a lower Paleozoic marginal shelf, on the
southern margin of the North American craton
(Fig. 2). Additional data from wells south of this
section indicate the transition from carbonates
into deeper-water shales. Minor thickening of all
stratigraphic intervals occurred across the mar-
ginal shelf in all units up to the Upper Mississip-

221
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Figure 1. Structure-contour map of the basement surface in the deep Anadarko basin. Elevations in
feet below sea level. Section A-A’ is shown in Figure 2. Key wells and fields are indicated. Supporting
data were derived from the seismic line marked on this map.

pian Chester limestone marker. A worldwide
eustatic sea-level fall occurred after deposition of
the Chester limestone marker, and stratigraphic
units onlap this unconformity. Caney and God-
dard shales are present to the south of this sec-
tion in both wells and outcrop. Goddard equiv-
alents, possibly correlatives of the lower Spring-
er, are present in deeper wells in the Anadarko
basin (Fig. 3).

History and Deposition

More than 2,000 ft of onlap occurs in the lower
Springer from the basin center (Fig. 2). Springer
clastics underlie a thick Morrow shale interval,
which can be interpreted as deeper-water fan de-
posits (Fig. 3). Core study of the upper Springer,
Cunningham sandstone in the Apexco #1-A Buell
(sec. 10, T. 11 N., R. 12 W.) indicates a subma-
rine-fan origin (Tassone and Visher, 1978). Mor-
row sandstones above the Pennsylvanian—-Missis-
sippian unconformity also underlie thick Morrow
shales, and are interpreted as probable subma-
rine-fan deposits (Fig. 2).

More than 6,000 ft of basin subsidence and fill
is reflected by these units. This is far more than
the onlap resulting from the worldwide eustatic
sea-level rise across the Chester and basal Penn-
sylvanian unconformities. The driving subsidence
during this period of worldwide eustatic sea-level

rise must be more than coincidental. It is the the-
sis of this paper that a starved basin developed
due to the relatively slow rate of sediment supply,
and low-density-shale deposition led to a crustal
density anomaly.

Structural History

Many structural geologists suggest that the
Anadarko basin is an aulacogen (Wickham,
1978b), and some suggest strike-slip movement
on both the north and south boundaries of the
basin (Donovan, this volume). The continued up-
lift of the southern flank of the basin may be an
effect of thermal anomalies developed by the
Chesterian and lower Pennsylvanian depositional
history. Uplift of the Wichita—Amarillo structural
trend at the continental margin, due to this ther-
mal anomaly, may have produced a spreading
center, the strike-slip movement on faults bound-
ing the basin, and the continuing subsidence of
the Anadarko basin foredeep. The Wichita—
Amarillo trend continued to rise from the late
Morrowan through the Wolfcampian, and devel-
oped >15,000 ft of chert and granite wash in fan-
deltas (Fig. 2), resulting in continuing subsidence
of the Anadarko basin foredeep. High heat flow
has been maintained in the Wichita Mountains
granitic crust; the deeper Anadarko basin is char-
acterized by high temperatures due to low-den-
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Figure 2. Structural cross section showing patterns of time-rock correlation, unconformities, and
onlap. Uplift and the hinge zone are indicated by arrows. Line of cross section shown in Figure 1.

sity and low-thermal-conductivity shales; and the
positive gravity anomaly in the Wichita—Amarillo
uplift contrasts with the negative anomaly in the
Anadarko basin.

DISCUSSION

Controls for cratonic spreading centers have
been poorly understood. They may be inferred
from regionally gravity data, and subsequent

analysis of fracture patterns, lineaments, and
cratonic strike-slip fault movements may provide
insight into the structural history of cratonic ba-
sins. Uplifts marginal to cratonic basins appear to
be closely related to basin depositional histories,
and—as has been amply demonstrated by many
basin studies—structural and depositional histo-
ries are causally interrelated. The new twist out-
lined here is that the depositional history controls
the structure rather than the structure control-
ling the depositional history.
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REGIONAL GRAVITY OF THE ANADARKO BASIN AREA
AND A MORE DETAILED LOOK AT THE WICHITA
FRONTAL FAULT ZONE

S. L. RoBBINS AND MERIDEE JONES-CECIL
U.S. Geological Survey, Denver

G. R. KELLER, JR.
University of Texas, El Paso

We presented poster displays on gravity
surveys in and around the Anadarko basin at the
Anadarko Basin Workshop in Norman, Okla-
homa, on April 5-6, 1988. These displays, not re-
produced in the present paper, were the
following:

1) In color, an isostatic residual-anomaly grav-
ity map of the Anadarko basin and surrounding
areas at a scale of 1:1,000,000 (lat. 33°-39°45" N.,
long. 95°-103° W.);

2) In color, a complete Bouguer-anomaly grav-
ity map of the same area and scale as 1;

3) A Dblack-line complete Bouguer-anomaly
gravity map with station locations on a cultural
base of the same area and scale as 1;

4) In color, a complete Bouguer-anomaly grav-
ity map of the Lawton and Anadarko 30" X 60
Quadrangles, Oklahoma, at a scale of 1:250,000;

5) A Dblack-line complete Bouguer-anomaly
gravity map with station locations on a topo-
graphic base of the same area and scale as 4;

6) In color, an isostatic residual-anomaly grav-
ity map of the same area and scale as 4;

7) Two gravity profiles across the Meers fault,
northwest of Lawton, Oklahoma, in which ob-
served values include complete Bouguer reduc-
tions and isostatic compensation, station spacings
~100 ft apart within 0.5 mi of the fault;

8) Two gravity profiles using Bouguer and iso-
statically reduced data along the north-south
COCORP seismic lines 2 and 6 (Brewer and
others, 1984), station spacing 1 mi.

Data from >4,000 gravity stations from the
Defense Mapping Agency and >8,000 stations
from the University of Texas at El Paso were
used in the compilation of the gravity maps. In
addition, 379 stations from Barrett (1980) and
Santiago (1979) were used. Gravity data along the
profiles and an additional 77 regional stations
were collected by the first two authors in May
1987, using a LaCoste and Romberg gravity
meter. (Use of brand names in this report is for
descriptive purposes only and does not neces-
sarily constitute endorsement by the U.S. Geolog-
ical Survey.) The gravity values are based on the

IGSN-1971 datum (Morelli, 1974), and the data
were reduced using the GRS-1967 formulas (In-
ternational Association of Geodesy, 1971), with
an assumed average crustal density of 2.67 g/cm®.
The terrain effect, out to a distance of 167 km
from each station, was removed for most stations
using a computer program based on Plouff
(1977). The terrain effect for the stations estab-
lished by Robbins and Jones-Cecil was removed
by manually making corrections to a distance of
0.59 km and using the computer program from
there out to 167 km. Isostatic corrections were
made using a computer program by Simpson and
others (1983), assuming an Airy-Heiskanen com-
pensation model. The parameters used for this
model were as follows: (1) density of the topo-
graphic load, 2.67 g/cm?, (2) depth of the root be-
low sea level, 30 km, and (3) density contrast at
depth, +0.4 g/cm® The color maps of the dis-
plays were generated by gridding the data using a
computer program by Webring (1981) and plot-
ting the gridded data using Godson’s (1980)
COLOR program. The black-line gravity maps
were contoured using the program “Interactive
Surface Modeling” by Dynamic Graphics, Inc.
The gravity profiles were plotted using a program
by Saltus and Blakely (1983).

Displays 1, 2, and 3 are intended for publica-
tion as a U.S. Geological Survey Geophysical In-
vestigations GP-series map.

In comparing the complete Bouguer gravity
map (display 2) with the isostatic residual anom-
aly gravity map (display 1), the most obvious dif-
ference is the removal of the decreasing gradient
to the west, as seen is display 2. In addition, the
isostatic correction enhances a large gravity low
over the Quachita Mountains.

The most prominent features on the maps are
gravity highs over the Amarillo-Wichita and
Arbuckle uplifts. These highs are similar in mag-
nitude to the highs over the southern end of the
Midcontinent gravity high (northern Kansas,
northeast corner of these maps). There is a NNE-
trending, 25-30 mgal gravity high just east of
long. 99°, beginning just north of the Wichita-up-
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Figure 1 (above and opposite). Complete Bouguer gravity map in the area of the Meers fault northwest
of Lawton, Oklahoma, with two Bouguer and isostatic gravity profiles. Contour interval 2 mgal; + =

gravity station.

lift gravity high (a little north of lat. 35°). This
high is over a deep part of the Anadarko basin,
about one degree of longitude west of the
Nemaha uplift. This high is more or less on line
with the southern end of the Midcontinent high,
and may be caused by very deeply buried, high-
density volcanic rocks. Such rocks are associated
with the Midcontinent high in the Great Lakes
region. There are not enough gravity stations in
southern Kansas to confirm this connection. The
gravity low over the Anadarko basin, as shown on
the isostatic residual map (display 1), is similar in
magnitude to the lows over the Hollis and Harde-
man basins, suggesting an association between
them.

One of the prominent features on displays 4, 5,
and 6 is a steep gravity gradient which decreases
to the northeast away from the Wichita uplift. In
the area near the Meers fault, the Wichita uplift
gravity high is at its widest, and the gravity gra-
dient on the north side of the uplift is the gen-
tlest. In this area, the gradient changes trend
from NE on the east to almost N on the west.

Just north of this direction change, the NNE-
trending, 25-30 mgal gravity high begins. The
surface geology under this gravity gradient is very
complex, including both thrust and strike-slip
faults that trend in several directions, and surface
outcrops of highly disturbed lower Paleozoic
rocks.

The gravity profile along COCORP seismic line
6 (display 8; Brewer and others, 1984) and the
aeromagnetic data discussed by Jones-Cecil and
Crone (this volume) suggest that a buried gab-
broic(?) body may be present in the area of the
gentler gravity gradient north of the Meers fault.

Figure 1 of the present report shows 4-km seg-
ments of the two gravity profiles centered over
the Meers fault (display 7). On both profiles
there is a sharp positive gravity anomaly of ~1
mgal centered roughly over the fault. This anom-
aly can be approximated by a 70-m-wide, dike-
like zone along the fault, extending vertically
down to sea level, with a density increase of +0.2
g/cm?.
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CONSTRAINTS ON THE ANADARKO BASIN-WICHITA UPLIFT
BOUNDARY INTERPRETED FROM AEROMAGNETIC DATA

MERIDEE JONES-CECIL AND ANTHONY J. CRONE
U.S. Geological Survey, Denver

Modeling and interpretation of aeromagnetic
data across the transition between the Anadarko
basin and the Wichita uplift in the vicinity of the
scarp on the Meers fault (Fig. 1) constrains struc-
tural relationships and lithologic contrasts at this
boundary. We digitized aeromagnetic data from
the map based on a detailed survey flown in 1954
(U.S. Geological Survey, 1975). The flight lines
for this survey were oriented east-west, spaced
0.25 mi apart, and flown 500 ft above the ground.
The digitized data were gridded using a mini-
mum-curvature gridding program (MINC; We-
bring, 1981) and plotted as a color-shaded relief
map using an unpublished program written by M.
W. Webring. The color-shaded relief map was
shown in the Anadarko Basin Workshop poster
session. Figure 2 is a generalized contour map
made from the digitized data, using the unpub-
lished program CONTOURS, written by R. H.
Bracken, R. H. Godson, and M. W. Webring.

The main structure between the Anadarko ba-
sin and the Wichita uplift is the Wichita frontal
fault system, which extends NW-SE for >300
km across southwestern Oklahoma (Harlton,
1963). The Meers fault (Meers Valley fault of
Harlton) is one of the major faults in this system,
and recent studies have demonstrated Holocene
movement on at least a 26-km-long segment of
this fault (Ramelli and Slemmons, 1986). Our
study examines the relationships between the
Meers fault as mapped at the surface and buried
structures in the upper crust. Interpretation of
the aeromagnetic data establishes important con-
straints on the subsurface location and dip of the
Meers fault.

As previously pointed out by Purucker (1986),
the Meers fault is expressed as a well-defined
NNW-trending boundary between the high-am-
plitude, short-wavelength aeromagnetic signature
of igneous rocks in the Wichita uplift to the
southwest and the low-amplitude, long-wave-
length signature of the rocks to the northeast. As
mapped by Ramelli and Slemmons (1986), the
continuous surface scarp extends southeast of
point a to approximately point d as shown in
Figure 1. The aeromagnetic data suggest that the
fault continues northwest of point a and breaks
into three or more splays. At point b (Fig. 1), the
splays cut through a lobe of rock with a magnetic
signature similar to that of the igneous rocks of
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the Wichita Mountains. Farther northwest (near
point c¢), the sharp contrast in the magnetic sig-
nature across the fault diminishes where the con-
tinuation of the fault is inferred from drill data
(Harlton, 1963). In this area, the magnetic data
suggest that the fault curves to a more northerly
trend, and a subsidiary, more westerly trending
branch enters the block of the Wichita uplift.
Near the southeast end of the scarp (point d), the
aeromagnetic expression is subdued (Fig. 2) be-
cause a very magnetic body merges with the
Wichita uplift from the north-northwest. This
magnetic body is expressed on the surface as out-
crops of Carlton Rhyolite. The aeromagnetic map
suggests that the exposed rhyolite is the tip of a
large body of high-susceptibility rock with mag-
netic properties similar to those of the highly
magnetic rocks in the Wichita uplift.

Magnetic models along lines A-A’ and B-B’
(Fig. 2), determined using the SAKI modeling
program (Webring, 1985), yield a two-dimen-
sional, depth-versus-length picture of the mag-
netic relationships across the boundary between
the Anadarko basin and the Wichita uplift (Figs.
3 and 4). As with any generalized linear inversion,
solutions are non-unique but do provide con-
straints on permissible variations in the shape
and susceptibility of rock bodies along the pro-
files. We started with simple geologic models, us-
ing a generalized geologic map and schematic
cross section of the Wichita uplift (Gilbert, 1982),
a near-vertical Meers fault (Harlton, 1963), and a
moderately SW-dipping Mountain View fault
(Brewer and others, 1983). We used susceptibility
values of various rock types in the range of values
determined by Ku and others (1967), and from
our measurements of 24 samples of Cambrian,
Ordovician, and Permian sedimentary rocks and
three samples of the igneous rocks.

The initial models fit the data quite well, with
a few noteworthy exceptions. The areal extent
and high susceptibility of the magnetic body be-
neath the Carlton Rhyolite north of the Meers
fault was unexpected. The Stanolind 1 Per-
dasofpy well, located close to profile B-B’ on the
basinward flank of the magnetic body, penetrated
granite at a depth of 1.7 km and basalts and
spilites at a depth of 2.7 km. In our model, how-
ever, the top of the magnetic body is ~2 km deep
where the 1 Perdasofpy well projects onto the
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Basin Boundary from Aeromagnetic Data
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Figure 3. A—Plot of observed magnetic values (triangles) and curve calculated for model along profile
A-A’. B—Cross section of model along profile A-A’. Numbers in bodies are susceptibilities in S{ units
X 10-2. Dark stippling indicates bodies with susceptibilities in the range of highly magnetic, mafic
rocks. Lighter stippling and susceptibilities of 0.5 to 0.7 X 10-2 Sl indicate probable granitic or rhyo-
litic rocks. All susceptibilities <<0.001 X 10—2 SI are effectively nonmagnetic sedimentary rocks. Hori-
zontal and vertical scales equal; negative depths indicate elevation above sea level.

line of the profile (Figs. 1 and 4). The aeromag-
netic map and the two profiles show that the con-
figuration of the magnetic body north of the
Meers fault changes along the trend of the fault.
In profile A-A’ (Fig. 3), the top of the body is ~2
km deep and does not rise close to the surface for
~10 km to the northeast. In profile B-B* (Fig. 4),
the magnetic body is close to the surface directly
northeast of the Meers fault. For the most part,
the susceptibilities in our models closely corre-
spond to measured susceptibilities. However, the
susceptibility of the more-magnetic part of the
Wichita uplift, and of the buried magnetic body
northeast of the Meers fault, must be ~2.9 X
102 SI units or greater to fit the observed data.
This susceptibility is at the high end of the range
of observed values (Ku and others, 1967).

After fitting the observed data with geologically

acceptable models, we then perturbed the models
to examine the effects of changing fault geom-
etries. We modeled both a moderately (45°) N-
and S-dipping Meers fault, but both perturba-
tions fit the data poorly, especially for profile
A-A’, where the susceptibility contrast is very
large. The results constrain the Meers fault to a
near-vertical dip. In addition, we examined the
effect of changing the attitude of the Mountain
View fault, another major fault in the frontal
fault system. In profile A—A’ the magnetic data
permit very little change in the location or dip of
the Mountain View fault. In profile B-B’ the data
allow more variability, but they still require a
moderate southerly dip on the Mountain View
fault.

We varied the susceptibilities of different bod-
ies to test the effect on the models. In profile
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Figure 4. A—Plot of observed magnetic values (triangles) and curve calculated for model along profile
B-B’. B—Cross section of model along profile B-B’. Numbers shown in bodies are susceptibilities in
Sl units X 10-2, Dark stippling indicates bodies with susceptibilities in the range of highly magnetic,
mafic rocks. Lighter stippling and susceptibilities of 0.5 to 0.7 X 10-2 Sl indicate probable granitic or
rhyolitic rocks. Susceptibilities of ~0.005 X 10-2 Sl are in the upper range of susceptibilities mea-
sured from samples of Cambrian, Ordovician, and Permian sedimentary rocks from the area. All sus-
ceptibilities <0.001 X 10-2 SI are effectively nonmagnetic sedimentary rocks. Stanolind 1 Perdasofpy
well projected onto plane of cross section. Horizontal and vertical scales equal; negative depths indi-

cate elevation above sea level.

A-A’, we initially modeled the material above the
highly magnetic body immediately northeast of
the Meers fault with a susceptibility in the range
of rhyolite (0.5 X 10-2 SI). Reducing this suscep-
tibility to the range of the Cambrian—Ordovician
sedimentary rocks (0.001 X 102 SI) had a mini-
mal effect on the model. Thus, the material over-
lying the highly magnetic body in the vicinity of
the Slick Hills could be either sedimentary rock,
rhyolite or—most likely—some of each.

Future studies will combine gravity data with
our models, incorporate additional well informa-
tion, and constrain relations by using seismic-re-
flection data. These combined sources of informa-
tion will improve constraints on interpretations
of structural relations within the Wichita frontal
fault system. Nevertheless, these preliminary

models and interpretations of the aeromagnetic
data provide valuable new insights into the geom-
etries and lithologies of rocks within the fault
system. The aeromagnetic data indicate the pres-
ence of a large magnetic body basinward of part
of the Meers fault. The northwestern termination
of Holocene surface rupture as mapped by
Ramelli and Slemmons (1986) may be controlled
by the fault breaking into multiple splays. The
splays enter an aberrant, basinward lobe of prob-
able igneous material. Whether the lobe is the
cause or the effect of the splaying is not clear, but
it seems likely that the lobe affects the geometry
and behavior of this part of the fault. Our models
of the aeromagnetic data require a near-vertical
Meers fault and a moderately SW-dipping Moun-
tain View fault.
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GENETIC-SEQUENCE STRATIGRAPHY OF THE UPPER
DESMOINESIAN OSWEGO LIMESTONE ALONG THE
NORTHERN SHELF MARGIN OF THE ANADARKO BASIN,
WEST-CENTRAL OKLAHOMA

TimMoTHY P. DERSTINE
Southern Methodist University

Abstract.—A detailed-sequence stratigraphic study was conducted for the Oswego limestone, an
upper Desmoinesian (Pennsylvanian) hydrocarbon reservoir along the Putnam trend in Dewey and
Custer Counties, Oklahoma, in the vicinity of the northern shelf break of the Anadarko basin.
Descriptions of nine cores, detailed correlations of 160 well-logs, and facies maps of Oswego lime-
stone, supplemented by seismic data along dip profile, were used to define three stratigraphic se-
quences and their associated depositional facies (Fig. 1). These distinctive lithofacies include: (1)
shelf wackestone—packstones, (2) phylloid-algal-mound deposits, (3) fringing grainstone-pack-.
stones, (4) basin/basin-margin shales and mudstones, (5) shelf mudstone/shales, (6) spicular car-
bonates, and (7) calcareous terrigenous clastics. The limestone and related sedimentary facies form
three stratigraphic sequences bounded by conformities whose correlative unconformities must be
present in the depositional up-dip, landward position. Each stratigraphic sequence contains a Low-
stand Systems Tract (LST), an overlying Highstand Systems Tract (HST), and a condensed sec-
tion (shale/mudstone facies), identified on the gamma-ray logs as radioactive kicks that can be
correlated between wells (Fig. 2).

The well-defined stratigraphic sequences—determined from detailed well-log correlations that
consider genetic units—illustrate the evolution of these carbonate and local clastic deposits along
Oswego shelf-to-basin profiles as a consequence of sea-level oscillations and slow subsidence. Re-
peated successions of shelf wackestone—packstones, phylloid-algal-mound deposits with fringing
grainstone—packstones and scattered spicular carbonates, and basin shales are the depositional fa-
cies that make up the Lowstand Systems Tract. The LST is capped by a thin shale that reflects an
episode of rapid relative sea-level rise and flooding of the Oswego carbonate shelf. This episode
represents the time of deposition of the condensed section and the Highstand Systems Tract. The
black shales/mudstones deposited during this rapid flooding event form a problematic downlap-
ping unit, because terrigenous sediment evidently was supplied from both the Oklahoma-Kansas
area to the north and the Wichita—Amarillo high to the south. The HST is very thin, if present at
all, within the sequences. Deposits in the HST are thin mud drapes found above the condensed
section that indicate drowning or backstepping of carbonate sources.

The Putnam trend within the study area produces oil and gas from the phylloid-algal-mound
(bank) deposits that formed at the shelf margin. These algal-mound deposits contain vuggy and
moldic porosity and are bound by tightly calcite-cemented facies. To the north, the mounds are
bounded by the wackestone-packstones of shelf facies, and to the south by the fringing grain-
stone—packstones that formed on the seaward margin in relatively high-energy environments. The
algal-mound deposits with sufficient porosity and permeability for oil and gas production are con-
tained almost exclusively in the LST.
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ANALYSIS OF SEDIMENTARY FACIES AND PETROFACIES
OF LOWER MORROWAN-UPPER CHESTERIAN SANDSTONES,
ANADARKO BASIN, OKLAHOMA

C. WiLLiaM KEIGHIN AND RoMEO M. FLORES

U.S. Geological Survey, Denver

Three major lithofacies have been identified
within the Morrow (Pennsylvanian) and Springer
(Pennsylvanian—Mississippian) units, in core
from 30 drill holes ranging from the Oklahoma
Panhandle to the southwestern portion of the
Anadarko basin. The study included inspection of
~6,500 ft of core, examination of ~100 thin sec-
tions, and a scanning-electron-microscope study
of butts of the material used for thin-section
preparation. The lithofacies identified are (1) flu-
vial-influenced coastal, which includes the deltaic
facies described by Swanson (1979), (2) tidal-in-
fluenced nearshore, and (3) mixed, which shows
mixed tidal and nontidal marine influence. Our
interpretation is supported by the investigations
of Moore (1979), Haiduk (1987), and Swanson
(1979). The fluvial-influenced coastal facies is re-
stricted to the northwestern (Panhandle) portion
of the Anadarko basin.

The fluvial-influenced coastal-facies sequence
consists of sandstones, siltstones, mudstones,
coals, carbonaceous shales, and limestones, repre-
senting a variety of facies types, including (1) dis-
tributary-channel/overbank, (2) interdistributary
bay, (3) crevasse splay, and (4) marsh-swamp fa-
cies types. These facies types include features
seen in modern and Carboniferous delta-plain
deposits.

The tidal-influenced nearshore-facies sequence
is made up of (1) intertidal, (2) tidal-channel, (3)
subtidal-bar, and (4) lagoon-facies types. The li-
thology and sedimentary structures typically
identified in intertidal, tidal-channel, and sub-
tidal facies types are shown in Figure 1. The core
sample in Figure 2 illustrates the facies sequence
representing parts of the intertidal and tidal-
channel facies types. Although cores from ~30
drill holes were examined, it was only in this core
that a sequence of red sandstones and siltstones
alternating with gray fine-grained sediments and
sandstones was observed. The occurrence of cy-
clic intervals of variegated sandstones and silt-
stones interbedded with mudstones containing
mud-crack structures suggests sea-level fluctua-
tions and subaerial exposure.

The mixed tidal-nontidal marine-facies se-
quence includes clastic-dominated shallow-
marine facies types comprising interbedded mud-

" stones, siltstones, and sandstones, as well as car-

bonate-dominated shallow-marine facies types
consisting of interbedded limestones, sandstones,
siltstones, and mudstones. The facies types are
interpreted to reflect a mixed clastic-carbonate
shallow-marine or open-shelf-platform environ-
ment typical of Carboniferous deposits.

Effects of diagenetic alteration are seen in all
samples, which span a depth range of approxi-
mately 4,000-18,000 ft (see also Adams, 1964; Al-
Shaieb and Walker, 1986; and Haiduk, 1987).
Samples were studied in thin sections, and with
the scanning electron microscope, to determine
types and extent of diagenetic modification and
the influence of diagenesis on potential reservoir
properties of the sandstones. Signs of mechanical
compaction, which serves to reduce porosity, are
seen in all examined samples; these include de-
formed labile rock fragments, deformed glau-
conite grains, and stylolites. Chemical diagenesis
is widespread—indicated by silica or carbonate
cements (calcite and/or ankerite) and formation
of various clay minerals, including chlorite, kao-
linite, and illite. Cementation by iron-bearing
carbonates (probably predominantly ankerite)
has eliminated porosity in some of the sand-
stones, although the distribution of carbonate ce-
ments is highly variable. The most significant ef-
fect of diagenesis on reservoir properties is the
generation of secondary porosity in the sand-
stones; most of the porosity identified in the
sandstones is secondary. Some effects of chemical
diagenesis are illustrated in Figure 3.

DISCUSSION

The three major lithofacies identified in this
investigation are similar to those identified by
Moore (1979) and Swanson (1979). The fluvial-in-
fluenced coastal and tidal-influenced nearshore
lithofacies, found in and near the panhandle por-
tion of the Anadarko basin, consist mainly of flu-
vial-lower-delta plain and intertidal-tidal chan-
nel-subtidal deposits. The mixed tidal-nontidal
marine lithofacies, found in the deeper, south-
eastern, portion of the Anadarko basin, consists

236
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primarily of clastic- and carbonate-dominated
shallow-marine deposits.

It was not possible to clearly differentiate the
sandstones on the basis of their petrofacies and
diagenetic properties. The effects of both physical
compaction and chemical diagenesis are seen
throughout all the samples studied. It appears
that the most widespread and probably most im-
portant effect of chemical diagenesis was the for-
mation of secondary porosity through dissolution
of glauconite grains, labile rock fragments, and to
a limited degree, detrital framework grains.
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Figure 2. Core material from the King—Stevenson
1 Anderson drill hole, illustrating facies sequence
and types. Depth range of core is approximately
7,080-7,114 ft.

Figure 3. Scanning electron micrograph of a
sandstone sample from the King-Stevenson 1
Anderson drill hole at a depth of 7,095 ft, illus-
trating overgrowths of authigenic quartz (Q), and
an authigenic carbonate (C)—probably ankerite.
This sample is not tightly cemented, but pores
are typically small.
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STRUCTURAL ANOMALIES IN THE DEEP ANADARKO BASIN,
CADDO AND CANADIAN COUNTIES, OKLAHOMA

Jock A. CAMPBELL

Oklahoma Geological Survey

HaroLp McINTIRE AND RicHARD A. HAINES
Geological Data Services, Dallas

SUMMARY

Regional correlation studies by McIntire have
resulted in the identification of repeated strata in
several units of the Cherokee and Marmaton
Groups (Desmoinesian) in four wells in the deep
Anadarko basin. Vertical separations of ~30 ft to
at least 120 ft occur at depths of 10,000-10,700 ft.

Interpretation of structure from chance drill-
hole data is ambiguous, because the strike and
dip of penetrated faults cannot be known without
more detailed information. Furthermore, it is not
known whether the four drill holes penetrate one,
two, three, or four faults, or whether the faults
have the same or different strikes. In the absence
of knowledge of the number and geometry of the
faults, interpretations of their origin and signifi-
cance are speculative. However, it may be in-
structive to analyze these anomalies for their pos-
sible value to better understanding of basin
structure. The present knowledge of regional
structure limits the possibilities for the probable
geometry of the faults.

For the purpose of this investigation it is as-
sumed that faults strike WNW, parallel to the
major structural grain of the Wichita Mountains
and much of the basin (Harlton, 1972; Evans,
1987; Fig. 1). Repetition of strata indicates re-
verse separation in all four wells. Misinterpreta-
tion of structure due to crooked wells is unlikely,
as surveys taken during the course of drilling
demonstrate that the maximum deviation from
vertical in any of the subject wells in the faulted
interval is only 1.5°.

With the above evidence, two major possibili-
ties as to slip of the faults exist: strike slip, or
reverse dip slip, although each may also include
some element of the other, resulting in oblique
slip. If strike-slip is responsible for the observed
structural relations, the fault or faults may dip ei-
ther N or S. However, the slip would have to be
left-lateral in order to move shallower structure
contours into juxtaposition with deeper ones (Fig.
2). Structure contours {Fritz, 1978) indicate a dip
of ~7° SW in the subject area. However, dip par-
allel to the strike of the faults is much less, ~3°

239

N. 70° W. Accordingly, a left horizontal slip of
~2,290 ft (0.43 mi) would be required to produce
vertical separation of 120 ft. Left-lateral displace-
ment is consistent with interpretation of struc-
tures to the southeast by Wickham (1978a), Har-
ding (1974), and Harding and others (1983).

If true reverse faults are responsible for the
observed structural relations, then the separation
may be up on either the north or the south side
of the faults. However, considering the structural
style of the region, it is difficult to develop a
process, or a model for the occurrence of signifi-
cant up-to-the-north faults. Down-to-the-north
reverse (overthrust) faulting is the major struc-
tural style of the Wichita Mountains front, and
such faults are well documented in the region
(Harlton, 1972; Evans, 1987); blind thrusts occur
in the basin where latest Pennsylvanian and Per-
mian strata have overlapped them (Brewer, 1982;
Brewer and others, 1983). Therefore, it is con-
cluded that separation on the faults is down to
the north, and that the dip is S. Although some
element of strike slip is possible, and would con-
tribute to reverse separation in the area, the sub-
ject faults most likely are primarily overthrust,
reverse-slip faults. The Mills Ranch field (Jemi-
son, 1979; Petersen, 1983) and West Mayfield and
Erick fields (Solter, 1980) are on structural highs
associated with deep thrust faults. The geologic
structure is similar in the Gotebo area (Takken,
1963) and in the vicinity of West Sentinel field
(Gelphman, 1959). Many other fields in the basin
occur on the relatively uplifted, south sides of
blind faults that probably have similar overthrust
geometry. Among these are the Cement area
(Herrmann, 1961; Takken, 1974) and Knox area
(Petersen, 1983). Wroblewski (1970) illustrated
the structure of the Elk City field, which can only
have been produced by a blind thrust. The Hun-
ton structure-contour map of the Gageby Creek
field (Young, 1977) also suggests overthrust struc-
ture. Low-angle thrusting may be much more
common in the basin than previously believed,
but there is little documentation of that in the
public domain. Furthermore, the interpretation
of seismic data may be too ambiguous to be cer-
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tain of overthrust structure, and deep drilling has
documented reverse faults in ramp zones only
locally.

Four wells identified in this study exhibit re-
peated strata, ranging from 30 ft to at least 120 ft
of repeated section (Fig. 3). Repetition of differ-
ent parts of the section in the four wells suggests
multiple reverse faults or fault segments. The
repetition of at least 120 ft of strata in the An-
Son 1 Nitzel requires at least two faults. This
suggests that the local structure is that of the

ramp portion of a blind, low-angle thrust, where a
single fault commonly splays into several fault
segments. This is interpreted to be the structure
typical of the four-well area.

To the northwest of that area, and parallel
to the N. 70° W. structural grain of the basin, the
Aledo (Gatewood, 1980) and North Custer City
(Berg, 1974) fields are both associated with down-
to-the-north faults. Although the previous au-
thors interpreted those to be normal faults,
present knowledge of regional structure favors a
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Figure 3. Wells penetrating repeated section in southwestern Canadian County and adjacent Caddo
County, Oklahoma. Formations indentified as follows (youngest to oldest): M—Marmaton Group (un-
divided). O—Oswego lime. V—Verdigris Limestone. Su—upper Skinner sand. Sl—lower Skinner
sand. P—Pink lime (Tiawah Limestone). RF—Red Fork sand. C-—Cherokee Group (undivided).
F—position of interpreted fault. R—repeated section. Datum: Oswego lime.
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Figure 3. Continued.

Sun. Oil Co., Chiles B-2, CSW% sec. 29, T 12 N,
R 9 W, Canadian Co. Reverse fault at 10,120 ft; 64 ft
of vertical separation at the Verdigris Limestone.
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thrust-fault geometry. Sole faults may occur in
more than one stratigraphic position, as inter-
preted farther south in the basin by Brewer
(1982, fig. 28).

It is herein suggested that one or more WNW-
trending blind thrust systems occur on the north-
ern slope of the deep Anadarko basin, along a line
including the Aledo and North Custer City fields,
and four wells in northern Caddo and southwest-

MOUNTAIN
MEERS VIEW
OK 2 FAULT OK2A  FauLT LONE

J. A. Campbell and others

“ern Canadian Counties. The position of the sug-

gested thrust or thrusts (Fig. 4) suggests that the
Anadarko shelf may have acted as a buttress
against which thrusting was directed during sub-
sidence in Pennsylvanian time. This is the north-
ernmost thrusting located to date in the pub-
lished literature, and it may be significant in the
formation of heretofore unrecognized petroleum
traps.

SECONDS

[<7+] wicnita Granites  [{*¢ 4 Gabbro

Lower Palsozoic Seds. + Late PC(?)-Early €(?) Layered Rocks

0 10 MILES r

0 15 KILOMETERS

Figure 4. Interpretation of unmigrated COCORP seismic profile across the Wichita Mountains/
Anadarko basin transition. Identified stratigraphic units: ARB—Arbuckle Group (Cambrian-Ordovi-
cian). HUN—Hunton Group (Silurian—Devonian). MER—Meramecian (Mississippian). CH—Chesterian
(Mississippian). MOR—Morrowan (Pennsylvanian). AT—Atokan (Pennsylvanian). BT—blind thrusts in-
terpreted in this study, projected along structural strike into line of profile (modified after Brewer,

1982).
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SUBSURFACE GEOLOGY OF THE NORTHERN SHELF
OF THE ANADARKO BASIN

DoroTHY J. SMITH

Oklahoma Geological Survey

A four-county study on the northern shelf of
the Anadarko basin was undertaken in order to
summarize the general subsurface geology of the
area. The study includes Woods, Woodward, Al-
falfa, and Major Counties in Oklahoma (Fig. 1).
Pre-Permian sedimentary rocks in the subsurface
in this area represent each geologic system from
the Cambrian through the Pennsylvanian, and
each system is productive of petroleum (Fig. 2).
Three horizons were selected for structural map-
ping because they are major markers in the sec-
tion and easily correlated regionally. Structure
contour maps were prepared on the Viola Group
(Fig. 3), on the unconformity at the base of the
Pennsylvanian System, and on the top of the “big
lime”-Oswego (Marmaton Group); “big lime” was
chosen for the benefit of the well-site geologist
because it is the top of the Marmaton carbonate
sequence in the area. Although “big lime”-Os-
wego includes all the Marmaton carbonates, the
Oswego is a more commonly used mapping hori-
zon that is easily correlated over long distances. A
gentle S-dipping homocline is apparent on all ho-

rizons. Average dip of the Oswego is 40 ft/mi,
with local variations, and the Viola dips an aver-
age of 80 ft/mi, increasing slightly in Woodward
and Major Counties (Fig. 3).

Structural features include a distinct closure in
northwestern Woods County at the site of the
Yellowstone field, where Viola, Simpson, and
Arbuckle strata are the principal reservoirs (Fig.
3). The map on the basal Pennsylvanian uncon-
formity shows an extensive low in central Wood-
ward County, commonly referred to as the
“Woodward trench.” Well-developed, continuous,
porous and permeable channel deposits of Mor-
row sands lie within this N-S feature.

In north-central Oklahoma, weathering at the
top of the Mississippian, and locally within 100 ft
or so of the top, has produced a zone of rubble
known as “Mississippi chat.” This variable zone
of weathered material may be limestone, weath-
ered chert, fractured siliceous limestone, tripolitic
chert, or any combination of these lithologies.
The “Mississippi chat” is Meramecian and (prin-
cipally) Osagean (Mikkelson, 1966). According to
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Figure 1. Map of Oklahoma showing location of the four-county study area on the northern shelf of

the Anadarko basin.
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PRINCIPAL
SYSTEM SERIES GROUP or FORMATION OIL and GAS
RESERVOIR
Wabunsee Group
Virgilian Shawnee Group
Douglas Group Tonkawa sand
<Z( . . Ochelata Group Cottage Grove sand
< Missourian
Z Skiatook Group Layton sand
; o Marmaton Group Oswego lime
o Desmoinesian Chorokes G Red Fork 3
% erokee ﬂp77_, ed Fork san
o Atoka Atoka ;
n Group
Morrow
Morrowan Group Morrow sands
> Chesterian Chester Chester Group
< Group
E Meramec ;
g Meramecian Group i’ Meramec lime
= /] @
8 Osagean Osage Group s Osage lime
=
Kinderhookian Kinderhook shale
Woodford Shale
DEVONIAN //
U Hunton lime
SILURIAN pper
Lower Hunton Group
> Upper Syivan Shale Maquoketa dolomite
g Viola Group Viola lime
§ Middle Simpson Group Simpson dolomite
T Simpson sand
© Lower
> Arbuckle Group Arbuckle lime
<
[ r
é Uppe
5 Reagan Sandstone
PRECAMBRIAN GRANITE

Figure 2. Stratigraphic column of pre-Permian strata and principal reservoirs on the
northern shelf of the Anadarko basin. Modified from Hills and Kottlowski (1983) and
from an unpublished column by Herbert G. Davis and Robert A. Northcutt.
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Figure 3. Structure-contour map on top of the Viola Group.

Mikkelson (1966, p. 256) the “chat” was formed
“(1) underwater during Mississippian time; (2)
exposed during the hiatus between Mississippian
and Pennsylvanian time; and (3) reimmersed in
early Pennsylvanian time.”

Petroleum production on the shelf is almost
entirely from stratigraphic traps and other local
variations of porosity. Offshore bars, channel
sands, and sand lenses are common. Other traps
are formed by dolomitization and fractures. Frac-
tured reservoirs have been defined and are lim-
ited to those in which oil and gas would not be
produced or would be seriously decreased if frac-
tures were absent. There are two types according
to this classification: those with only fracture po-
rosity and those with a combination of fracture
and intergranular porosity (Hubbert and Willis,
1955). Dolomitization forms a trapping mecha-
nism when a porous dolomitic zone grades in all
directions into impermeable strata.

Numerous parts of the stratigraphic column are
productive, including the Tonkawa sand, Cottage
Grove sand, Oswego (Fort Scott) lime, Cherokee
sands, Morrow sands, several zones within the

Mississippian System, and the Hunton Group.
Table 1 lists the major fields and their principal
reservoirs.

With steadily rising oil prices from 1973 until
1981, a high level of exploration and development
was reached. A slight decline began in 1982, and
by 1984 development wells accounted for most of
the drilling activity. Cumulative production by
counties is shown in Table 2.

Several major patterns of deposition and ero-
sion are significant. In the Pennsylvanian System,
the northward thinning of the Cherokee Group
due to marine onlap is apparent. The Cherokee
Group includes strata from the base of the Os-
wego to the top of the Atoka, which in this area is
the “Thirteen Finger line.” Where the Atoka and
Morrow Groups are missing, the Cherokee rests
unconformably upon the Mississippian. The
Cherokee is composed of gray shales and thin
limestones and sandstones that are persistent and
often are good marker beds; it was deposited by a
transgressive sea onto a low, broad shelf dipping
gently southward into the Anadarko basin.

The updip limit of the Morrow Group is shown
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TABLE 1.—SELECTED MAJOR PETROLEUM-PRODUCING HORIZONS
IN THE FOUR-COUNTY STUDY AREA

Cumulative through 19852

. Principal
Field Name Field Discovery producing Qil Gas
no. date horizons (bbls) (Mcf)
Avard NW 148 1954 Tonkawa, Red Fork, 6,003,759 194,391,566
Hunton, Oswego
Cheyenne Valley 577 1958 Mississippian, 11,047,049 101,177,051
Upper Red Fork
Oakdale 2000 1955 Oswego, Red Fork, 9,596,420 136,582,981
Mississippian, Chester,
Hunton, Simpson, Layton
Ringwood 2399 1945 Hunton, Red Fork, 86,347,382 550,229,464
Oswego, Mississippian
Campbell 458 1969 Mississippian, Hunton 2,922,188 41,328,154
Cedardale NE 530 1957 Chester, Hunton, 2,593,934 474,773,015
Red Fork, Oswego
Okeene NW 2021 1956 Red Fork, Chester, 10,930,886 331,841,224
(Blaine and Major Counties) Mississippian, Hunton
Seiling NE 2524 1952 Cottage Grove, 6,627,301 178,258,700
(Dewey, Woodward, and Chester
Major Counties)
Chester W 574 1959 Chester 1,179,253 204,449,093
Sharon W 2546 1965 Morrow, 3,215,221 60,540,416
Cottage Grove
Waynoka NE 2940 1960 Cottage Grove, 752,121 222,825,687
Oswego, Chester,
Simpson, Tonkawa
3pwights Petroleum Data Service (1985).
Field numbers refer to those used by Burchfield (1985).
TABLE 2.— CUMULATIVE PRODUCTION THROUGH 1985
(NOT INCLUDING CONDENSATES)
Oil Gas
County (bbis) (Mcf)
Alfalfa 118,036,325 881,966,832
Major 44,807,751 961,384,759
Woods 16,235,850 490,108,674
Woodward 14,607,665 690,813,326

Source: International Oil Scouts Association (1984-85).
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in Figure 4. Updip thinning of the Morrow is due
to transgressive overlap, depositional thinning of
stratigraphically equivalent beds, and possibly
truncation (Forgotson, 1969).

The Chester Group thins northward due to
marine onlap and erosion (Fig. 5). Shales and
limestones with some sandy zones are typical of
the Chester on the northern shelf. The Manning
zone of Chesterian age produces in the Ringwood
field, where the lithology of the Manning is
highly variable, ranging from sandy limestone to
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a sandy dolomite, to an oolitic and oolicastic to
sandy limestone or dolomite, to limestone or do-
lomite with very little sand (Lillibridge, 1963).

Northward thinning and truncation of the
Hunton (Fig. 6) is due to pre-Woodford erosion.
The Henryhouse Formation and Chimneyhill
Subgroup are the only Hunton units present in
the study area. The irregular truncation pattern
in the eastern part of the study area results from
a pre-Woodford stream channel cut through the
Hunton.

R

e T e

I -T[‘T

P -

ALFALFA

‘\1 [ WOODS

~

Alva

O Cherokee

o)

R22W R21wW

|
L
|
-
|

4]

RROW}\N ABSENT

~

WOODWARD

>

| Woodwardg
)

w

N -

Y

N

MAJ OR

are

i OFairview

L___ ___J_____J______________J_____i

]

zB-A ZzNH ZzR+ 2B 2R 2R 2R84 z¥+H =z

Figure 4. Map showing updip limit of Morrow Group.



250

Re2W Rz2twW__

]

RZOW R19W R18W R17W R16W R15W R14w R13W

LRIy, ey, MoN Fuw TR

D. J. Smith

i : L

1
L

R12W R1twW R10W R9W T
R Mt

. CHESTERIAN ABSENT

1

ALFALFA | N

b 29
\ Y

28

WQODS

o Alva

Woodwarda

e

WOODWARD,

CHESTERIAN PRESENT

e ——

T
27
N

T
26
N

T
25

T

|
lN
|

N
~

-,
\\_/\

MAJOR

|

Figure 5. Map showing truncation of Chester Group.

OFairview
|

| R N

zN4 zZN+4 zZR~+ zRH =z

!
I
|
|
_l



Northern Shelf Subsurface Geology 251

AW _Riow  RowW

\! : T , I

] l, | I R N S S

N l : l HUNTON ABSENT \ i

N\ i ALFALFA |

...... |
i
|

Re2w_Rotw |
T
|
} —— ———
i WOODWARD '\
i Woodwardd N -—\\
. R
I HUNTON PRESENT
i -1 |
| | MAJOR v
i | | CFairview
_ i i i L I : : i 2]
[ l \ 5 { ; i | |
. I L
] ; | . ! ! 1 |
SN S SRUSUY WY A SO SRR S SR R __L____ ________ N

Figure 6. Map showing truncation of Hunton Group.

ZNH4 2ZR4 2zl zZzRH zZR4 ZRH zZRH zR4 zZH z3H



Oklahoma Geological Survey Circular 90, 1989

HABITAT OF PETROLEUM IN PERMIAN ROCKS
OF THE GREATER ANADARKO BASIN

Jock A. CAMPBELL AND CHARLES J. MANKIN
Oklahoma Geological Survey

Abstract.—Permian reservoirs offer the shallowest potential exploration play in the greater
Anadarko basin. It is our contention that most of the discoveries in Permian reservoirs to date are
the result of “wildcatting” and the drilling of surface structures historically, and the drilling for
structural traps in pre-Permian rocks in recent decades. We believe that Permian strata deserve
exploration on their own merit, based on their reservoir potential and the widespread occurrence
of hydrocarbons trapped in Permian rocks.

Petroleum production is widespread from both carbonate and siliciclastic strata of Early Per-
mian age in the Anadarko basin (Fig. 1). The world-class accumulation of the Panhandle-
Guymon-Hugoton-Panoma field complex is well known to most petroleum geologists, but the re-
gional attributes of the Permian as a focus for exploration potential have not been addressed,
except in combination with the underlying Pennsylvanian strata.

Production from siliciclastic rocks of Wolfcampian age occurs in the Wichita~Amarillo Moun-
tains area, along the Nemaha uplift, and on the central Kansas uplift. Carbonates of Wolfcampian
age produce widely on the north side of the Amarillo uplift and along the Cimarron arch in the
western Anadarko basin, and on the central Kansas and Nemaha uplifts.

Production from Leonardian strata is less widespread, but commonly occurs in the eastern part
of the Wichita Mountains front area and, locally, in association with the Amarillo Mountains front,
and locally to the north in association with the Cimarron arch (Fig. 2).

In this regional study, no attempt has been made to conduct original investigations involving
correlation of stratigraphic units. However, the stratigraphic chart (Fig. 2) not only synthesizes
current understanding of stratigraphic relations, but identifies the most commonly reported gas-
and oil-producing reservoirs, including those in the major informally named subsurface strati-
graphic units. It also attempts to place a number of informally named subsurface sandstone mem-
bers, or “beds,” in the Chase and Council Grove Groups accurately with respect to their original
and/or most common usage. Correlation of these units has been difficult historically, because most
of the petroleum discoveries were made, and the units named, prior to common use of electric logs.
In addition, the sandstones are commonly channelform bodies, and therefore are not continuous
over wide areas in more than two directions. Penecontemporaneous erosion has locally removed
the underlying carbonate unit, further complicating stratigraphic correlation. The lack of consis-
tent correlation and nomenclature for these sandstone units has been a vexing problem from the
outset of their recognition. Additional names have been applied to these, and probably to other
sandstones in the area, but are not presented here, as they could not be placed in the section with
any accuracy whatsoever.

Now that electric logs for more recent wells are generally available, a much better understanding
of the continuity and correlation of these sandstone units is possible. We believe that an effort to
correlate and map these units will result in prospects for shallow exploration.

A review of producing fields and reservoir rocks in the basin indicates that trap and reservoir
development in Permian strata are primarily of stratigraphic and diagenetic origin in most of the
Anadarko basin. However, petroleum pooled in Permian strata has been discovered primarily by
virtue of the chance association of those reservoirs with anticlinal structures. We conclude that the
discovered petroleum pools represent only a part of the petroleum trapped in Permian rocks in the
Anadarko basin. Therefore, Permian strata offer opportunities for the development of shallow
(from <<1,000 to ~3,500 ft) prospects for petroleum exploration.

A complete paper has been published as a part of a symposium volume by Campbell and others
(1988).
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0 50 MILES
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Figure 1. Petroleum production from Permian strata in the greater Anadarko basin. Oil fields, black;
gas fields, outlined. Stipple pattern, area of Permian outcrop. After Pippin (1970), King and Beikman
(1974), Burchfield (1985), Newell and others (1987), and unpublished sources.
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Figure 2. Stratigraphic framework and known occurrence of reservoir petroleum for the Permian Sys-
tem of the greater Anadarko basin. Chart illustrates relative stratigraphic position of units and may
not show time equivalence. Informal subsurface names in common use are in quotes. Adapted from
Hills and Kottlowski (1983); Zeller (1968); McKee, Oriel, and others (1967a); Jordan (1957); and Nich-
olson and others (1955).
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THERMAL REGIME OF THE ANADARKO BASIN

JAQUIDON D. GALLARDO AND LARRY S. CARTER
Southern Methodist University

There have been various attempts at mapping
the thermal structure of sedimentary basins, most
often based on gradients calculated from bottom-
hole temperatures (BHT). Aside from the inaccu-
racy of the BHT data, this approach suffers from
its method of calculation. Using only one subsur-
face point, the BHT, to calculate the gradient
gives a straight line resulting in an unrealistic
representation of the true gradient. The gradient
is dependent upon the lithology of the rocks, each
rock type having a different thermal conductivity.

Conductivity has an inverse relationship to the
gradient. Rocks with relatively higher conductivi-
ties allow heat to pass through, and therefore will
have lower gradients. Rocks with relatively lower
conductivities trap heat and exhibit higher gradi-
ents. As-a result, the gradient of any given area is
a composite of the gradients through the individ-
ual sedimentary units—and this is far from a
straight line.

In this study, an attempt is being made to de-
pict a truer picture of the temperature structure

TEMPERATURE (°C)
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Figure 1. Relative gradients of the major sedimentary divisions of a typical Anadarko basin well, cal-

culated at heat-flow values of 40 and 50 mW/m.
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of the Anadarko basin by calculating it from the
approach just described. The first step is to de-
termine the lithologic succession in a particular
well. Various types of logs (sample, mud, electric)
are used to pick each lithologic unit and its thick-
ness. Regional heat flow and thermal conductivity
information are obtained by direct logging mea-
surements. These data are then used to calculate
temperature, according to the following formula:

N
T, =T, + 2, Z(Q/K),
where T, = temperature at depth z,
T, = surface temperature,
Z; = thickness of each lithologic unit,
@ = heat flow,
K. = thermal conductivity of each

-

lithologic unit.

By calculating the gradient in this manner at
various points in a basin, a three-dimensional pic-
ture of the temperature structure can be built.

The Anadarko basin can be divided into three
major sections based on distinctly different gradi-

J. D. Gallardo and L. S. Carter

ents. This is due to the relative differences in the
major lithologies represented in each section. The
Permian consists largely of high-conductivity red
beds, the Pennsylvanian of low-conductivity
shales, and the lower Paleozoic of intermediate-
conductivity carbonates; this is illustrated in Fig-
ure 1. Another effect of lithology on gradient oc-
curs in areas where “granite wash” was deposited
during the Pennsylvanian. Outside the areas of
“wash” deposition, the Pennsylvanian section is
dominated by low-conductivity shales, and be-
cause the wash sections have a higher conductiv-
ity the gradient is lower through these sections.
An expected conclusion of this study is that the
geothermal gradients observed in the Anadarko
basin are a normal consequence of the lithologies
present, and differences across the basin can be
explained by lateral differences in the stra-
tigraphy.

The model created by this method illustrates a
static, present-day representation of the tempera-
ture structure of the Anadarko basin. This can
then be used as a starting point for modeling
thermal conditions in the geologic past for matu-
ration studies.
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RELATIONSHIP OF CLAY-MINERAL DIAGENESIS TO
TEMPERATURE, AGE, AND HYDROCARBON GENERATION—
AN EXAMPLE FROM THE ANADARKO BASIN, OKLAHOMA

RicHARD M. PoLLASTRO AND JAMES W. SCHMOKER
U.S. Geological Survey, Denver

Abstract.—Randomly interstratified illite/smectite (I/S) is present in Springeran and Morrowan
rocks (Late Mississippian and Early Pennsylvanian) of the Anadarko basin, Oklahoma, at present-
day depths <2,750 m, but disappears at depths of 2,750-3,050 m. Only ordered I/S is found in
samples below 3,050 m. The work reported here relates the diagenesis of I/S to burial history and
oil generation in the Anadarko basin and tests the dependence of the smectite-to-illite reaction on
temperature and time.

Published temperature models of clay diagenesis suggest that, for Tertiary and Cretaceous rocks,
the transition from randomly interstratified I/S to ordered I/S occurs at 100-110°C. Burial recon-
structions for the Anadarko basin indicate that maximum temperatures of 100-110°C correspond
to present-day burial depths between 2,700 and 3,100 m. These independently calculated depths
for the 100-110°C isotherm match the depths at which randomly interstratified 1/S is observed to
disappear in Morrowan—Springeran rocks. Thus, random I/S disappears at the same temperature
in rocks that differ in age by some 300 m.y. Although the extent of the smectite-to-illite reaction is
controlled by kinetics, and effects of time are apparent in laboratory experiments and short-lived
geologic systems, the results of this study suggest that time plays a secondary role in long-term

diagenetic settings.

INTRODUCTION

Various techniques can be used to study the
thermal history of sedimentary basins. Changes
in degree of ordering and composition of clay
minerals serve as geothermometers; vitrinite re-
flectance (R,) is commonly used to assess the
thermal maturity of kerogen; Lopatin’s time-tem-
perature index (TTI) is a mathematical measure
of time-temperature exposure.

The conversion of smectite to illite is the major
clay-mineral reaction in sedimentary rocks dur-
ing progressive burial (Hower, 1981). This reac-
tion—originally defined by X-ray powder diffrac-
tion (XRD) patterns interpreted according to the
“mixed-layer” concept (Reynolds and Hower,
1970)—results in a progressive and irreversible
decrease in the amount of expandable (smectite)
layers and a corresponding increase in illite
layers.

Although clay diagenesis appears to be a func-
tion of depth in well profiles, reactions are in fact
controlled primarily by increasing temperature.
Regional depth variations in 1I/S composition and
ordering are thus explained, in large part, by dif-
ferences in geothermal gradient and burial
history.

Hoffman and Hower (1979) first proposed the
use of clay minerals as geothermometers and doc-
umented the temperatures at which clay miner-

als, as well as zeolites and other minerals, are
formed, transformed, or destroyed. However, they
cautioned that their temperature model was
based only on rocks of Tertiary and Cretaceous
age, and that the appearance or disappearance of
an index mineral could also be dependent on geo-
logic time.

Although little is known of the relationship, the
age of the rocks and “residence time” at a given
temperature have been recognized as factors pos-
sibly influencing the smectite-to-illite reaction
(Eberl and Hower, 1976; Ramseyer and Boles,
1986). Bethke and others (1988) have applied
computer modeling techniques in basin analysis.
Using varying burial rates, they considered time
as a factor in smectite diagenesis in modeling ba-
sin histories. Weaver (1979), in a review of pub-
lished data, plotted the temperature of conver-
sion of random I/S to ordered I/S (the disap-
pearance of the 17-A glycol reflection) as a func-
tion of time. Weaver found good agreement be-
tween the composition and degree of ordering of
I/S and temperature, and no apparent depen-
dence on geologic age. He concluded that time
had little effect on the smectite-to-illite reaction.

This study compares temperature of the smec-
tite-to-illite reaction in rocks of Paleozoic age to
those of the Cretaceous—Tertiary model. In addi-
tion, I/S diagenesis is related to burial history
and stages of hydrocarbon generation in the
Anadarko basin, Oklahoma.
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METHODOLOGY

Morrow and Springer sands (Lower Penn-
sylvanian and Upper Mississippian) were chosen
for this study because they contain appreciable
smectite, are prolific producers of hydrocarbons
in the Anadarko basin, and could be sampled in
numerous cores. Clay mineralogy was determined
by X-ray powder diffraction (XRD) on 80 sam-
ples of sandstone, shale, and shale partings in
sandstone from core from 13 wells. The wells
form a general northwest-southeast trend across
the Anadarko basin of Oklahoma, and the sam-
ples span a present depth range from about
1,200-5,500 m (Fig. 1).

Samples for clay mineral analysis were pre-
pared using the methods described by Pollastro
(this volume). Composition and ordering of the I/
S clay were determined on oriented, ethylene-gly-
col-saturated specimens of both the <2-um and
<0.25-um fractions, and interpreted by the
methods of Reynolds and Hower (1970) and
Reynolds (1980), with the understanding that
XRD patterns of illite and I/S may also be inter-
preted (and perhaps better explained) as physical
mixtures of fundamental illite and smectite parti-
cles (Nadeau and others, 1984a,b), rather than as
mixed-layer clays.

A number of models have been proposed for es-
timating the thermal maturity of kerogen at
points in the sedimentary section where direct
geochemical measurements are not available.
Lopatin’s (1971) time-temperature index of ther-
mal maturity (TTI), as described and calibrated
by Waples (1980), is a widely accepted mathe-
matical index whose utility has been demon-
strated in numerous case studies. Schmoker
(1986) has published details of TTI calculations
for the Anadarko basin of Oklahoma.

Change in degree of ordering of I/S is com-

bined here with TTI modeling and burial history’

reconstructions, first to test the dependence of
the smectite-to-illite reaction on temperature and
time, and second to relate smectite diagenesis to
burial history and stages of hydrocarbon gener-
ation.

RESULTS AND INTERPRETATIONS

The composition and ordering of I/S versus
depth for sandstone and shale are plotted in Fig-
ure 2. Randomly interstratified 1/S (defined by
the presence of a 17-A glycol reflection on XRD
profiles) is interpreted to disappear at a present-
day depth range of about 2,750-3,050 m (Fig. 2).
The transition from randomly interstratified 1/S
(R = 0) to short-range ordered I/S (R = 1), ac-
cording to the model proposed by Hoffman and
Hower (1979) for Cretaceous and Tertiary rocks,
occurs in the temperature range 100-110°C. Av-
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erage surface erosion for the central Anadarko
basin is ~800 m (Schmoker, 1986; this volume).
The maximum burial depth of the zone where
randomly interstratified I/S disappears was
therefore about 3,550-3,850 m. Reconstructions
of the temperature history of the Anadarko basin
using the model proposed by Schmoker (1986;
this volume) show that corresponding maximum
temperatures of the zone where randomly inter-
stratified I/S disappears (~60 m.y. ago) were ap-
proximately 102-109°C.

Randomly interstratified I/S thus disappears in
Morrowan and Springeran rocks at essentially the
same maximum temperature (100-110°C) as in
Cretaceous and Tertiary rocks. The similarity in
temperature for the onset of I/S ordering in rocks
which span some 300 m.y. suggests that time
plays a secondary role in the smectite-to-illite re-
action in long-term diagenetic settings.

Weaver (1979) and Foster and Custard (1983)
suggested that the smectite-to-illite reaction is
largely controlled by temperature when heating
durations exceed several million years. However,
time is a significant parameter in the initial
stages of the smectite-to-illite reaction over
shorter time intervals, as demonstrated in labora-
tory experiments with heating durations of hun-
dreds of days (e.g., Eberl and Hower, 1976; Inoue,
1983; Howard and Roy, 1985; Whitney and
Northrop, 1988). Time also appears to be a factor
in geothermal systems with heating durations of
thousands of years (G. Thompson, University of
Montana, personal communication, 1988), and
where heating durations are within a specific
temperature window or range of TTI values
(Ramseyer and Boles, 1986).

Figure 3 relates the change in I/S ordering to
stages of oil generation in the Anadarko basin.
The nonparallelism between the 100-110°C tem-
perature band and the oil-generation window re-
flects the different time dependence assumed for
clay diagenesis and kerogen maturation. The bur-
ial histories relate clay-mineral diagenesis in two
areas of the basin (A and B, Fig. 3) to geologic
time, show the stages of tectonic development at
which clays entered critical temperature windows,
and show the length of time spent at or above
critical temperatures.

The burial curve in Figure 3 for location A
(Fig. 1) illustrates that Morrowan rocks in this
area have never reached the temperatures re-
quired for conversion of randomly interstratified
I/S to ordered I/S. XRD profiles confirm this
conclusion by showing a well-developed 17- re-
flection in Morrowan samples from wells near lo-
cation A. Thus, although these rocks have been
deeply buried and remained at temperatures
slightly cooler for some 250 m.y., they have not
converted all I/S to the ordered variety. In con-
trast, the burial curve in Figure 3 for location B
(Fig. 1) indicates that Morrowan rocks in this
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Figure 1. Sediment thickness in the Anadarko basin, cross section through sampled wells, and areas

of time-temperature modeling.

area reached temperatures required for the order-
ing of I/S ~265 m.y. ago; these rocks have re-
mained at burial temperatures >110°C to the
present time. XRD profiles show that only or-
dered I/S is present in Morrowan samples from
wells near location B.

At location B (Fig. 3) the conversion of ran-
domly interstratified 1/S to ordered I/S occurred
just prior to the onset of oil generation (i.e., a
large proportion of smectite was converted to il-
lite). Relations like those shown in Figure 3 may
prove helpful in testing effects of the smectite-to-
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Figure 2. Composition and ordering of interstratified illite/smectite (I/S) in Springeran and Morrowan
rocks versus depth. Arrows define composition “window” for I/S versus depth. Samples from cores
of 13-well profile, Anadarko basin, Qklahoma (Fig. 1). R = 0, random 1I/S; R = 0,1, both random and
ordered I/S; R = 1, only ordered I/S.
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Figure 3. Lopatin, burial, and temperature reconstructions for Morrowan rocks, Anadarko basin,
Oklahoma, relating ordering changes in interstratified illite/smectite (I/S) to burial history and the oil
window. Solid lines are burial reconstructions for top of Morrowan near wells with (A) randomly inter-
stratified I/S and (B) only ordered I/S (locations for A and B are shown on Figure 1). Dashed lines are
time—depth reconstructions for oil generation, based on Lopatin modeling. Shaded zone shows
100-110°C temperature band and represents predicted upper limit for randomly interstratified I/S.

illite reaction upon reservoir cementation (Boles
and Franks, 1979a), and the relations among
smectite dehydration, geopressure, and hydrocar-
bon migration and emplacement (Bruce, 1984;
Colton-Bradley, 1987).

SUMMARY

Randomly interstratified I/S is common in
shale and sandstone of Springeran and Morrowan
age in the Anadarko basin, Oklahoma, at present-
day depths less than about 2,750 m. Only ordered
I/S is found below 3,050 m. Thermal and burial
reconstructions for the Anadarko basin indicate
that randomly interstratified 1/S disappeared in
Springeran and Morrowan rocks at maximum
temperatures between 100 and 110°C, which were
reached ~60 m.y. ago. These temperatues are

nearly identical to those temperatures docu-
mented for the disappearance of randomly inter-
stratified I/S in Cretaceous and Tertiary rocks.

In rocks of Morrowan age that have remained
at temperatures slightly cooler than 100°C for
250 m.y. or more (area A, Fig. 1), all I/S has not
converted to the ordered form. The results of this
study suggest that time is of limited importance
in the smectite-to-illite reaction in long-term bur-
ial diagenetic settings where heating durations
are several millions of years.
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FORMATION RESISTIVITY AS AN INDICATOR OF THE
ONSET OF OIL GENERATION IN THE WOODFORD SHALE,
ANADARKO BASIN, OKLAHOMA

JAMEs W. ScHMOKER AND TimotHY C. HESTER
U.S. Geological Survey, Denver

Abstract.—The Upper Devonian and Lower Mississippian Woodford Shale is a black, organic-
rich shale that is a major hydrocarbon source rock in the Anadarko basin. With the onset of oil
generation, nonconductive hydrocarbons begin to replace conductive pore water in the Woodford,
and formation resistivity increases. Crossplots of formation resistivity versus either vitrinite reflec-
tance (R,) or Lopatin’s time-temperature index of thermal maturity (TTI) define two data popula-
tions that represent immature shales and shales that have generated oil. The midpoint of the resis-
tivity zone marking the transition between immature and mature shales is ~35 ohm-m. The onset
of appreciable oil generation in the Woodford Shale of the study area occurs at maturity levels of

R, near 0.57% and of TTI between 33 and 48.

INTRODUCTION

The Upper Devonian and Lower Mississippian
Woodford Shale is a highly radioactive dark-gray
to black shale widely regarded as an important
hydrocarbon source rock in the Anadarko basin
(e.g., Cardott and Lambert, 1985). The Woodford
contains predominantly type-II kerogen, admixed
with varying amounts of terrestrial (type-III) ker-
ogen. Organic-carbon content generally exceeds
source-rock minimums and can average as high as
6% by weight on the northeast shelf (Hester and
Schmoker, 1987, table 2).

The Woodford Shale is a laterally extensive
formation with regional variations in physical and
geochemical properties. The particular area of the
Woodford represented by the data of this report
is shown in Figure 1.

Formation resistivity of the Woodford Shale is
shown here to increase sharply in response to the
generation of oil. Crossplots of resistivity versus
the thermal maturation indices of vitrinite reflec-
tance (B,) and Lopatin’s time-temperature index
(TTTI) are used to determine the level of thermal
maturation at the onset of appreciable oil
generation.

CONCEPT

Fundamental factors affecting formation resis-
tivity are illustrated by a rearrangement and sim-
plification of the Archie equation:

Ry = R, /(¢*S,%), (1)

where Ry is formation resistivity (ohm-m), R, is
pore-water resistivity (ohm-m), ¢ is fractional po-

rosity, and S, is fractional water saturation. Al-
though highly oversimplified for the case of
shales, equation 1 serves to illustrate the fact
that, all else being equal, the displacement of
pore water by oil causes formation resistivity to
increase.

With the onset and continuation of oil genera-
tion in organic-rich shales, nonconductive petro-
leum replaces conductive pore water. As this oc-
curs and S, decreases, resistivity increases from
low levels that are associated with thermal imma-
turity (equation 1). Formation resistivity as mea-
sured by logs can approach hundreds of ohm-me--
ters if sufficient oil is generated to displace most
pore water and thus drive S, to near-zero values.

The increase of source-rock resistivity associ-
ated with the onset of oil generation has been
noted in the literature. Meyer and Nederlof
(1984) observed that resistivity of source rocks
can increase by a factor of 10 or more with at-
tainment of thermal maturity. Smagala and
others (1984) noted a relation between resistivity
and vitrinite reflectance for the calcareous Upper
Cretaceous Niobrara Formation of the Denver
basin. Murray (1968) equated high resistivity in
shales of the Upper Devonian and Lower Missis-
sippian Bakken Formation of the Williston basin
with hydrocarbon-saturated pore space. Meissner
(1978) discussed the association between black-
shale resistivity and oil generation, and used re-
sistivity logs to map areas of source-rock matur-
ity of shales of the Bakken Formation in parts of
the Williston basin.

A black shale might have sufficient kerogen
content to generate and perhaps to expel oil with-
out being rich enough to effectually displace pore
water and thus significantly increase resistivity.
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For the concept outlined here to be applicable, a
source rock must generate enough oil to disrupt
the internal electrical-conduction paths formed
by saline water.

The Woodford Shale is characterized by verti-
cal resistivity variations that probably reflect
nonuniform displacément of pore water by inter-
nally generated oil, as well as changes in chemical
and physical properties such as organic-matter
type and content, porosity and pore geometry,
water salinity, and shale mineralogy. The interval
or facies of the Woodford Shale with highest re-
sistivity at each well location is assumed to be
most representative of source-rock maturity and
is used here for the crossplots of Figures 2 and 3.

SUPPORTING EVIDENCE
FROM PYROLYSIS DATA

Volatile hydrocarbons (S,) in source-rock sam-
ples can be measured by Rock-Eval thermal anal-
ysis. The onset of oil generation is frequently in-
dicated by a marked increase in S,. Low re-

sistivities in the Woodford Shale are associated

with low values of S, that probably refiect ther-
mally immature source rocks (Fig. 2). Resistivi-
ties greater than ~30 ohm-m are associated with
elevated values of S, that are indicative of oil
generation. The data are too sparse to define with
precision the resistivity zone corresponding to the
onset of oil generation, but the data support the
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Figure 2. Volatile hydrocarbons (S,) versus formation resistivity for the Woodford Shale of the study
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concept that formation resistivity is a measure of
free hydrocarbons, and thus of oil generation, in
the Woodford Shale.

ONSET OF OIL GENERATION

Data in plots of vitrinite-reflectance versus for-
mation-resistivity for the Woodford Shale of the
study area group into two quadrants (Fig. 3A). In
accordance with the preceding discussion, points
in the upper-left quadrant represent thermally
immature shales, and points in the lower-right
quadrant represent shales that are thermally ma-
ture and have generated oil. An analogous plot
(Fig. 3B) using Lopatin’s time-temperature index
of thermal maturity (Waples, 1980)—a second,
independent measure of the level of thermal mat-
uration—shows a similar pattern. Again, data
group into two quadrants representing immature
(low-resistivity) and mature (high-resistivity)
shales.

A resistivity of ~35 ohm-m marks the center of
the zone of transition between immature and ma-
ture source rocks in Figure 3. This value is in ac-
cord with the approximate transition suggested
by the pyrolysis data of Figure 2. A choice for the
midpoint resistivity of the transition zone that is
appreciably higher or lower than 35 ohm-m tends
to blur the distinction between mature- and im-
mature-shale quadrants by placing data points in
a category that is neither mature nor immature.

The level of thermal maturity (R, or TTI)
marking the onset of appreciable oil generation in
the highest-resistivity Woodford Shale intervals
of the study area is defined by Figures 3A and 3B
as the maturity corresponding to the transition
zone between low (<35 ohm-m) and high resis-
tivities. Oil generation sufficient to displace pore
water occurs at a vitrinite-reflectance level of
about 0.56-0.57% (Fig. 3A). Note that the Wood-
ford Shale is not homogeneous, and the onset of
oil generation defined by Figure 3A does not ap-
ply to all areas and facies of the formation.

Black shales such as the Woodford have vary-
ing kerogen compositions, so that precise levels of
thermal maturity required for oil generation can-
not be predicted a priori. The approach illus-
trated by Figure 3A offers a means to quantify
the onset of oil generation in such rocks in terms
of vitrinite reflectance.

Oil generation sufficient to displace pore water,
measured in terms of a calculated time-tempera-

265

ture history of the Woodford Shale, corresponds
to TTI values of about 33 to 48 (Fig. 3B). TTI
values are rarely linked directly to the onset of oil
generation, as in Figure 3B, but are usually cali-
brated to vitrinite reflectance, which in turn is
correlated with stages of oil generation. However,
problems may arise with such indirect calibra-
tions of TTI. R, may be systematically biased by
laboratory practices or by geologic factors, and
TTI may be systematically biased by incorrect
time-temperature reconstructions. In addition,
the level of thermal maturation required for oil
generation is a function of kerogen composition.
Crossplots of TTI versus resistivity, as illustrated
by Figure 3B, provide a direct calibration be-
tween TTI and the onset of appreciable oil
generation.

SUMMARY

In black shales with sufficient organic richness,
such as some facies of the Woodford Shale, for-
mation resistivity increases in response to oil gen-
eration and thus offers a means to “observe” the
in situ formation of petroleum. Using resistivity
data alone, the Woodford Shale can be catego-
rized as either thermally immature or mature. As
a working hypothesis, a resistivity of ~35 ohm-m
can be taken as a general indicator of the onset of
oil generation.

If measurements of vitrinite reflectance are
available, R, at the onset of significant oil genera-
tion can be determined from the R -resistivity
crossplot, as illustrated by Figure 3A. The onset
of oil generation varies with kerogen composition
and thus provides insight into source-rock
properties. TTI corresponding to the onset of sig-
nificant oil generation can be determined from
the TTI-resistivity crossplot, as illustrated by
Figure 3B. Problems of indirect calibration of
TTI values are circumvented, and TTI is directly
linked to oil generation.
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EVIDENCE OF EARLY OIL GENERATION IN THE
WOODFORD SHALE, WITCHER FIELD, CENTRAL OKLAHOMA

TERRY SMITH
University of Tulsa

Abstract.—Vitrinite-reflectance (R,) values of Woodford Shale in the Witcher Field of central
Oklahoma indicate that the local Woodford is too immature to generate petroleum. This seems to
be confirmed by the lack of significant correlation between the GC/MS terpane “fingerprints” of
Woodford Shale extracts and reservoired Hunton crude oil within the field. However, extracts of
Pennsylvanian Red Fork Sandstone lying directly above the Woodford contain migrated petroleum
that correlates with the crude oil in the terpane fingerprints, but which is significantly less mature
than the crude oil in GC/MS sterane isomer distributions and the hopane series Ts/Tm ratio. In
thin section, the sandstone formation lacks indigenous organic matter; therefore, it must be as-
sumed that the petroleum represents a mixture of mature crude oil similar to that found in the
reservoirs and less-mature oil generated in and expelled from the local Woodford.
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MODELING OF HYDROCARBON GENERATION AND MIGRATION
FOR THE WOODFORD SHALE IN THE ANADARKO BASIN

LoNGJiang WANG

University of Tulsa

In recent years computer modeling of oil gener-
ation in a sedimentary basin has been widely
used in the oil industry, and a variety of models
have been proposed (e.g., Lopatin, 1971; Tissot
and Espitalié, 1975; Sweeney and others, 1987). A
similar feature of all these models is to simulate
the oil-generation process from the beginning of
oil generation. The kinetic parameters and the
initial amount of organic matter are assumed to
be known. Unfortunately, no models have been
developed to determine directly the amount of oil
generated from a source rock based on the study
of the present rock. At present what we can de-
duce from studying a source rock is the end re-
sults of the source rock after oil generation and
migration. We do not know the initial amount of
organic matter in the source rock, the amount of
oil that has been generated, or the amount of oil
which has migrated from the source rock. How-
ever, we do know the mechanism of oil genera-
tion, and we can infer the geothermal history of
the source rock. From the study of the present
rock, we can determine the amount of bitumen,
the generation potential of the rock, and kerogen
type. The question is whether it is possible to use
these results and the knowledge of the oil-genera-
tion mechanism to find out the amount of oil gen-
erated and migrated out of the source rock. The
purpose of this paper is to develop a method us-
ing pyrolysis data to do this work.

A kinetic model of oil generation and migration
has been developed. It incorporates a mass bal-
ance of all of the organic matter and can be used
to calculate the amount of oil generated for a
given source rock, the amount migrated out of
the source rock, and the oil-expulsion efficiency.
The model can also be used to establish the time
of oil generation and migration, as well as the
thermal maturity of the source rock.

The model is based on two assumptions: (1) oil
generation obeys first-order kinetic law; and (2)
the total amount of oil that can be generated
from a source rock is a constant. The input data
required for the model are the amount of bitu-
mens (S1), the amount of pyrolysates from ker-
ogen (S2), the kinetic parameters for kerogen,
and the geothermal history of the source rock.

Figure 1 is a schematic diagram showing the
evolution of the organic matter in a source rock
through its geologic history. The figure also shows

laboratory pyrolysis for the rock. The overall oil-
generation process can be described by the fol-
lowing reaction:

organic matter — hydrocarbons +
carbon residue + H,0, CO,, etc. (1)

Let us assume that the organic matter in a
source rock can be divided into two parts. One
part is called convertible organic matter. Upon
heating, this part of the organic matter will trans-
form only to hydrocarbons. If enough time and
heat energy are available, it will completely con-
vert to hydrocarbons. Another part is called non-
convertible organic matter, and it either remains
unchanged (forming a carbon residue) or forms
nonhydrocarbons (water, carbon dioxide, and
other gases) during oil generation. Oil generation
can be modeled by considering the convertible or-
ganic matter. Terms in the following equations
are explained in Table 1.

—  hydrocarbons

at time = 0 Co 0 2)
at time = ¢ Co—-C C

convertible organic matter

If we assume that there are n reactions in the
oil-generation process and each reaction has its
own kinetic parameters, the following two equa-
tions can be derived:

CG = CK ZXill-exp(~ [?Ai exp(~ BURT() d1)

[1- 3 (Xil- exp(~ [P Ai exp(~Ei/RT@) )] @)

C = Co S [Xi(l—exp(— ' Ai exp(—Ei/RT() d)] (@)
i=1 °

The relationships among different hydrocar-
bons for a source rock are given in Figure 2.
Equation (38) is first used to calculate CG; then
equation (4) is used to calculate the hydrocarbons
generated at any time throughout the geologic
evolution of a source rock.

Several useful parameters can also be defined
as follows:

1. The amount of hydrocarbons migrated out
of a source rock, CM:

CM = CG — CB + Yo
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Figure 1. Schematic diagram showing the evolution of organic matter in the process of oil generation
and laboratory pyrolysis. Yo = fossil hydrocarbons.

2. Expulsion efficiency, EE: The input data for the model are the amount
EE + CM/(CG + Yo) = (CG — CB + of bitumen (S1 = CB), the generation potential
Yo0)/(CG — Yo) = 1 — CB/(CG + Yo) (82 = CK), the geothermal history of the rock

. . (T(¢)), and the kinetic parameters of kerogen in

3. Conversion ratio, CR: the rock (E and A). If immature samples are

CR = CG/(CG + CK) available for the source rock, the kinetic parame-
. . ters of kerogen in the rock can be determined in
4. Total generation potential of the rock, TP: the laboratory (Burnham and Braun, 1985; Ung-

TP = CG + CK + Yo erer and others, 1986; Quigley and others, 1987).
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TABLE 1. —SYMBOLS USED
IN KINETIC MODELING

S1:
S2:
Co:

Xi:

Ef
Al
T(1):
t:

CB:
CK:
CG:

CM:
Yo:
TP:

CR:
EE:

Peak 1
Peak 2

Initial amount of convertible organic
matter in a source rock;
Co =CG + CK

Amount of hydrocarbons generated at
time t (m.y.)

Fraction of the ith reaction at time zero
The ith reaction (i = 1,2,. . .,n)

The number of reactions in the oil
generation process

Activation energy of the ith reaction
Arrhenius constant of the ith reaction

Geothermal history of a source rock
Any time during a source rock evolution

(m.y.)

Present time of a source rock (m.y.)
Amount of bitumen

Generation potential of a source rock

Amount of hydrocarbons already gener-
ated by a source rock

Amount of hydrocarbons migrated out of
a source rock

Amount of fossil hydrocarbons in a rock
before oil generation

Total generation potential of a source
rock

Conversion ratio
Expulsion efficiency
Universal gas constant

If no immature samples are available, the pub-
lished results for the kerogen type can be used
(e.g., Tissot and Espitalié, 1975).

The model has been used to simulate oil gener-
ation and migration for two source rocks. The
maturity data (CR) determined from the new
model were compared with Lopatin’s TTI and
Tissot and Espitalié’s transformation ratio. The
model is now being used to simulate oil genera-
tion and migration for the Woodford Shale in the
Anadarko basin.

CG

CM cB CK

Figure 2. Block diagram showing the distribution
of different hydrocarbons. See Table 1 for the
meaning of symbols.
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BIOMARKER CHARACTERIZATION OF WOODFORD-TYPE OIL
AND CORRELATION TO SOURCE ROCK, AYLESWORTH FIELD,
MARSHALL COUNTY, OKLAHOMA

JENNIFER REBER
University of Tulsa

Abstract.—In several counties in southern Oklahoma, crude oil is commercially produced out of
fractures and stylolites from the Woodford Formation. Source-rock data here indicate that the
Woodford, while extremely organic-rich, is too thermally immature (R, = 0.46) to have expelled a
significant amount of oil. Core samples analyzed in this study have an average total organic carbon
of 7.7%. Elemental O/C ratios of 0.07 and H/C ratios of 1.14 indicate samples with type-II oil-
prone kerogen that fall within the primary zone of oil generation on a van Krevelen diagram.

Three Woodford crudes from the Madill and Aylesworth fields and rock extracts from an imma-
ture Woodford core from the Aylesworth Field, Marshall County, Oklahoma, were geochemically
analyzed for catbon isotopes, light-end distribution, and pristane/phytane. A stepwise extraction
technique was developed in an attempt to sample bitumen in fractures and stylolites, as well as
indigenous bitumen. A special emphasis was placed on biomarker distributions, determined by a
combination of gas chromatography and mass spectrometry, in an attempt to determine if the
commercially produced Woodford crude was sourced by the local immature Woodford Shale, or
migrated into stylolites and fractures from a more thermally mature source. A secondary purpose
of the study was to determine if biomarker distributions and ratios change with lengthy extraction
time.

Based on the aforementioned geochemical parameters, maturity calculations using C,; tris-
norhopanes (Ts/Tm), S and R isomers of C;, homohopane, S and R isomers of C,, ethyl choles-
tane, @ steranes/total steranes, and percent of C,o/(Cyo + C,e) triaromatics, the Woodford oils
and source-rock extracts analyzed in this study appear to be of the same maturity; therefore, they
correlate. If the correlation is real, it is suggested that source rocks at the immature threshold of
the oil-generation window may indeed be able to expel a commercial quantity of oil.

Results of biomarker analysis also show that isomer ratios and biomarker distributions do not
change significantly with lengthy extraction time (>700 hr).
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