OKLAHOMA GEOLOGICAL SURVEY
Charles J. Mankin, Director

CIRCULAR 95 ISSN 0078-4397

PETROLEUM-RESERVOIR GEOLOGY
IN THE SOUTHERN MIDCONTINENT,
1991 SYMPOSIUM

KeNNETH S. JOHNSON AND JOCK A. CAMPBELL
Editors

Proceedings of a symposium held March 26-27, 1991, in Norman, Oklahoma.

Co-sponsored by:
Oklahoma Geological Survey
and
Bartlesville Project Office,

The University of Oklahoma
Norman

1993



OKLAHOMA GEOLOGICAL SURVEY

CHARLES J. MANKIN, Director
KENNETH S. JOHNSON, Associate Director

SURVEY STAFF

James H. ANDERSON, Cartographic
Draftsperson IT

RoBerT H. ARNDT, Economic Geologist IV

Berry D. BeLLIS, Word-Processing Operator II/
Technical Typist

Tom L. BINGHAM, Geologist II

Mirz1 G. BLACKMON, Clerk-Typist I

Jock A. CAMPBELL, Petroleum Geologist IV

BriaN J. CARDOTT, Geologist IIT

JAMES R. CHAPLIN, Geologist IV

JANISE COLEMAN, Chief Clerk, Publication Sales

CHrisTEE L. CooPER, Editor

Tammie K. CrEEL, Secretary I

CuarLES DyEr U1, Drilling Technician

Wavter C. Esry, Manager, Core and Sample
Library

RoBERT O. FAY, Geologist IV

SAMUEL A. FRIEDMAN, Senior Coal Geologist IV

T. WavyNE FUrr, Manager of Cartography

L. Joy HAMPTON, Petroleum Geologist IIT

PATRONALIA HANLEY, Chemist

LeRoy A. HeMisH, Coal Geologist ITI

SHIRLEY A. JACKSON, Research Specialist I

PriscILLA A. JOHNSON, Office Assistant ITI

RutH KING, Research Specialist I

JAMES E. LAWSON, JR., Chief Geophysicist

DoNALD G. LEITNER, Log Library Assistant

CHarLoTTE C. LLOYD, Cartographic
Draftsperson I1

KeNNeTH V. Luza, Engineering Geologist IV

Topp McCormick, Electronic Technician

Mike MERCER, Core and Sample Library
Assistant

RicuARD G. MURRAY, Copy Center Operator

LmpA NERo, Senior Receptionist-Clerk

Davib O. PENNINGTON, Operations Assistant

Jo LYNN PIERCE, Publications Assistant

Jupy A. ScHMIDT, Office Manager

ConNiE G. SMITH, Promotion and Information
Specialist

PauL E. SMrtH, Supervisor, Offset Press Copy
Center

JANICE S. SPURLOCK, Office Assistant IT

MicHELLE J. SUMMERS, Coordinator, Geological
Computer Systems

NEIL H. SUNESON, Stratigrapher | Geologist IV

DANNY L. SWINK, Drilling Technician

JANE L. WEBER, Organic Chemist

STEPHEN J. WEBER, Chief Chemist

GweN C. WILLIAMSON, Assistant to the Director

Title-Page Illustration

North—south structure section through the Wilburton gas field in the
Arkoma basin (from p. 242 of this volume).

R,

%& printed on recycled paper

This publication, printed by the Oklahoma Geological Survey, is issued
by the Oklahoma Geological Survey as authorized by Title 70, Okla-
homa Statutes, 1981, Sections 231-238. 1,050 copies have been pre-
pared for distribution at a cost of $8,037 to the taxpayers of the State of
Oklahoma. Copies have been deposited with the Publications Clearing-
house of the Oklahoma Department of Libraries.



PREFACE

This is the fourth symposium in as many years dealing with topics of major interest to
geologists and others involved in petroleum-resource development in Oklahoma and
adjacent states. These symposia are intended to foster the exchange of information that
will improve our ability to find and recover our nation’s oil and gas resources. Proceed-
ings of the first symposium (the Anadarko basin) were published as OGS Circular 90, pro-
ceedings of the second symposium (Late Cambrian-Ordovician geology of the southern
Midcontinent) were published as OGS Circular 92, and proceedings of the third sympo-
sium (Source rocks in the southern Midcontinent) were published as OGS Circular 93.

To facilitate the exchange of information on petroleum occurrence, reservoir charac-
terization, and petroleum recovery, the Oklahoma Geological Survey (OGS) and the
Bartlesville Project Office of the U.S. Department of Energy (BPO-DOE) co-sponsored this
symposium dealing with reservoir characterization and petroleum geology in the south-
ern Midcontinent. The symposium was held on March 26-27, 1991, at the Oklahoma
Center for Continuing Education, The University of Oklahoma, in Norman. This volume
contains the proceedings of that symposium.

Research reported upon at the symposium focused on the geology and characteri-
zation of petroleum reservoirs in the southern Midcontinent. These reservoirs can be
divided into three major categories: clastic, carbonate, and fractured reservoirs. The
distribution and character of these reservoirs can be influenced by their depositional
environment, sedimentation, diagenesis, karstification (in carbonates), and subsequent
tectonic history. All these factors can affect reservoir heterogeneity and our ability to
efficiently recover the hydrocarbons they contain. We hope that the symposium and
these proceedings will bring such research to the attention of the geoscience and energy-
research community, and will help foster exchange of information and increased re-
search interest by industry, university, and government workers.

Nineteen papers were presented orally at the symposium, and they are presented here
as full papers or abstracts. An additional 14 reports were given as posters, and they are
presented here as short reports or abstracts. About 250 persons attended the symposium.
Stratigraphic nomenclature and age determinations used by the various authors in this
volume do not necessarily agree with those of the OGS.

Persons involved in the organization and planning of this symposium include Ken-
neth Johnson, Jock Campbell, and Charles Mankin of the OGS, and Tom Wesson, Michael
Ray, and Chandra Nautiyal, of BPO-DOE. Other personnel who contributed include:
Michelle Summers and Tammie Creel, Registration Co-Chairs; Brian Cardott, Poster
Session Chair; Connie Smith, Publicity Chair; and Helen Brown and Gwen Williamson,
Exhibits Coordinators. Appreciation is expressed to each of them and to the many au-
thors who worked toward a highly successful symposium.

KENNETH S. JOHNSON

and JOCK A. CAMPBELL
General Chairmen
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Role of Reservoir Characterization
in Improved Petroleum Recovery

James M. Forgotson, Jr.

University of Oklahoma
Norman, Oklahoma

ABSTRACT.—Reservoir characterization is the description of the physical and chemical properties of
a porous medium and its pore fluids over the broad range of dimensions from pore throat through res-
ervoir sizes. The purpose of such descriptions is to provide an accurate quantitative physical model of
the reservoir that can be translated for use with a numerical reservoir simulation model to predict oil
and gas recoveries under various production scenarios. Mineralogy, texture, grain size, bedding and
flow structures, depositional sequences and the geometry of genetically related depositional units are
a few attributes covering a range of scales commonly identified and described by geologists. Petro-
physicists measure porosity, permeability, fluid saturations, electrical and acoustical properties of
samples taken from cores, or interpret these properties from well-bore measurements. Petroleum en-
gineers analyze drill-stem test, pressure test, and tracer data to infer permeability of the reservoir. The
reservoir engineer seeks to use these data and production history to build a numerical model that ac-
curately represents the flow of fluids through the reservoir under a variety of conditions.

Porosity, permeability, relative permeability, fluid composition, fluid saturations, and pressure con-
trol fluid flow within the reservoir; therefore, reservoir characterization must focus on these param-
eters. Reservoir characterization studies must accurately define flow units within the reservoir and pre-
dict their size, shape, internal variations, and continuity. Recognizing reservoir heterogeneities that are
no-flow boundaries or barriers to flow and the presence of exceptionally high transmissivity units are
the first-order requirements. Improved oil and gas recovery from compartmentalized reservoirs re-
quires accurate prediction of the location and extent of such features within a reservoir. Data used to
make such predictions are limited by: the sample examined by cores and logs, small compared to to-
tal reservoir volume; the lack of resolution inherent in the measuring processes; ambiguities related to
interpretation methods used; and uncertainty at the required levels of detail within the geological mod-
els constructed. There is also the fundamental question whether a selected geological model is an ap-
propriate analog for a particular reservoir. Comprehensive reservoir characterization using complex,
interrelated data requires interdisciplinary study to properly integrate the information acquired and
interpreted by geological or geophysical methods, petrophysical analysis, and engineering technology.
The interdisciplinary approach should begin with problem definition and data acquisition planning
and continue through final interpretation.

Reservoir characterization has evolved during the last 40 years. Only during the last five years, how-
ever, has it been recognized that integrated interdisciplinary studies are required for optimum im-
proved oil and gas reservoir management. The significant increase in emphasis on interdisciplinary
studies during the past five years has been driven by major technological developments and by eco-
nomics related to lower oil prices. Applications have been focused primarily on relatively new giant
fields in such high-cost areas as Prudhoe Bay and the North Sea, and on the recovery of additional
mobile oil from producing fields in the lower 48 states. The latter has been stimulated by studies and
concepts of the Texas Bureau of Economic Geology that identified the large potential for increased
recovery from compartmentalized reservoirs, and the relationships between such reservoirs and their
depositional environments. U.S. Department of Energy data suggest that previously discovered Okla-
homa reservoirs contain ~6 billion bbl of mobile oil that will not be recovered by current production
practices. A high percentage of this resource is believed to be in reservoirs deposited in various fluvial-
deltaic environments.

INTRODUCTION The purpose of such a description is to develop a

geological model of the reservoir that combined

Reservoir characterization is the quantitative ~ with reservoir fluid properties and with produc-
description of the physical and chemical proper-  tion and pressure data can be used to increase the
ties of a porous medium and its contained fluids. ~recovery of petroleum from the reservoir while

Forgotson, J. M., Jr., 1993, Role of reservoir characterization in improved petroleum recovery, in Johnson, K. S.;
and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Okla-
homa Geological Survey Circular 95, p. 3-9.
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maintaining favorable economics. The design of
appropriate reservoir management schemes is as-
sisted by reservoir simulation based on a suffi-
ciently detailed and accurate model.

State-of-the-art geological modeling and reser-
voir simulation has evolved during the last 40
years. However, the present emphasis on interdis-
ciplinary studies integrating geological, geophysi-
cal, and engineering data began during the mid-
1980s. This increased emphasis is primarily the
result of three factors: (1) the need to recover addi-
tional oil from older fields approaching their eco-
nomic limit, (2) the desire for better economics in
the development and reservoir management of
new fields in areas with high drilling and operating
costs, and (3) the development of computer hard-
ware and software that are cost effective for nu-
merical simulation of reservoir models based on
detailed data obtained from comprehensive reser-
voir characterization.

Reservoir characterization spans the range
from microscopic (microns) through field (kilome-
ters) scale. Different tools and scientific disciplines
are used to obtain and interpret data throughout
this wide range of scales. A comprehensive study
may include data from well cores; well logs; cross-
well, vertical seismic profiling (VSP), and surface
seismic; drill-stem tests; tracer and injection tests;
bottom-hole pressures; production records; anal-
ogies based on genetically similar reservoirs; and
studies of outcrops or modern sediments that are
genetically similar to the reservoir.

The objective of an integrated study s to define
the external and internal reservoir geometry with
particular emphasis on delineating flow units that
have similar transmissivity properties throughout
the unit and different transmissivity from other
units. Recognition of features that control extreme
permeability differences, such as barriers, baffles,
and high transmissivity conduits, are most impor-
tant. Accurately mapping these features at inter-
well scale is the major challenge in detailed reser-
voir description.

SIGNIFICANCE OF IMPROVED
RECOVERY TECHNOLOGY

Proper application of improved recovery tech-
nology is critical to maintaining the economic vi-
ability of exploration for, and production from,
most Midcontinent reservoirs. Demonstrated im-
proved recovery from producing reservoirs can be
used to support higher reserve figures for similar
exploration targets.

U.S. production of 9 million bbl/day from the
lower 48 states in 1973 declined to only 5.4 million
bbl/day in 1992. Approximately half of this decline
in the lower 48 states has occurred since 1986, and
all of the decline from ~2 to ~1.8 million bbl/day in

Alaska has occurred since then. Thus, the require-
ments for imports continue to rise to supply the U.S.
petroleum product demand of 17 million bbl/day.

According to data published by the Texas Bu-
reau of Economic Geology, the total U.S. endow-
ment of oil is estimated to be 698 billion bbl.
Proved reserves are 25 billion bbl; ~90 billion bbl
of mobile oil and 240 billion bbl of immobile oil
remain in previously discovered fields, and 95 bil-
lion bbl of mobile oil and 90 billion bbl of immo-
bile oil remain to be discovered. The U.S. endow-
ment of natural gas is 2,180 trillion cubic feet (Tcf),
of which 18% is attributed to reserve growth and
only 9% to proved reserves.

The target for reserve growth attributable to
improved recovery from existing oil and gas fields
is very large. Unfortunately, many large fields con-
taining significant volumes of unrecovered mobile
oil have been abandoned and others are fast ap-
proaching their economic limit. In 1985, ~70% of
the remaining resource of oil in the lower 48 states
was contained in active reservoirs. The estimate
for the year 2015 is that only 25% of this resource
will be contained in active reservoirs. This situa-
tion is extremely critical in the southern Midcon-
tinent where, based on an average oil price of $22
per barrel, it is estimated that all of the remaining
resource in Kansas and 90% in Oklahoma will be
abandoned by the year 2000. Favorable economics
for improved recovery generally require access to
the reservoir through existing well bores prior to
field abandonment.

Reservoir management using simulation stud-
ies based on accurate models obtained from de-
tailed reservoir characterization data should, on
the average, improve recovery by 10% for most
Midcontinent fields. This additional production
may extend the life of fields and, thus, provide ac-
cess to reservoirs suitable for the application of
advanced recovery technologies that may be de-
veloped within the next decade. Extension of the
productive life of existing fields is necessary if a
significant part of the mobile and immobile oil
that will not be recovered by current production
operations is to be obtained.

CLASSIFICATION OF RESERVOIRS

During the mid-1980s, the Texas Bureau of Eco-
nomic Geology published generalized data that
related recovery factors to depositional environ-
ment. These data showed, as would be expected,
that reservoir genesis had a strong influence on
recovery factors; common types of reservoirs, such
as sandstones deposited in a fluvial-deltaic envi-
ronment and carbonates deposited on a platform
margin, typically have recovery efficiencies that
range from 20 to 40% and, thus, are good targets
for improved recovery applications.
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The Geoscience Institute for Oil and Gas Recov-
ery Research, supported by U.S. Department of
Energy funds, published classifications for silici-
clastic and carbonate reservoirs based on reservoir
genesis, diagenesis, and structure. If a reservoir’'s
classification according to this system is known, it
is reasonable to assume that its production char-
acteristics and recovery factor would be similar to
those of other reservoirs within this class. Thus,
reservoirs with good geological data and produc-
tion histories can be used as models for those that
are not fully developed or do not have adequate
data for a detailed characterization study.

In the absence of significant diagenetic alter-
ation, specific depositional environments typicaily
produce predictable permeability patterns. Chan-
nel sands have high permeability in their lower
part, and the permeability becomes less as the
sand becomes finer in an upward direction; bar
sands have lower permeability near their base,
and the permeability increases upward as the sand
becomes coarser and cleaner. The lateral continu-
ity of shales within a sandstone reservoir is also a
function of depositional environment. For ex-
ample, shales interbedded within a marine sand-
stone usually extend for several thousands of feet
parallel and normal to the depositional strike.
Shales interbedded with distributary channel
sandstones usually are laterally continuous for
only a few hundred feet. The distribution of shales
and clay laminae strongly influences the vertical
permeability within a reservoir and may effectively
separate permeability zones within a heteroge-
neous reservoir. The distribution of permeability
within a reservoir has a stronger influence on dis-
placement processes than on primary recovery.
Hence, for successful implementation, improved
recovery projects require detailed reservoir de-
scription.

SCALES OF RESERVOIR
HETEROGENEITY

The very wide range of scales at which various
types of reservoir heterogeneities occur can be
classified into four levels: microscopic — meso-
scopic — macroscopic — and megascopic.

Comprehensive reservoir characterization re-
quires the use of data from all scales. Sophisticated
averaging methods that consider the volume of
reservoir measured or sampled by various tools or
tests and scaling up methods that estimate the
properties of a flow unit from data measured at a
smaller scale are used to translate the geological
model into a numerical model for reservoir simu-
lation. Considering the unit volume of a core plug
to be 1, the reservoir volume measured by several
common tools and tests is:

Reservoir volume

Tool or test measured
Core plug 1
Average porosity from 2x10?

200 core plugs

Microlaterolog 1.6x10*
Deep Induction Log 4x107
Chemical Tracer test 1x10°
Pressure buildup test 2x10!?

Microscopic Heterogeneity

Variability at the pore and pore-throat scale
produces microscopic scale heterogeneity which
is the scale of variability that governs the nature of
gas and oil saturation in a reservoir. Oil globules
and gas are trapped in pores by capillary forces,
and fluid flow characteristics are controlled by the
size and distribution of pore space at the micro-
scopic scale.

Mesoscopic Heterogeneity

Variability at the lamination to bed scale within
distinctive lithofacies deposited during a relatively
short period of accumulation produces meso-
scopic scale heterogeneity. Barriers to flow (such
as shale layers in sandstone reservoirs, laterally
and vertically discontinuous beds in carbonate
reservoirs, high-permeability zones including vugs
and fractures in carbonates, and sandstones that
act as thief zones and cycle injected fluids) seg-
ment a reservoir and prevent oil or gas zones from
being contacted during a displacement process.
Correlation between core and well log properties
is made at this scale.

Macroscopic Heterogeneity

Lateral changes in lithofacies and lithologic
changes across depositional sequence boundaries
commonly produce marked changes in fluid
transmissibility at the macroscopic scale. At this
scale of interwell spacing, flow properties are in-
ferred from well tests or log correlations. The cur-
rent emphasis on acquisition and interpretation of
high-resolution seismic data is to obtain better
reservoir characterization at the interwell scale.

Megascopic Heterogeneity

Lithologic variability across depositional sys-
tems and geometry of structural features are the
major controls on the distribution of reservoirs
within a trend or play. This megascopic, field-wide
scale used to depict the external architecture of
reservoirs is the domain of conventional subsur-
face mapping and the structural and stratigraphic
interpretation of seismic data.
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DATA SOURCES FOR
RESERVOIR CHARACTERIZATION

The sources of data used for reservoir charac-
terization are different for each scale and scientific
discipline. Several major subdisciplines of geol-
ogy, geophysics, and petroleum engineering con-
tribute to the science of reservoir characterization.
Geostatistics is important in data analysis and in-
terpretation. The sources of data for geological
and petrophysical study include samples from
analogous outcrops, drill cuttings, cores, open-
hole logs, and geological descriptions. Geophysi-
cal data are primarily based on acoustic wave
methods and include surface seismic, VSP, and
cross-well seismic surveys. The engineering data
include cased-hole logs, drill-stem tests, bottom-
hole pressure tests, tracer studies, injection tests,
production history, and reservoir fluid properties.

Outcrop Studies

During the last decade, studies of the three-
dimensional distribution and the internal archi-
tecture of potential reservoir rocks have contrib-
uted to reservoir characterization. Subsurface
studies to determine the nature of unit boundaries
that control the internal structure of reservoirs are
limited by well spacing and core availability. Out-
crops deemed analogous to subsurface reservoirs
permit detailed two-dimensional examination of
bounding surfaces and sedimentary features that
produce reservoir heterogeneity. Data from core
holes adjacent to the outcrop can provide a three-
dimensional perspective to the reservoir geometry
and architectural elements that determine reser-
voir flow units. Scales of heterogeneity from mi-
croscopic through large macroscopic features can
be observed on many outcrops and continuously
sampled. Several outcrops within an area can pro-
vide the megascopic-scale reservoir outline. Po-
rosity and permeability measured from outcrop
samples can provide a template for the range and
scale of variations to be expected within an analo-
gous reservoir. Diagenesis and the effects of over-
burden must be considered in such comparisons.
Subsurface studies are limited to lower-order
boundary surfaces such as unconformities and
marine flooding surfaces observed at well loca-
tions. Geostatistical modeling techniques are used
to infer interwell variations within the reservoir
based on detailed outcrop studies.

Cores

Information obtained from cores provides the
only verification of reservoir properties derived
from log analysis and other indirect methods.
Laboratory measurements and tests made on
cores obtained and handled properly for the
analyses performed provide the following types of

data: (1) porosity and formation resistivity factor;
(2) absolute permeability, compressibility, and
rock mechanics measurements; (3) relative per-
meability, wettability, and residual saturations; (4)
dispersivity, adsorption properties, fraction of
dead-end pores, and diffusivity; (5) mineralogy,
clay content and type, cation exchange capacity;
(6) capillary pressure/saturation relationships,
drainage and imbibition properties; (7) tortuosity,
specific surface area, pore-size distribution, grain-
size distribution; (8) water flood and enhanced-oil
recovery (EOR) displacement tests; and (9) param-
eter sensitivity to pressure, temperature, stress
conditions, and fluids.

Cores are necessary to develop statistical rela-
tionships between porosity and permeability that
can be applied to log-derived data from lithologies
similar to intervals that were cored. Continuous
cores through the reservoir interval can aid in the
interpretation of the depositional environment
and the recognition of boundary surfaces that de-
termine reservoir flow units,

Open-hole Logs

Open-hole logs are the most widely available
sources of data for reservoir characterization and
are often the only source for gross and net reser-
voir thickness, lithology, porosity, position of pos-
sible flow barriers, fluid saturation, and perme-
ability. Geological models and the rock and fluid
properties used in numerical reservoir simulation
are based largely on log-derived information.
Many of the core-derived properties listed above
can be measured reliably by logs calibrated with
core data.

Open-hole logs measure reservoir properties
from the mesoscopic through the megascopic
scale. Formation microscanner and bore-hole
televiewer logs have vertical resolution in the 1- to
2-in. range and can detect many types of meso-
scopic features at the surface of the well bore.
Other open-hole logs have vertical resolution typi-
cally in the 1- to 3-ft range and a depth of investi-
gation beyond the borehole ranging from several
inches to several feet.

Open-hole well logs are particularly useful in
determining external reservoir geometry, major
flow barriers, porosity, and fluid saturation. Be-
cause these logs sample only a very small fraction
of the reservoir, reliability of the interpretations of
lateral extent and continuity of these properties in
the interwell area depends on (1) the depositional
environment in which the reservoir unit was de-
posited, (2) the complexity of local structure, (3)
diagenetic alteration, and (4) well spacing.

Seismic Surveys

Conventional seismic surveys are usually inter-
preted to map the structural attitude of the reser-
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voir and detect faults that provide traps or seg-
ment the reservoir. Properly designed three-di-
mensional surveys can provide an image of a field
with higher resolution and greater accuracy. The
increased cost of this more accurate picture is jus-
tified by detection of additional reserves and
proper placement of wells for optimum develop-
ment economics. Two types of seismic analysis
can be performed on three-dimensional data and
some two-dimensional surveys: (1) mapping of
geometric framework to represent detailed atti-
tude of reservoir beds and (2) interwell inter-
polations of reservoir properties. Imaging of three-
dimensional data has revealed meandering stream
channels and other detailed sedimentary and
structural features that are not apparent on two-
dimensional data. Amplitudes, phase changes, in-
terval times, and other attributes of the seismic
data can be correlated with lithology, porosity, and
fluid type. Comparison of reflection amplitudes
with porosity/thickness measured in wells can be
used to transform seismic amplitude values into
porosity/thickness values at points between wells;
the accuracy of reserve estimates is increased and
the risk of drilling development wells for fluid in-
jection or production is reduced. Comparison of
three-dimensional surveys performed at different
times with a base survey has been successful in
monitoring the temperature and pressure changes
occurring in relatively shallow thermal-recovery
projects.

Vertical seismic profiling (VSP), in which the
receivers are placed in the well bore, provides ac-
curate depths to reflectors seen in surface seismic
and provides high resolution structural and strati-
graphic information within a few hundred feet of
the well. Reverse VSP, in which the energy source
is in the well bore and receivers are on the sur-
face, can provide 3-D areal coverage of ~1 miZ
This method provides less extensive coverage than
surface 3-D, but, in a short time, produces a large
amount of data with a resolution of ~10 ft. Well-to-
well seismic (often referred to as cross-well seis-
mic) uses a downhole energy source in one well
and multi-geophone receiver tools in one or more
offset wells. This method, which uses a higher fre-
quency source (100-5000 Hz) than surface seismic
(20-100 Hz), has a 1-ft resolution and can provide
data between wells spaced up to 40 acres. This
developing technology, designed to investigate an
interval between wells, shows promise of filling
the data gap between log-scale and reservoir-scale
properties. Interpretations of reservoir properties
in the interwell area are based on tomographic
and reflection methods. The short-term practical
use of this technology may be determination of
the continuity of reservoirs and boundary surfaces
between wells rather than the quantitative deter-
mination of interwell rock and fluid properties.

Wells Tests

Production tests, tracer tests, and pressure-
transient tests are used to obtain megascopic
properties of the reservoir. Production tests are
helpful for determining thief zones, fractures, con-
ing, and limits of producing zones. Interwell tracer
tests are used to determine the direction and rate
of fluid movement, volumetric sweep efficiency,
permeability distribution, and fluid dispersivity.
Single-well tracer tests are used to measure re-
sidual oil saturation and dispersion coefficients.
Pressure-transient tests are used to measure hori-
zontal and vertical permeability, porosity, produc-
tivity index, reservoir volume, distance to fault or
reservoir boundary, vertical zonation and direc-
tional permeability, fracture length, length of shale
barriers, and average reservoir pressure.

RESERVOIR DESCRIPTION
AND SIMULATION

Reservoir simulation is the process of modeling
the flow of fluids through a porous medium. It can
be used to predict the performance of reservoirs of
all sizes and degrees of complexity. Generally, it is
used to predict the flow of multiple phases of flu-
ids in a heterogeneous reservoir. The simulation
process represents the hydrodynamics of flow
within the reservoir using a flow model consisting
of partial differential equations that describe the
unsteady-state flow of all fluid phases in the reser-
voir medium. Because these equations generally
cannot be solved analytically, they are solved nu-
merically by replacing the differential equations
with difference equations. This requires describ-
ing the reservoir as if it were composed of discrete
volume elements referred to as grid blocks.

All properties of the fluids and rock matrix
within a grid block are assumed to be constant.
Thus, a block has only a single value for each prop-
erty, such as phase saturation, relative permeabil-
ity, and pressure. However, these properties vary
from block to block, and the change in the value of
a property between adjacent blocks depends on
the grid-block size. The accuracy with which the
flow of fluids within the reservoir can be calcu-
lated usually improves as the number of grid
blocks becomes larger. The computer time re-
quired to obtain a solution also increases with the
number of grid blocks. Thus, a simulation model
should contain the minimum number of grid
blocks necessary to adequately represent the res-
ervoir behavior for the purpose of the study.
Whether reservoir simulation is performed using a
one-dimensional, two-dimensional, radial, or
three-dimensional model depends on the type of
problem to be solved. Grid blocks within the
model do not have to be the same size. Smaller
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grid blocks are commonly used for those parts of
the reservoir in which pressure and fluid satura-
tions change more rapidly, i.e., near well bores and
fluid-front boundaries.

Properties within a grid block are constant only
for a specified time interval referred to as a time
step. The changes of properties within a block be-
tween time steps are directly related to the time
interval selected. Time steps do not have to be
constant throughout the time period covered by
the simulation study. Time steps must be small
enough to determine saturations, pressures, and
production at specific locations and times re-
quired by the study and to model fluid mechanics
properly.

An accurate geological description of a reser-
voir is necessary to provide guidelines for grid-
block orientation and size. The increased speed of
computers using state-of-the-art software permits
the economical use of a large enough number of
grid blocks to adequately represent fairly complex
geology in a reservoir model. Typically, 3-D mod-
els contain three to 10 vertical layers and 20-100
grid blocks in each direction. Grid-block design
should consider the presence of internal barriers
to fluid flow, such as shale layers, low permeability
zones, faults, and other vertical and horizontal res-
ervoir heterogeneities. Geostatistical methods are
used to determine the “best” average values of po-
rosity, permeability, and other properties for a grid
block, based on measurements of these properties
from cores or well logs (which examine only a very
small fraction of the reservoir volume compared to
the volume of a typical grid block). Geostatistical
methods to estimate properties of the geological
model in the interwell regions and scaling-up al-
gorithms are critical steps in a comprehensive res-
ervoir simulation.

The following outline indicates the sequence of
major steps required in a reservoir simulation
study:

Reservoir description
Geological model
Recovery mechanism
Fluid properties
Mathematical model
Numerical model
Computer model—Grid blocks
History match to validate model
Performance prediction
Pressure and fluid saturations within
reservoir—Design plan for improved
recovery using infill wells (vertical
or horizontal), water flood, or other
improved-recovery process

A simulation study should be an iterative proc-
ess involving feedback between the results of a
history match or performance prediction and the
reservoir description.

SUMMARY

Existing fields within the lower 48 states are es-
timated to contain ~90 billion bbl of mobile oil
that will not be recovered by current production
operations. Six billion of these barrels are in Okla-
homa and 2.4 billion are in Kansas. This resource
provides an important target in the southern Mid-
continent for major reserve growth through im-
proved recovery. Proper application of available
data and technology should provide favorable
economics for the recovery of a significant part of
this resource.

Technological advancements in reservoir de-
scription and numerical reservoir simulation dur-
ing the last decade will assist operators in the de-
sign and operation of improved recovery projects.
Important among these advances are the recogni-
tion of relationships between depositional envi-
ronment and recovery, advances in well logging,
development of cost effective 3-D high-resolution
seismic acquisition and processing, improve-
ments in acquisition and interpretation of cross-
well seismic data, and computer hardware and
software that can economically process complex
reservoir models and provide interactive capabil-
ity for visualization of three-dimensional data. Ad-
vances in the technology of drilling and complet-
ing horizontal wells provide the ability to solve
economically some of the problems that reduce
mobile oil recovery, such as reservoir compart-
mentalization, coning of gas or water, and low
production rates from thin, low-permeability res-
ervoirs,

Successful results will require the integration of
interdisciplinary studies, such as geology, geo-
physics, and reservoir engineering, with field devel-
opment operations and production technology.
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INTRODUCTION

The dominant tectonic control in Phanerozoic
southern Oklahoma has been a N. 60°W.-trending
zone of crustal weakness extending from the
neighborhood of Durant, Oklahoma, into the
Texas Panhandle. The principal role played by this
zone has been to guide the Paleozoic evolution of
the southern Oklahoma aulacogen (Shatski, 1946).
Four distinct stages in this evolution can be recog-
nized. The earliest (Cambrian) stage involved the
intrusion and extrusion of a bimodal suite of igne-
ous rocks within an extensional rift setting. The
northern boundary of this rift is a complex granitic
and gneissic terrain, ~1.4 billion years old. To the
south, the boundary, which is by no means clearly
understood, appears to be a horizontally layered
Proterozoic basin of uncertain character. Xeno-
liths in the oldest intrusions within the aulacogen
suggest that at least part of this basin consists of
metasediments.

The second stage in the evolution of the aulaco-
gen was a long (Cambrian-Mississippian) period
of cratonic sedirmentation. Volumetrically, most of
the rocks deposited during this period were car-
bonates. At this time, the aulacogen was a linear
depocenter in which sediment-entrapment rates
within the aulacogen were approximately 2-4
times those on the adjacent craton. In geometric
terms, each of the lithostratigraphic divisions rec-
ognized can be traced laterally for great distances,
from the craton into the aulacogen.

Stratigraphic continuity was interrupted during
the late Paleozoic when, under a generally com-
pressive-stress regime, the integrity of the aulaco-
gen was broken and the area was differentiated
into a series of linear basins and uplifts. As a result

of this partial inversion of the aulacogen, erosion
of the entire lower Paleozoic sedimentary se-
quence, as well as substantial parts of the igneous
basement, took place in such areas as the Wichita,
Criner, and Arbuckle uplifts. Sediment shed from
these uplifts was deposited in adjacent basins,
such as the Ardmore, Anadarko, and Marietta ba-
sins.

Subsequently, in the fourth stage of its exist-
ence, the aulacogen terrane has functioned, by
and large, as an undefined and inert component of
the North American craton. :

In a broader context, the late Paleozoic dis-
memberment of the aulacogen coincided with the
completion of the formation of Pangaea, due to
the final closure of the ocean complex that had
existed off the eastern seaboard of the North
American craton. This closure is marked by the
Appalachian-Ouachita-Marathon orogene. Al-
though the timing of individual events is variable,
the deformation of southern Oklahoma can be
viewed as one of a number of similar inversional
events occurring within the North American cra-
ton that are collectively referred to as the Ancestral
Rockies deformation. In each case, inversion of
linear fault-bounded uplifts exposed a sequence of
lower Paleozoic sedimentary rocks and underlying
igneous and metamorphic basement to erosion,
while considerable quantities of clastics were shed
into adjacent syntectonic basins. On a gross scale,
each basin can be regarded as a syntectonic half
graben, characterized by markedly asymmetric
facies distributions. Each complex of basins and
uplifts had a “life” of no more than 50 million
years. Following initiation, basin subsidence ap-
pears to have been controlled by a combination of
isostatic response and structural overloading. In

Donovan, R. N.; and Butaud, Todd, 1993, The Vanoss conglomerate—a record of Late Pennsylvanian basin in-
version on the northern flank of the Arbuckle Mountains, southern Oklahoma, in Johnson, K. S.; and
Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Okla-

homa Geological Survey Circular 95, p. 10-24.
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Figure 1. General age of sedimentary deposits dis-
cussed in the text. The granite wash and Post Oak
Formation were deposited adjacent to the Wichita
uplift (by definition the term “granite wash” is re-
stricted to the subsurface, whereas “Post Oak” refers
to outcrop). The Collings Ranch is found within a
small linear transtensional basin in the Arbuckle
Mountains, the Vanoss on the northern flank of the
Arbuckles, and the Fountain on the eastern flank of
the present-day Rockies in Colorado.

some cases, including the southern Oklahoma au-
lacogen, it is clear that preexisting structures were
reactivated. Typically the basins are no larger than
75 x 200 mi, and may be considerably smaller (as,
for example, in the case of the probable Late Penn-
sylvanian Collings Ranch basin in the Arbuckle
Mountains of Oklahoma).

In this paper we describe one example of a
proximal facies deposited in this setting (the Upper
Pennsylvanian Vanoss Formation), and develop a
general discussion of the defining parameters of
such facies (Fig. 1).

Structural Styles Associated with Inversion

Within the area of the southern Oklahoma
aulacogen, the Pennsylvanian dismemberment
appears to have involved compressive stresses
that were oriented approximately (but not exactly)
normal to the existing N. 60° W. aulacogen trend.
As a result, shortening across the aulacogen is the
principal feature of the dismemberment. Uplifts
(i.e., inversions) and downwarps (i.e., basins) in
the area can be viewed as giant folds that accom-
modated this shortening within the area of weak-
ened basement that characterizes the aulacogen.
Second-order structures include large folds, gen-
erated at several levels within the aulacogen sec-
tion, including the layered basement (Donovan,
1991) and large basement-cutting faults. The ge-
ometries of most large faults are consistent with
substantial components of reverse motion.

The tectonic fabric encountered within the dis-
membered area also is consistent with a compo-
nent of left-lateral strike slip during deformation.
The amount of horizontal slip has not been satis-
factorily quantified; the strongest evidence sug-
gests that it is not much greater than the vertical
component (e.g., McConnell, 1989). Stephenson

and Donovan (1991) suggest that both large- and
small-scale structures in the eastern Slick Hills of
southwestern Oklahoma are consistent with a
compressive stress oriented approximately N. 50°E.
(i.e., slightly clockwise of normal to the original
aulacogen boundaries).

Provenance of the Upper Paleozoic Rocks

The lower Paleozoic stratigraphy of much of the
Midcontinent is remarkably consistent in that a
carbonate-dominated sequence lies atop an igne-
ous metamorphic basement. Hence, there is a
general similarity in the fill of the late Paleozoic
basins; the “inverted stratigraphy” of clasts de-
rived from adjacent uplifts consists of a sequence
of dominantly carbonate-derived detritus overlain
by siliciclastic detritus derived from the basement
(Fig. 2). Although provenance generally reflects
depth of erosion (Fig. 3), this generality may be
masked both by structural complexity and by the
considerable variations in thickness of the carbon-
ate cover that exist.

Facies and provenance patterns in the coarse-
grained rocks deposited adjacent to uplifts can be
extraordinarily complex and particularly difficult
to correlate in the subsurface. This is particularly
so in the case of the earlier (Pennsylvanian) depos-
its, which generally were laid down in a more ac-
tive tectonic setting than later (Permian) deposits.
Furthermore, in southern Oklahoma, especially
the Anadarko basin, most of the Pennsylvanian
rocks (the “granite wash”) are below the present
level of erosion.

An example of this complexity is provided by a
short section of the Fountain Formation in Priest
Canyon, near Cafion City, Colorado, where varia-
tions in clast content suggest that fan overlap has
taken place (Fig. 4). In this example, some of the

PROVENANCE TYPES
“TYPICAL"
UPLIFT SOURCE OF
SEDIMENTS
NI GRANITIC SOURCE
A" * FELDSPATHIC
M * DETRITAL CLAY-RICH
N\ a * DIAGENETICALLY LABILE
NG ECONDARY POROSITY

DUE TO FELDSPAR
DISSOLUTION, AUTHIGENIC
CLAY

MIXED SOURCE

CARBONATE SOURCE

* CLASTS: LIMESTONE,
DOLOMITE, CHERT,
QUARTZ GRAINS

* LITTLE CLAY

* MUCH CARBONATE CEMENT

Figure 2. Generalized provenance model of proximal
sediments associated with inversion in which clasts
record an “inverted stratigraphy.”



12 R. N. Donovan and Todd Butaud

ORDOVICIAN

ARSI
2y i

XN FREMONT FM

HARDING FM
MANITOU FM

PENNSYLVANIAN

e S e e e et
RN i RESRERIAIIES

CUJ_PRECAMBRIAN EXSvun o
B 25 AT S
Figure 3. Generalized stratigraphic relationships de-
veloped between the Fountain Formation and older
rocks in the Cafion City area of Colorado. This sec-
tion displays several features that are common to the
settings under discussion: (1) an unconformity with
pronounced relief, (2) karst where the unconformity is
developed in carbonate rocks, and (3) a distinctive
coupling of lower Paleozoic carbonates atop an igne-
ous and/or high grade metamorphic basement.

(43S

METERS

80 s
SR
=

CONGLOMERATES AND SANDSTONES
REITLELIS]  WITH FRAGMENTS OF

FREMONT, HARDING AND
.,:.z:z:},-,. PRECAMBRIAN GRANITE
CONGLOMERATES AND SANDSTONES
COMPOSED ENTIRELY OF GRANITIC DETRITUS 2

FELDSPATHIC SILTSTONES AND SANDSTONES 1
T 4 UNCONFORMITY WITH KARST

LOWER PALEOZOIC CARBONATES

1. Distal alluvium derived from deeply eroded uplift
2. Proximal fan deposits derived from deeply eroded uplift
3. Proximal fan deposits derived from partially eroded uplift

Figure 4. Section of the Fountain Formation mea-
sured in Priest Canyon, Caiion City, Colorado, in
which provenance of the clasts in the fans contradicts
the expected “inverted stratigraphy” (see Fig. 3).

clasts in the upper fan are from stratigraphically
younger rocks than those in the lower fan.

Generally, in such cases, it is difficult to decide
whether such variations have a direct tectonic
cause, or whether they reflect avulsion, scarp re-
cession, or overlap of fans sourced by different
areas. On occasion the cause may be clear. Thus,
in a well-exposed example of overlap, docu-
mented from the Early Permian Post Oak Con-
glomerate deposited in Blue Creek Canyon in the
Slick Hills of southwestern Oklahoma, it is clear
that clast variation reflects sources from two sides
of a fault that juxtaposes very different rock types
(Donovan, 1982).

Facies Patterns

In general terms, the early histories of the larger
and more sharply pronounced (i.e., deeper) sedi-
mentary basins are characterized by the deposi-

tion of a greater proportion of marine facies. In
their later history these basins display an increas-
ing component of continental facies. This general
facies pattern appears to be related to a gradual
slowing of tectonic activity. In terms of proximal
deposits, this means that many Permian con-
glomerates are simply the result of the reduction
of available relief, whereas Pennsylvanian con-
glomerates may also reflect a more dynamic tec-
tonic setting.

Given the fault-bounded geometry of the ba-
sins, it is scarcely surprising that both marine and
nonmarine facies patterns may be highly asym-
metric within individual basins. For example, in
the earlier Pennsylvanian history of the Anadarko
basin, small fan-delta conglomeratic deposits
mark the juxtaposition of the basin and adjacent
Wichita uplift, whereas the gentle northern edge of
the basin is characterized by fine-grained deltaic
deposits. A similar grain-size pattern is found in
the succeeding Late Pennsylvanian and Early Per-
mian alluvial deposits (reviewed in Johnson and
others, 1988).

Climatic Imprint

During the late Paleozoic, the Oklahoma area
gradually drifted from an equatorial setting into
the northern low-latitude desert zone. Indications
of this are manifest in the sedimentary record as:

1) “Fossilization” of the existing topography, in-
cluding karst, during the Early Permian, due to a
slowdown in the effectiveness of weathering proc-
esses in the relative absence of water.

2) A change in pedogenic profiles, from leached
underclays supporting coal swamps in Pennsylva-
nian deposits to calcrete in Late Pennsylvanian
and Early Permian rocks (Fig. 5).

3) The appearance of evaporites in Early and
Middle Permian rocks.

4) The upward replacement of kaolinite by illite
as a detrital clay (Donovan, 1991).

GRANITE | POST |COLLINGS
OAK

WASH RANCH VANOSS |FOUNTAIN

ALLUVIAL FAN

BRAIDED
FLOOD PLAIN

......
.......

LACUSTRINE

T T T
.......
.....

COAL

PEDOGENESIS

Figure 5. Generalized comparative depositional en-
vironments developed in proximal (nonmarine) set-
tings in selected deposits. Sources: granite wash (Al-
Shaieb and others, 1977; our own work); Post Oak
{Donovan, 1982,1988); Collings Ranch (Ham, 1954;
Donovan and Heinlen, 1988); Vanoss (Al-Shaieb and
others, 1977; Donovan and Heinlen, 1988); Fountain
(our own work).
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Diagenetic Patterns

Early diagenetic patterns are, to some extent,
controlled by the provenance of the detritus in-
volved. Typically, patterns in siliciclastic-domi-
nated deposits are characterized by the growth of
clay, usually kaolinite and/or illite (Al-Shaieb and
others, 1980), whereas calcite cements (often with
a variety of textures) are in a preponderance in
carbonate-dominated deposits (Donovan, 1986).
In younger beds, hematite is commonly observed
as a grain coating. In conglomerates composed of
dolomite clasts, dolosparite cement is seen, as for
example in the Post Oak Conglomerate that man-
tles the Maukeen dolomite in the Saddle Moun-
tain area of the western Slick Hills. An additional
example occurs in a Fremont dolomite facies of
the Fountain Formation. Another unusual cement
is barite, generally in the form of euhedral crystals.

The extraordinary depth of some of the basins
resulted in the maturation of source rocks in the
Paleozoic section (particularly the Upper Devo-
nian Woodford Formation). Activation coincided
with the deposition of some of the beds under dis-
cussion, and as a result bitumen partially impreg-
nates some deposits, e.g., the granite wash (Al-
Shaieb and others, 1977) and the Post Oak Con-
glomerate (Donovan and others, 1992). In addi-
tion to hydrocarbon migration, structural over-
pressuring of basin brines led to the precipitation
of a number of other cements, such as pyrite, illite,
dolomite, calcite, and barite (Younger and others,
1986; Donovan, 1991).

THE VANOSS FORMATION
Introduction

The Vanoss Formation, first recognized by
Morgan (1924), is a Late Pennsylvanian deposit
that crops out over an area of ~900 km? north of
the Arbuckle Mountains in southern Oklahoma.
Subsequent workers have recognized upper shale
and lower conglomeratic members with a com-
bined thickness variously estimated at 365475 m
(Ham and McKinley, 1954; Tanner, 1956; Thomas,
1973). The current study, which was undertaken to
try to elucidate factors that controlled the archi-
tecture of proximal detritus in dismemberment-
related basins, is restricted to conglomerate-dom-
inated facies adjacent to the Arbuckle Mountains,
some part of which has been examined previously
by Al-Shaieb and others (1977) and by Donovan
and Heinlen (1988).

Exposure in this area is generally scrappy, with
the exception of three outstanding sites: (1) natu-
ral cliffs on the southern bank of Travertine Creek
in the Chickasaw National Refuge (formerly Platt
National Park); (2) an abandoned gravel pit ~2 km
east-northeast of Sulphur; and (3) an abandoned
asphalt quarry in the Buckhorn asphalt district, ~7
km south of Sulphur.

Figure 6. Exposure of the unconformity between the
Vanoss Formation and the Ordovician Oil Creek
Formation in a quarry of the Buckhorn asphalt dis-
trict. The Oil Creek is a tar sand, clasts of which can
be found in the overlying conglomerate. However the
conglomerate is also bitumen-impregnated, indicat-
ing that oil migration took place before and after dep-
osition of the Vanoss.

The last-named exposure is of considerable in-
terest in that it displays the unconformity between
the Vanoss and the underlying lower Paleozoic, in
this case the Lower Ordovician Oil Creek Sand-
stone. The surface of unconformity has been tilted
to the west at ~5°, and the underlying Oil Creek
dips to the northeast at ~12° (Fig. 6).

Sedimentology of the Vanoss

General Characteristics

In the area examined, the dominant lithology of
the Vanoss is conglomerate, with subordinate
sandstone and shale and minor nodular lime-
stones. Two thin, laminated limestones were
found, one of which is the “Carla member” of
Donovan and Heinlen (1988). Sequences display a
crude organization into upward-fining cycles, in
which thick conglomerates pass upwards into
interbedded sandstones and conglomerates. In
turn, these pass upwards into sandstones and silt-
stones, some of which contain carbonate nodules.

Conglomerates

Conglomerates are composed primarily of
well-rounded to subangular limestone and dolo-
mite pebbles and boulders, with lesser amounts of
sandstone and siltstone clasts (some of intrafor-
mational origin). At the asphalt quarry, angular
clasts of bitumen-impregnated sandstone are
clearly derived from the underlying Oil Creek
Sandstone (Fig. 6). The conglomerates are mostly
clast-supported orthoconglomerates with a sandy
matrix composed of quartz grains, although a mud
matrix is present in some places.
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The bases of the thicker conglomerate units
mentioned above are markedly erosive, with as
much as 3 m of downcutting observed in as little as
10 m of exposure width (Fig. 7). In addition, some
impressive undercut channel margins are present
(Fig. 8). In general, units are multistoried deposits
in which individual beds (from 3 cm to 3 m thick)
are characterized by lenticular geometry. The beds
are separated by subtle surfaces of erosion that
can be distinguished by changes in grain size and,
more rarely, by clay drapes. At some locations the
conglomerate units show a general fining up-

overtumed cross-bed
20

maximum
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14.0 stacked pebble bars
strongly erosive base
2m [ sandstone with calcrete horizon
fine-grained sandstone with
5.0 red/tan lenticular sandstones
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cross-lamination to North

6.0 stacked pebble bars

5.0
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Figure 7. Sketch section of the Vanoss in the north
wall of the Sulphur gravel pit. Parts of three upward-
fining units are exposed. A calcareous soil profile
(calcrete), which marks the top of the lower cycle, is
truncated by the highly erosive base of the middle
cycle.
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wards; however most individual beds have a con-
sistent grain size. Large-scale cross-bedding, in
sets as much as 1.5 m thick (in one case over-
turned), was observed at a few locations.

In the Sulphur gravel pit, parallel linear grooves
are present on the base of a multistoried conglom-
erate unit (Fig. 9). These grooves are erosional and
may have resulted from the rolling or sliding of
large boulders on a muddy substrate (Conybeare
and Crook, 1963; Greensmith, 1989). The lineation
of these grooves, the orientation of cut banks, and
the direction of cross-bed dip and overturn are all
consistent with a northward direction of sediment
transport (i.e., away from the Arbuckle Moun-
tains).

Sandstones

Most sandstones in the Vanoss are fine grained
and quartzose; they form beds from 1 cm to 1 m
thick. These sandstones commonly are found
above conglomerate beds but also form lenticular
beds within conglomerate units. At the western
end of Bromide Hill, sandstones are interbedded
with siltstones and shales. While most of the sand-
stones are parallel-laminated, trough cross-bed-
ding, in sets as much as 5 ¢m thick, is common in
the Sulphur gravel pit. Some sandstones contain
nodules of limestone.

A second type of sandstone unit is found in the
Carla member on Bromide Hill (Donovan and
Heinlen, 1988). It comprises thinly bedded fine-
grained sandstones and siltstones that are inter-
bedded with thin limestones (Fig. 10). Features of
these sandstones include small-scale trough
cross-bedding, symmetrical ripple marks, and
slightly erosive bases where they overlie limestone
layers.
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Figure 8. Sketch section of the Vanoss on the east wall of the Sulphur gravel pit, showing part of three up-
ward-fining cycles. The base of the middie cycle displays an undercut channel margin, suggesting that the
lower unit was lithified (i.e., cemented by calcite) prior to the deposition of the middie cycle.
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Figure 9. Contact between a conglomerate bed and
a siltstone on the south wall of the Sulphur gravel pit.
The contact is erosional and five basal grooves are
oriented north/south.

Shales

Two varieties of shale are found in the Vanoss.
The first consists of red fissile shales, forming beds
as much as 1.5 m thick, interbedded with horizon-
tally laminated sandstones on Bromide Hill. The
second type occurs as lenticular deposits atop
conglomerates.

Interpretation of Depositional
Environments in the Vanoss

We suggest that deposition of the conglomer-
atic facies of the Vanoss Formation occurred in a
high-energy environment as the proximal facies of
an alluvial-fan system. This interpretation, which
is in accord with those of Ham (1973), Al-Shaeib
and others (1977), and Donovan and Heinlen

(1988), is supported by studies of modern and an-
cient analogues of alluvial fans (Bull, 1964,1972,
1977; Hooke, 1967; Steel and Wilson, 1975; Steel
and Thompson, 1983; Mack and Rasmussen, 1984;
Nemec and Steel, 1984). In detail, the massive-
appearing conglomerates that commonly occur at
or near the base of multistoried units are inter-
preted as coalesced bars, which were deposited by
streams powerful enough to move all but the
coarsest of the alluvium. In those cases where len-
ticular conglomerate beds can be distinguished,
either by variations in pebble size and/or sedi-
ment drapes, it is suggested that stream power was
less effective in totally removing finer material; as
a result, individual gravel bars were preserved.
Typically, these bar deposits are from 30 cm to 1 m
thick and 3-12 m in apparent width. The common
occurrence of erosive channel margins and under-
cut channel edges in these deposits supports the
suggestions offered above and implies that avul-
sion occurred frequently. A small number of thin
(as much as 30 cm thick), relatively fine-grained
conglomerates show considerable lateral persis-
tence (i.e., throughout the width of available out-
crop). These may well record sheet floods similar to
those noted by Davis (1938), Bull (1964), Mack and
Rasmussen (1984), and Nemec and Steel (1984).

In general, the sandstones offer fewer diagnos-
tic clues as to their depositional environment than
do the conglomerates. Within the general alluvial-
fan model applied to this sequence, the cross-bed-
ded lenticular sandstones are interpreted as either
arecord of the migration of small sand bars or as
the finer portion of pebble bars. Those sandstones
(seen only on Bromide Hill) that are more persis-
tent laterally (i.e., are exposed throughout the
width of available outcrop) and are characterized
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Figure 10. Diagrammatic sketch section of the relationships displayed by the Vanoss near the top of Bromide
Hill. Vertical scale exaggerated approximately three times. The section shows a complex interplay between
a variety of facies and erosional surfaces. The Carla members are interpreted as lacustrine interludes.
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by parallel lamination are similar to those noted
by Bull (1972,1977) and DeFeyter and Molenaar
(1984). These authors interpret such sandstones as
arecord of sheet floods on the more distal parts of
an alluvial fan.

The preservation of laterally persistent shale
and mudstone interbeds in the red-bed sequence
at Bromide Hill further suggests a more distal,
lower energy setting (Mack and Rasmussen, 1984;
Nemec and Steel, 1984; Collinson, 1986). Those
lenticular shale deposits that are intimately associ-
ated with conglomerates are interpreted as the fill-
ings of abandoned channels on the fan surface
(i.e., “clay plugs”).

The two thinly bedded sandstone and lime-
stone sequences on Bromide Hill are interpreted
as the deposits of a low-energy lacustrine envi-
ronment, as suggested by Donovan and Heinlen
(1988). Within this environment, the clastics are
thought to be lake-margin sediments, molded
by the wind into sheets of ripple-marked sand,

whereas the limestones record higher stands of §1 SBc +

the lake when algal photosynthesis led indirectly
to carbonate precipitation. If this is so, then lami-
nation in the limestones records fluctuations in
the algal biomass, and, hence, the carbonate bud-
get of the lake. Such fluctuations have been re-
corded from several modern lakes (Kelts and Hsu,
1978; Dean and Fouch, 1983). In these instances, it
can be shown that the laminae are varves (i.e., they
record annual cycles). If the laminae seen in the
thinly bedded limestones record annual fluctua-
tions, then a count of the number of “varves” in
the Carla member, as defined by Donovan and
Heinlen (1988), suggests that the lake system ex-
isted for ~1,000 years.

Fenestrae which cut the primary micrite fabric
probably record the escape of gas from the par-
tially lithified sediment as the algae decayed. Lake
dessication is recorded by the mud cracks that
formed during particularly dry seasons; the intra-
formational clasts within sandstones are a record
of stormy conditions.

Alacustrine interpretation for these limestones
is supported by carbon- and oxygen-isotope data.
The analyzed samples plot near the field for fresh-
water limestones (Fig. 11).

On textural evidence, the nodular limestones
have been interpreted as fossil soils or calcretes
by Al-Shaeib and others (1977) and Donovan and
Heinlen (1988). In detail, these densely micrite
limestones show the sparry calcite-filled circum-
granular cracks that are commonly shown by
calcretes (Steel, 1974; Leeder, 1975). This interpre-
tation also is supported by carbon- and oxygen-
isotope data which indicate a freshwater origin for
the carbonate (Fig. 11).

Many modern calcretes form as a result of the
accumulation of calcite in soil horizons in evapo-
rative, semi-arid conditions. These deposits begin

Cements

Freshwater Cements in
Marine Limestones

Freshwater
-15 Limestones

Nodular limestones (caliche)
® Sparry Calcite Cement
*  Thin bedded limestones (Carla Member)

Figure 11. The isotope data presented here were
obtained from three separate limestone layers in the
Carla member, four calcrete (caliche) horizons, and
three sparry cements. With the exception of the val-
ues for two cements, all the data “cluster” around a
value of approximately —4 §'® O PDB and ~7 §'° C
PDB. As all the clustering values were obtained from
samples that were identified as early precipitates in
the Vanoss system, it is suggested that the isotope
cluster average can be regarded as a general value
for contemporary ground water. The other two ce-
ment values were obtained from cements that, on
textural grounds, were suspected to be later precipi-
tates. Field boundaries from Hudson (1977).

as a chalky, porous horizon, and progressively lose
porosity and permeability as calcium carbonate
precipitation continues within the soil profile. The
resulting rock can range from a thick, dense, mas-
sive limestone to an irregular, nodular horizon
(Estaban and Klappa, 1983).

The formation of calcretes in continental de-
posits of the Vanoss type normally requires semi-
arid conditions and long periods of geomorphic
stability (Leeder, 1975). Hence, the recognition of
calcretes in the Vanoss has important paleo-
geographic and paleoclimatic implications. The
Vanoss calcretes presumably record the beginning
of the increasing aridity that characterized the Per-
mian of the Midcontinent. Calcretes observed in
the Vanoss can all be classified as immature (i.e.,
small, irregular-shaped nodules composing <10%
of the host rock; Stage One of Steel, 1974). Accord-
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ing to the data accumulated by Leeder (1975), such
deposits may have taken 1,000—4,500 years to form.
Within a regional context, it is pertinent to note
that calcretes also are found commonly in Lower
Permian conglomeratic sequences (the Post Oak
Conglomerate), which mantle the Wichita Moun-
tains and Slick Hills in southwestern Oklahoma
(Donovan, 1982,1986). In this area, calcretes are
more mature than those in the Vanoss Formation.
This change probably records a decrease in sedi-
mentation rates, which in turn may be linked to
decreased tectonic activity in the aulacogen.

Cycles in the Vanoss

As noted previously, the Vanoss Formation,
which is characterized by coarse-grained alluvial-
fan conglomerates, fine-grained floodplain sand-
stones, lake limestones, and fossil soil horizons,
displays a contrasting variety of facies. The juxta-
positions of these facies suggests that the Vanoss
records a time when considerable environmental
fluctuation occurred. Frequent avulsion is indi-
cated by preserved channel margins and clay
plugs, whereas flashy discharge is suggested by
preserved bar forms, sediment drapes, and sheet
flood deposits.

The architecture of the Vanoss provides evi-
dence for contemporary erosion in the form of cut
banks, oversized intraformational clasts, and ero-
sive bases that may cut deeply into underlying
beds. Thus, it is clear that the Vanoss preserves
only a fraction of the sediment that was trans-
ported into the area of deposition.

Somewhat crudely defined cycles can be recog-
nized in the Vanoss. Each cycle begins with an ero-
sive base, overlain by conglomerates. The cycle
may then fine upward, first into sandstones and
then shales; it may be capped by a calcrete hori-
zon. More rarely, cycles may be capped by a se-
quence of lacustrine origin. Cycles may be par-
tially or fully preserved, depending on the degree
of erosion at the base of the overlying cycle. Few
cycles appear to persist laterally, largely because of
erosion before deposition of the overlying cycle.

Fining-upwards cycles in alluvium have been
described frequently (Hooke, 1967; Mack and Ras-
mussen, 1984; Nemec and Steel, 1984; Walker and
Cant, 1984; Collinson, 1986). They fall into two
broad categories; autochthonous (i.e., the product
of the depositional system itself) or allochthonous
(i.e., aresponse to an outside control, such as tec-
tonism or climatic fluctuation). Two varieties of
autochthonous cycles have been recognized:
those attributable to meandering streams and
those produced by braided systems. The Vanoss
cycles resemble the latter, as described in the
works of Hooke (1967), DeFeyter and Molenaar
(1984), Mack and Rasmussen (1984), and Nemec
and Steel (1984).

It is possible that all of the features of the
Vanoss Formation could be explained by auto-
cyclic controls. However, the sequence contains
some features that can be used to indicate a de-
gree of allocyclic influence. For example, the joint
occurrence of calcretes and lake beds can be used
to support the argument that long-term climatic
fluctuations were taking place during Vanoss dep-
osition. The calcretes may record extended semi-
arid periods when little sediment movement took
place on the fan surface; during ensuing extended
wet periods, incision and transport could have
been accelerated.

The weakness of this argument is that the case
for extended wet climatic periods is based primar-
ily on the suggestion that the laminae in the lime-
stones of the Carla member are varves. This may
not be the case; it is possible that the lake systems
may have existed for a much shorter period of
time as flood-plain ponds. If the latter is the case,
then calcrete formation and the existence of short-
period lakes are not necessarily exclusive phe-
nomena. At present, no firm conclusions can be
drawn to resolve the argument, although it may be
significant that the Carla member limestones con-
tain no evidence of evaporite precipitation.

Evidence of Contemporary Tectonic Activity

It is also possible that tectonism provided an
allocyclic control during deposition of the Vanoss
by rejuvenating fan systems. The most striking evi-
dence for contemporaneous tectonic activity in
the Vanoss occurs on Bromide Hill. Here, a small
fault, trending approximately north-south and ex-
posed in a cliff face, appears to have formed before
lithification of the conglomerate (Fig. 12). The
fault can only be detected where it cuts thin sand-
stones; it cannot be traced into adjacent conglom-
erate horizons. It is suggested that pebbles in the
unlithified conglomerate layers reacted to fault-
related stresses by rolling instead of breaking.

In order to test this idea, the inclination from
horizontal of the long axis of elongate pebbles
(with a length-width ratio of at least 2:1) within a
single stratigraphic level was compared for areas
on either side of, and within, the presumed fault
zone. A significant change was noted in the fabric
of the conglomerate near the fault trace. This
change in pebble orientation supports the sugges-
tion that the pebbles were reorganized as a result
of fault movement, before lithification of the con-
glomerate.

A second indication of seismic/tectonic activity
in the Vanoss is the occurrence of sand dikes at the
Sulphur gravel pit (Fig. 13). The dikes are restricted
to a single horizon and, in at least one case, have
an eroded top. Numerous authors (e.g., Friend
and Williams, 1978) associate clastic dikes (in-
jected from below) with earthquake disturbances.
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Figure 12. Diagrammatic field sketch of the lower
part of the cliff on Bromide Hill. The cliff trends ap-
proximately east-west and the view is to the south;
i.e., east is to the left of the view. The sketch illus-
trates a small north—-south-trending normal fault that
clearly cuts sandstone layers but does not have a
discrete zone of severance where it crosses con-
glomerates. However, pebbles have been rotated
within the projected trend of the fault, suggesting that
it is an early prelithification structure.

The presence of faults and sand dikes suggests
that, although Pennsylvanian tectonic activity had
waned, the Arbuckle area had not stabilized com-
pletely. It should be noted in this regard that
Donovan and others (1989) have found evidence
that tectonic activity in the Wichita uplift area con-
tinued into the Early Permian.

Detrital Mineralogy of the Vanoss

As noted previously, most of the pebbles in the
Vanoss are varieties of carbonate; subordinate
chert, quartzose sandstone, granite, and intrafor-
mational clasts are also found. In the sandstones
and the sandy matrix of the conglomerates, the
majority of the framework grains are quartz and
limestone fragments. Smaller amounts of dolo-
mite, feldspar, chert, sandstone, granite, and other
grains are also present.

Quartz

Two distinct populations of quartz-sand grains
can be distinguished on the basis of size and round-
ness. The most common type is well-rounded,
well-sorted, medium- to fine-grained quartz,
which is found throughout the area examined. The
majority of this population is monocrystalline and
nonundulose; there are lesser amounts of mono-
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crystalline undulose quartz and only a trace of
polycrystalline quartz.

The second quartz type consists primarily of
coarse, angular or subangular, poorly sorted
grains, found primarily in the area of the Sulphur
gravel pit. This population contains roughly equal
amounts of monocrystalline nonundulose and
monocrystalline undulose quartz grains; there is a
substantial percentage of polycrystalline quartz.

Feldspars

Microcline is much the most common K-feld-
spar present. Plagioclase feldspars are rare. As in
the case of quartz, two distinct populations of feld-
spars can be separated on the basis of size and
roundness. The less common type of feldspar con-
sists of fine, well-rounded microcline grains.
Members of this population are found throughout
the study area, are mostly unaltered, and are com-
monly coated by a rim of hematite.

The more common type of microcline consists
of coarse, angular grains of variable size and is
found primarily at the Sulphur gravel pit. A major-
ity of this population exhibits some degree of
chemical alteration, mostly to calcite and kaolin-
ite; the degree of alteration varies greatly, which
suggests that the clasts have been subject to vari-
able rates of weathering, erosion, and deposition.
These clasts are commonly associated with the
coarse, angular quartz grains that make up the
second population of quartz grains described
above.

erosive contact
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Figure 13. Field sketch of a clastic-dike horizon ex-
posed in the south wall of the Sulphur gravel pit. The
dish-like laminations possibly are due to the escape
of water during repacking of the sand within the dike.
The overlying conglomerate is at least 4 m thick and
has a markedly erosive base.
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Rock Fragments

As noted previously, several types of rock frag-
ments are found throughout the Vanoss study
area. These include limestone, dolomite, quartz-
ose sandstone, siltstone, chert, granite, and gneiss.
Limestone fragments are ubiquitous, and they
contain a wide variety of fossils. Staining indicates
that some of the limestones are Fe-rich, whereas
others are Fe-poor.

Various amounts and proportions of quartzose
sandstone and chert fragments also are ubiquitous.
The relative proportions of the sandstone and chert
fragments show no apparent pattern with regard to
stratigraphic position or geographic location.

In contrast, granite, gneiss and dolomite frag-
ments are restricted mostly to the Sulphur gravel
pit. All granitic clasts show some degree of feldspar
alteration, including both replacement by calcite
and alteration to kaolinite. The majority of granitic
fragments contain very large microcline pheno-
crysts; these usually are heavily altered to kaolinite.

Miscellaneous Detrital Grains

Miscellaneous detrital grains, found only in
trace amounts, include glauconite, detrital zoned
dolomite, and biotite. Some of the biotite is rela-
tively fresh, but some is largely pseudomorphed
by chlorite.

Provenance of the Vanoss

All of the clasts found within the Vanoss Forma-
tion appear to be derived from local sources (i.e.,
they can be related to the local stratigraphic sec-
tion). This section is composed of a thick sequence
of carbonates, quartzose sandstones, and shales
deposited during the early Paleozoic subsiding
stage of the southern Oklahoma aulacogen. These
sedimentary rocks overlie either Precambrian
granites or Cambrian rhyolite (Denison, 1973).

Limestone clasts, the most common detrital
grains, have several possible sources: these in-
clude limestones in the Arbuckle, Simpson, Viola,
and Hunton Groups (Fig. 14). All of these rocks are
currently exposed in the Arbuckle Mountains,
south of the area examined. As noted previously,
paleocurrent data also suggest that the source area
lay to the south.

Chert fragments in the Vanoss also are thought
to have been derived locally. Possible sources in-
clude the Hunton, Arbuckle, and Viola Groups, all
of which crop out south of the study area and con-
tain significant amounts of chert.

As noted previously, most quartz grains are fine
grained, well rounded, monocrystalline, and non-
undulose. It is suggested that these grains are at
least second cycle, with several possible sources. At
the asphalt quarry, a major source is undoubtedly
the Oil Creek Formation of the underlying Simp-
son Group (Denison and Ham, 1973). Other pos-

VANOSS CONGLOMERATE ; POLYMICTIC CONGLOMERATE, DOMINANTLY
LIMESTONE CLASTS WITH CHERTS, DOLOMITE AND SILICICLASTICS
HUNTON GROUP: FOSSILS, DOLOMITE, CHERT

SYLVAN SHALE: NO CLUES

VIOLA GROUP: FOSSILS, CHERT

ARBUCKLE GROUP: FOSSILS, DOLOMITE, QUARTZLIMESTONE & OOLITIC
CLASTS, CHERTS

TIMBERED HILLS GROUP: GLAUCONITE, QUARTZ GRAINS, FOSSILS
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Figure 14. Diagrammatic representation of the poten-
tial sources of detritus available during deposition of
the Vanoss, showing the various “clues” that can be
used to determine provenance.

sible sources for this population of quartz include
other sandstones within the Simpson Group, the
Reagan Formation, and possibly the Arbuckle
Group, where quartz-rich horizons are known
(Ragland and Donovan, 1985). The latter two units
may well have been the source of the fine, well-
rounded and well-sorted microcline population.

The second population of quartz is composed
of large, angular, poorly sorted undulose and non-
undulose quartz grains. These grains are found
mostly in the area of the Sulphur gravel pit and
commonly are associated with granitic fragments
and large feldspar fragments. We suggest that
these grains are first cycle, derived from local out-
crops of the Tishomingo Granite and associated
intrusions. A similar source is suggested for the
second population of feldspars, which consists of
coarse, angular, K-feldspar grains. Likewise, gra-
nitic fragments are found mostly in the Sulphur
gravel pit area. The Tishomingo Granite and re-
lated intrusives crop out southeast of the Sulphur
area. A northward transport direction, as indicated
by the paleocurrent data, would provide a direct
pathway for granite clasts to be transported from
the Tishomingo outcrops to the Sulphur pit, while
passing east of the other areas studied.

Miscellaneous grains, such as glauconite and
zoned dolomite, also can be used to define the
source of clasts in the Vanoss. The source for glau-
conite in the Vanoss is thought to be the Reagan
and Honeycreek Formations, but could include
the lower part of the Arbuckle Group, the Hunton
Group, or the Mississippian Sycamore Formation
(Donovan, 1986). Zoned dolomite commonly is
found in both the Simpson and Arbuckle Groups.
The rare gneiss encountered was probably derived
from the Blue River Gneiss, a sequence that is in-
truded by the Tishomingo Granite and is the old-
est rock exposed in Oklahoma.
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Diagenesis of the Vanoss

Post-depositional modifications within the
Vanoss Formation are mostly simple and straight-
forward. The rocks are variably lithified, depend-
ing on the degree of cementation to which they
have been subjected. Cements consist of drusy
calcite primarily and of smaller amounts of kaolin-
ite, quartz, dolomite, bitumen, pyrite; minor chlo-
rite is present.

In some conglomerate exposures, large, clear,
and void-filling sparry calcite can be seen readily.
Calcite of this type commonly occurs as a poikilo-
topic cement with respect to the smaller detrital
grains. Most of this cement is Fe-poor, but small
amounts of Fe-rich calcite are present. In addition,
calcite also replaces detrital feldspar grains. The
degree of this replacement varies from minor to
complete.

Kaolinite occurs both as pore-filling vermiform
booklets and as an alteration product of micro-
cline. Minor amounts of quartz cement, seen as
euhedral syntaxial overgrowths on detrital quartz
grains, are found in sandstones and less com-
monly in the conglomerates.

Dolomite occurs both as syntaxial overgrowth
on detrital dolomite grains and as pore-filling ce-
ment. Stained sections indicate that the over-
growths are ferroan, whereas most of the detrital
clasts are non-ferroan. Dolomite cement is most
common in the Sulphur gravel pit.

Pyrite is common in the sandstones at the as-
phalt quarry and is associated with caliche hori-
zons throughout the area. Pyrite cement generally
shows a displacive texture and forms small, irregu-
larly shaped nodules.

Sequence of Diagenetic Events

The sequence of events in the diagenetic his-
tory of the Vanoss Formation varies with location
(Fig. 15). At the asphalt quarry, the first diagenetic
event recorded was the migration of hydrocar-
bons into the sandstones and conglomerates, as
evidenced by thin coatings of bitumen on most
grains. Migration early in the diagenesis of the
rock resulted in some of the channel sands be-
coming completely impregnated with bitumen. In
such rocks, bitumen is the only cement present. In
other areas, the bitumen is present only as a thin
and incomplete coating around detrital grains;
other minerals, dominantly calcite and pyrite, ce-
ment the rock. Trace amounts of syntaxial quartz
overgrowths, followed by pore-filling kaolinite,
also formed at this location.

Elsewhere, cementation patterns are more
complex. In some areas, an early generation of cal-
cite was precipitated, either as sparite between
pebbles (as evidenced by preserved cut banks in
conglomerates) or in the form of caliche horizons.
The latter are discontinuous, cementing only cer-

Early Late

BUCKHORN ASPHALT QUARRY
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hydrocarbons
Pyrite

BROMIDE HILL AND SULPHUR

GRAVEL PIT
Figure 15. The early migration of hydrocarbons into
the Vanoss led to a considerable restriction in the
variety and amount of cements in the Buckhorn area.
Where hydrocarbon infiltration was delayed, as at
Bromide Hill and the Sulphur gravel pit, a more com-
plex diagenetic history developed.

tain stratigraphic levels. Because caliche forma-
tion took place in an active alluvial-fan setting,
some caliche was reworked into overlying sedi-
ments.

Where present, quartz and kaolinite appear to
predate other cements, excluding the aforemen-
tioned calcite. For example, intergrown syntaxial
quartz overgrowths and kaolinite booklets line the
walls of pores which have been filled subsequently
by calcite and ferroan dolomite.

The mineralogy of the later carbonate cements
varies with location. At Bromide Hill, the predomi-
nant cement type is calcite, whereas at the Sul-
phur gravel pit, dolomite cements are present in
significant amounts. Thus, the general cementa-
tion sequence is early calcite (including caliche),
followed by silica and kaolinite, and a final pre-
cipitation of carbonate.

Only minor amounts of hydrocarbon are pres-
ent on Bromide Hill and at the Sulphur gravel pit.
Here the hydrocarbons appear to postdate much
of the cementation and are commonly associated
with pyrite.

Hydrocarbons

The Vanoss Formation is somewhat unusual in
that it overlies an unconformity that records ero-
sion of an oil-saturated formation. At the asphalt
quarry, the Vanoss rests unconformably on the Or-
dovician Oil Creek Sandstone. The Oil Creek in
this area is a mineralogically and texturally super-
mature sandstone, characterized by very high pri-
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mary porosity and permeability (Denison and
Ham, 1973). The only impediment to oil migration
into this rock was provided by impersistent pres-
sure-solution seams and minor amounts of poiki-
litic calcite cement. As a result, the Oil Creek is
saturated with bitumen and forms a commercial
tar-sand deposit. The source rock for hydrocar-
bons in this area is thought to be the Woodford
Shale (Cardott and Lambert, 1985). Basin-subsid-
ence curves for the Sulphur area indicate the
Woodford was at depths great enough for source-
rock maturation ~25 million years before deposi-
tion of the Vanoss (Fig. 16).

At the asphalt quarry, the Vanoss contains
clasts of bitumen-impregnated Oil Creek Sand-
stone in a sandy matrix that is not impregnated
with bitumen. This indicates that hydrocarbons
were present in the Oil Creek during deposition of
the Vanoss. On the other hand, several of the
channel sands in the Vanoss are impregnated with
bitumen, suggesting that hydrocarbon migration
continued during and after Vanoss deposition.

The early presence of oil in the asphalt quarry
affected the diagenesis of the Vanoss in that it
plugged most of the available pore space and
effectively inhibited cement precipitation, except
for minor amounts of calcite and pyrite. In the lat-
ter context, migrating hydrocarbons in the form of
hydrogen sulphide gas may have provided a source
of sulfur for the pyrite.

Isopach maps produced by Johnson and others
(1988) indicate a maximum burial depth of only
about 300 m for the Vanoss in the area of study.
This shallow depth suggests that pressure and
temperature conditions have not varied signifi-
cantly since early in the history of the formation.

Source of Cements in the Vanoss

Carbonate minerals, particularly calcite, are the
most common cement type in the Vanoss. The
absence of grain-to-grain contacts and pressure
dissolution of carbonate grains suggests that most
of the carbonate making up the cement was de-
rived from sources other than dissolution of detri-
tal grains in the formation. This is in marked con-
trast to the nearby Collings Ranch Conglomerate,
where tectonically controlled pressure solution
has greatly modified many clast shapes and is
probably responsible for much of the patchy cal-
cite cement in that formation (Donovan and Hein-
len, 1988).

We suggest that most cements in the Vanoss
were precipitated from waters that had flowed
across or through the lower Paleozoic section, and
that variations in the type of cement reflect local
variations in this section. For example, south and
east of the Sulphur gravel pit, where the Vanoss
contains much dolomite cement, the Arbuckle
Group outcrops contain more dolomite than in
other areas.
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Figure 16. The history of the southern Oklahoma
aulacogen in the Arbuckle Mountain area, showing
how the Woodford was activated as a hydrocarbon
source rock prior to Vanoss deposition.

In addition, it is clear that fluids from deeper
sources were moving through parts of the Vanoss
almost from the moment of deposition. The most
obvious evidence for this is the occurrence of
hydrocarbons in the Buckhorn asphalt quarry.
Supporting evidence is provided by syntaxial over-
growths of ferroan dolomite around nonferroan
dolomite clasts. Additionally, while carbon- and
oxygen-isotope data suggest that the calcite ce-
ments in most areas were deposited from meteoric
waters, one sample from Bromide Hill showed
relatively heavy carbon values that might be re-
lated to oil-field brines migrating upwards from
the subsurface (Fig. 11). Such brines characteristi-
cally show a heavy carbon-isotope signature (Scof-
fin, 1987). It is pertinent that the numerous flow-
ing natural springs around Bromide Hill, which
have high ionic concentrations and presumably
are waters derived from some depth, indicate that
such migration paths exist to this day; it may be sig-
nificant also that a number of small oil seeps were
found on Bromide Hill in the course of this study.

As in the case of calcite and dolomite, the
source of silica for the quartz overgrowths may be
from outside the Vanoss. The lack of grain-to-
grain contacts and corrosion surfaces implies that
no silica dissolution has taken place within the
Vanoss. Likely external sources of silica include
the Simpson Group (much of which is quartzose)
and the Arbuckle Group (which contains quartz
sandstones as well as numerous cherty layers). Al-
ternatively, it is possible that the alteration of de-
trital feldspars in the Vanoss supplied at least
some of the silica.

In summary, we think that the flow of ground
water through the Vanoss was controlled both by a
topographically controlled hydraulic gradient re-
lated to the adjacent Arbuckle uplift (in the case of
near-surface ground waters) and by structural
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overpressuring related to the dismemberment of
the aulacogen (in the case of deeper, reducing and
hydrocarbon-related brines, Fig. 17). Thus, ce-
mentation patterns in the Vanoss mostly reflect
the interplay of two aqueous systems, both of
which were allochthonous to the formation.

GENERAL CONCLUSIONS
OF THE VANOSS STUDY

The detrital mineralogy of the Vanoss Forma-
tion is dominated by well-rounded limestone and
dolomite clasts, with a sandy matrix composed
primarily of well-rounded, well-sorted, fine-
grained quartz. Lesser amounts of feldspar, sand-
stone and siltstone fragments, granitic fragments,
chert, glauconite, and biotite are also present.

In response to tectonism associated with dis-
memberment of the southern Oklahoma aulac-
ogen, the conglomeratic portion of the Vanoss was
deposited late in the Pennsylvanian (Virgilian) in
an alluvial-fan environment fringing the Arbuckle
Mountains. The environment was dominated by
erosive braided streams with flashy discharges.
The resulting deposits include interbedded con-
glomerates, sandstones, shales, caliche horizons,
and lake beds. The association of these widely
varied facies attests to the environmental instabil-
ity characteristic of an active alluvial-fan tract. The
climatic imprint on the sequence is problematical.
Abundant calcrete horizons attest to semi-arid
conditions. On the other hand, two lacustrine de-
posits indicate that higher water tables may have
developed from time to time. The duration of
these presumably wetter periods is uncertain.

All of the detritus in the Vanoss appears to have
been derived from local sources; it is clear that the
entire Jower Paleozoic section and the underlying
basement granites in the Tishomingo area were
exposed in Vanoss time. Variations in clast com-
position permit some discrimination of source
area. A relatively small number of paleocurrent
readings suggest that the dominant direction of
transport was to the north.

Factors influencing the diagenesis of the Va-
noss include a semi-arid climate (under which
caliche formed), the early presence of hydrocar-
bons (migrating contemporaneously with deposi-
tion at one location), and a generally shallow
burial depth. The most commonly seen sequence
of cements is caliche and early sparite, followed by
silica and kaolinite, and subsequently carbonate
of meteoric origin. However, this paragenesis is
not always fully developed, and was inhibited by
hydrocarbon migration in some areas.

The Vanoss is characterized by crudely devel-
oped cyclicity. In general, such cycles average 3-4
m thick. Characteristically they have markedly
erosive bases overlain by pebble conglomerates.
The conglomerates fine upwards into sandstones
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Figure 17. A schematic model illustrating the sugges-
tion that, as a result of partial tectonic inversion of the
southern Oklahoma aulacogen, early diagenesis of
the Vanoss was controlled by the interplay of near-
surface and deeper basinal fluids.

and siltstones. The latter may contain fossil soil
horizons (calcrete); in two cases, thin lacustrine
limestones are developed at the top of the cycles.
Throughout the study area, the average size of
pebbles within the conglomerate does not change
significantly. The consistent grain size has two
possible explanations: either the areas examined
are on the same stratigraphic level, or tectonic ac-
tivity resulted in a rate of uplift of the source area
equal to the rate of erosion.

The Vanoss preserves some evidence of con-
temporary tectonism. This is seen as a single hori-
zon of clastic dikes and a fault that appears to be
syndepositional. The origin of the Vanoss cycles is
not completely clear, but evidence found in this
study suggests that they may reflect a combination
of allocyclic (tectonic and climatic ) and autocyclic
(depositional) controls.

Our general conclusion is that the Vanoss may
represent a fruitful model against which to mea-
sure the depositional architecture and diagenetic
histories of other inversion-related proximal de-
posits in southern Oklahoma.
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Petrology and Sedimentology of Morrow/Springer
Rocks and Their Relationship to Reservoir Quality,
Anadarko Basin, Oklahoma

C. William Keighin and Romeo M. Flores

U.S. Geological Survey
Denver, Colorado

ABSTRACT.—Petrographic examination of 100 samples of sandstone from Springer and Morrow
rocks (Mississippian and Pennsylvanian age) from 30 core holes in the Anadarko basin, ranging
in depth from 4,000 to 18,000 ft, reveals pervasive diagenetic alterations that enhance or dimin-
ish reservoir quality. Facies analysis of cores collected from drill holes ranging from Texas
County, in the Oklahoma Panhandle, to Grady County, in the southwestern portion of the Ana-
darko basin, indicates three types of depositional facies: (1) fluvial-influenced coastal; (2) tidal-
influenced nearshore; and (3) mixed, a combination of tidal and nontidal marine influence. All
facies types appear to have been affected equally by diagenetic alterations. Sandstones with
some reservoir potential are channel sandstones mainly of facies types 1 and 2; these sandstones
rarely attain thicknesses greater than 10 ft.

Thin-section examination of sandstones reveals compositions of quartzarenite, subarkose,
and sublitharenite. Calcite fragments of brachiopods and crinoids are common locally. X-ray
diffraction of whole-rock samples and thin sections indicates absence of potassium feldspar and
irregular lateral and vertical distribution of calcite and dolomite. Effects of diagenetic alteration,
visible in all samples, include mechanical compaction, dissolution, precipitation of silica or
carbonate cements (calcite and/or ankerite), and formation of clay minerals (including chlorite,
kaolinite, and illite). Porosity, typically <10%, has been reduced by mechanical deformation of
labile sedimentary-rock fragments and glauconite grains. Porosity has been reduced also by for-
mation of carbonate cement (distribution of which varies widely) and, less commonly, by forma-
tion of silica cement. Porosity has been enhanced by dissolution of polycrystalline quartz, feld-
spars, fragments of chert and other rocks, glauconite, and clays or clay matrix. Many pores, how-
ever, have been partially to completely filled with clay, primarily kaclinite, leaving only micro-
pores. Most of the porosity identified in the sandstones is secondary. Thus, from the standpoint
of reservoir quality, the generation of secondary porosity is the most important diagenetic re-
action.

Keighin, C. W.; and Flores, R. M., 1993, Petrology and sedimentology of Morrow/Springer rocks and their rela-
tionship to reservoir quality, Anadarko basin, Oklahoma, inJohnson, K. S.; and Campbell, J. A. (eds.), Petro-
leumn-reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circu-
lar 95, p. 25.
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The Upper Morrowan Fan-Delta Chert Conglomerate
in Cheyenne and Reydon Fields: Completely Sealed
Gas-Bearing Pressure Compartments

Zuhair Al-Shaieb, James Puckette,
Patrick Ely, and Azhari Abdalla

Oklahoma State University
Stillwater, Oklahoma

ABSTRACT.—Gas volumes exceeding 1.0 tcf have been produced from upper Morrowan chert-
conglomerate reservoirs in the Reydon and Cheyenne field areas in Roger Mills County, Okla-
homa, and Wheeler County, Texas. These extremely overpressured reservoirs exhibit pressure
gradients that approach 0.98 psi/ft, and potentiometric heads >20,000 ft. Chert-conglomerate
reservoirs in these fields represent individual compartments with distinct pressure regimes.
Thick shales in the upper Morrowan interval seal and isolate the individual productive chert
members. These shales act as lateral seals along the western, northern, and eastern boundaries
of the chert-clastic wedge. The chert-conglomerate reservoirs exhibit low porosity and perme-
ability in the vicinity of the frontal fault zone of the Wichita Mountain uplift. Extensive cemen-
tation in this area has completely occluded porosity along the frontal fault zone forming the
southern lateral seal for the chert wedge. Silica liberated by pressure-solution processes during
compaction was the main source for quartz overgrowths around chert pebbles and quartz
grains.

Within the chert-conglomerate clastic wedge, lithofacies variations and cementation pat-
terns have played an important role in isolating various compartments with distinct high-
pressure regimes. Pressure-gradient and potentiometric-surface maps were used to delineate

individual compartments.

INTRODUCTION

The upper Morrowan chert-conglomerate res-
ervoirs located in Roger Mills County, Oklahoma,
and Wheeler and Hemphill Counties, Texas, ex-
hibit some of the highest pressure gradients in the
Anadarko basin. These extremely overpressured
reservoirs have gradients approaching 0.98 psi/ft,
and potentiometric values >20,000 ft. Pressure and
sedimentological data from the Cheyenne and
Reydon fields (CRF) area (Fig. 1) indicate that the
chert-conglomerate clastic wedge is a completely
sealed compartment within the overpressured
interval of the Anadarko basin called the Mega-
Compartment Complex (Al-Shaieb and others,
1990). Furthermore, this chert-conglomerate clas-
tic wedge is subdivided into individual, com-
pletely sealed “nested compartments” that corre-
spond to different reservoirs within the upper
Morrowan interval. Pressure-gradient and poten-
tiometric-surface maps were used to delineate

these individual chert compartments and to dem-
onstrate their unique pressure regimes.

STRATIGRAPHY

In the CRF study area (Fig. 1), the upper Mor-
rowan Series is defined as all strata between the
base of the Atokan Thirteen Finger limestone and
the top of the underlying Squaw Belly limestone
(Fig. 2). Within the northern part of the study area,
the upper Morrowan is a shale-dominated se-
quence that contains thinner chert-conglomerate
and chert-sandstone reservoirs. The conglom-
erate-to-shale ratio increases southward, and the
upper Morrowan becomes a conglomerate-
dominated sequence in the vicinity of the Wichita
Mountain frontal fault zone.

The upper Morrowan reservoirs contain an
abundance of detrital chert that ranges from sand-
sized to cobble-sized fragments (Hawthorne, 1984;
Al-Shaieb and others, 1990). The source of these

Al-Shaieb, Zuhair; Puckette, James; Ely, Patrick; and Abdalla, Azhari, 1993, The upper Morrowan fan-delta chert
conglomerate in Cheyenne and Reydon fields: completely sealed gas-bearing pressure compartments, in
Johnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991
symposium: Oklahoma Geological Survey Circular 95, p. 26-39.
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fragments was the chert-rich Mississippian rocks
exposed on the rising Wichita Mountains to the
south. During the initial stages of the Wichita
orogeny, chert fragments were eroded from the
uplift and deposited in a northward-prograding
clastic wedge. The variability in areal extent and
thickness of the individual chert-conglomerate
members within this wedge reflects fluctuation in
the uplift rate, among other factors.

The individual chert reservoirs are named lo-
cally and include, in descending order, the Coffey,
Purvis (also known as Allison and Key in Texas),
Puryear, Hollis, Pierce, Bradstreet, and Armstrong
(Dwight'’s, 1989; Petroleum Information, 1990).
The more commonly recognized terms are shown
in Figure 2.

DEPOSITIONAL ENVIRONMENT
AND FACIES

The upper Morrowan chert-conglomerate se-
quences have been interpreted as fan-delta com-
plexes (Alberta, 1987) and coastal alluvial fans
(Johnson, 1989). Al-Shaieb and others (1989) con-
ducted an integrated study that examined the
sedimentary features, geometry, and wire-line log
characteristics of the upper Morrowan chert inter-
val. They examined cores from both the Purvis and
Puryear intervals. These cores contain stacked,
fining-upward, braided-stream deposits indicative
of the mid- to distal-fan facies present in the fan-
delta models of McGowen and Groat (1971) and
Dutton (1982) (Fig. 3).

These braided-stream, multi-storied channel
deposits are characterized by beds with sharp
basal contacts with underlying fossiliferous shal-

'\-\_ Narthern Oklahoma

HIRS Plattorm | = .-_.l
onshts S ] === ]
i ! . H
i r\‘"—‘:"_i : ::l l.\‘ H | '
' i PSSl ] v [ ozek
H B i S oo e d Lm - -~
[ ~ H ' h ! Centrat Oklshoms, | [~ 7" upitt 1
! H Adisbali ! 1
H s 'L- - : T Plattorm ;-J--r — ey :
Anadarko Baain -~ -\ - [ I
s [ | ll ' ' I W 1
P ! k .
e N N et
[ S 1 ! [y, 1 Hunton /=" "Arkoms Busin
U i H ‘ Ll’_nugsf;vnlhy ! " ¢
] No o e—boe—e P - g A N
N Wichita = Crlner 1N\ 1 Uphift -\ C1
> U 1T T S N : BN 1_-._.
LS P cf . o
B *J %, 10uechite Systsm
5 TN A
. Q TN
Red River Upiit -\ 0N N 2 .u\-/“-'/\

0 20 40 0 a0 WO
——s b
milea

Figure 1. Area of study and major geological prov-
inces of Oklahoma (Arbenz, 1956; Al-Shaieb and
Shelton, 1977).

low-marine and prodelta shales. The basal se-
quences of the conglomerate/sandstone deposits
consist of light-gray imbricated pebbly conglom-
erates that fine upward to coarse-grained then
medium- and fine-grained cherty sandstone. Indi-
vidual sequences vary from a few inches to several
feet thick. However, the upper sequences are gen-
erally thicker than the lower ones.

Marsh/swamp, abandoned-channel, and fan-
delta-plain deposits were also recognized in Purvis
and Puryear cores (Al-Shaieb and others, 1989). A
Pierce conglomerate core, described in Johnson
{1989), is interpreted as a braided-stream deposit.
Wire-line logs were calibrated to all cores to facili-
tate interpretation of depositional facies from log
signatures.

CHERT CONGLOMERATE
DEPOSITIONAL FACIES

The depositional facies of the chert conglomer-
ates were identified using specific wire-line log
signatures (Alberta, 1987). The various facies rec-
ognized include main and minor distributary
channels, crevasse splays, overbank deposits,
delta plain, lignites, swamp, delta front, and shal-
low marine/prodelta (Fig. 4). Reservoir distribu-
tion and geometries suggest most chert-conglom-
erate deposition occurred in a northward-pro-
grading fan-delta system composed of main dis-
tributary channels, minor distributary channels,
splays, marshes, and overbank deposits. However,
some elongate chert reservoirs encased in deltaic
or shallow-marine shales have large thickness-to-
width ratios which suggest that some fill in the
fan-delta system occurred within deeply incised
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Figure 2. Upper Morrowan stratigraphic section and
representative log of Cheyenne and Reydon fields
study area.

channels. These channels are present in the lower
mid- to distal-fan areas. Tectonically induced sea-
level fluctuations may have been the primary
agent causing the stream incision and subsequent
channel fill.

The facies most pertinent to this study are the
distributary channels, crevasse splays, and over-
bank deposits. These facies represent the most
productive reservoirs found in the chert-conglom-
erate fan-delta system.

THICKNESS AND
POTENTIOMETRIC MAPS

Thickness maps for the chert-conglomerate res-
ervoirs were constructed using wire-line logs. A
dichotomic pattern of reservoir distribution sup-
ports the interpretation of these deposits as a north-
ward prograding fan-delta complex. The mapped

facies all exhibit clean gamma-ray log signatures .

characteristic of conglomerate and sandstone lith-
ologies.

Channel-fill facies were recognized by blocky-
to bell-shaped gamma-ray log signatures (Fig. 4).
Bell-shaped signatures reflect upward fining or
upward increase in clay content, which are char-
acteristic of sandstones deposited from waning
flow. The geometry of some channel-fill reservoirs
suggests that the streams were rather confined
and formed lower mid- to distal-fan distributary
channel systems. The thick nature of some reser-
voirs (>100 ft) indicates that channelization or in-
cision of older deltaic sediments occurred during
sea-level lowstands. ,

Overbank sandstone deposits are characterized
by a thin (<10-ft-thick) gamma-ray log signature
that is spike-like in appearance (Fig. 4). These de-
posits are located in interchannel areas between
the more prominent fan-delta lobes.

Along the southern boundary of the study area,
the chert-conglomerate sequence is dominated
by stacked upper mid- to proximal-fan braided-
stream deposits.

PROXIMAL
FAN

)

P PRODELTA
== _‘:-_—' e e =aatalf
DESTRUCTIONAL 0 sMi DISTAL FAN

Figure 3. A—Schematic diagram of a fan-delta
system (modified from Dutton, 1982; after Alberta,
1987). B—Plan view and cross section of the fan-
delta system model (after McGowen and Groat,
1971; and Alberta, 1987).
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Figure 4. Characteristic log signatures of various depositional facies within the study area (after Alberta,
1987). GR = gamma ray, R = resistivity, C = conductivity.

Potentiometric and pressure-gradient maps
were constructed from available reservoir-pres-
sure data. Static bottom-hole (reservoir) pressures
were calculated from reported initial well-head
shut-in pressures, using software developed by
Echometer (1986). Pressure gradients were calcu-
lated by dividing reservoir pressure by the perfora-
tion depth. Only single-zone completions were
utilized in the study.

Potentiometric-surface values were calculated
using Dahlberg’s formula (1982). A constant fluid
gradient of 0.465 psi/ft was used in the conversion
of bottom-hole (reservoir) pressure to potentio-
metric-head values. All head values are standard-
ized to sealevel.

The thickness and potentiometric maps of four
chert-conglomerate reservoirs are included to
demonstrate pressure isolation and compartmen-
talization within the chert-conglomerate interval.
These conglomerate sequences represent strati-
graphic intervals where the most pressure data
were available. In ascending order, the reservoirs
are the Pierce, Hollis, Puryear, and Purvis chert
conglomerates.

Pierce Chert Conglomerate

Thickness Map

The thickness map of the Pierce (Fig. 5) indi-
cates two northeast-trending fan-delta lobes. The
western lobe is larger and trends northeast from

the area of stacked upper-mid-fan sequences in
the southwest corner of the mapped area. Within
T.13N.,R.25W,, and T. 13 N., R. 26 W., areally
widespread deposition probably resulted from
avulsion and channel migration.

The eastern Pierce lobe has a dominant north-
east trend. In this area, thickening within the
Pierce interval indicates that mid- or distal-fan
braided streams incised the delta-plain/shallow-
marine silts and muds in response to a sea-level
drop.

A small isolated chert deposit in secs. 1and 2, T.
12N.,R. 25 W., and secs. 35 and 36, T. 13 N, R. 25
W., is located between the two prominent Pierce
fan-delta lobes and is therefore believed to be an
overbank deposit.

Pressure Regimes

Reservoir pressure measurements for the
Pierce (Fig. 6) indicate that the different Pierce
facies display significantly different pressure
domains. The eastern fan-delta lobe has pressure
gradients that range from 0.91 to 0.93 psi/ft and
potentiometric-surface values >19,600 ft. The
western lobe has a maximum pressure gradient of
0.82 psi/ft and a potentiometric-surface value of
~14,200 ft. The small Pierce reservoir has a pres-
sure gradient of 0.98 psi/ft and a potentiometric-
surface value >20,600 ft.

The substantial difference in pressure regimes
for these three separate Pierce reservoirs indicates
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Figure 7. Thickness map of the Hollis chert conglomerate; thickness in feet.

complete isolation of the reservoirs through com-
partmentalization of the Pierce stratigraphic inter-
val. The extremely high pressure of the areally
small overbank reservoir may have resulted from
early auto-isolation, a process by which pockets of
porosity can be isolated from their hydraulic envi-
ronments via mechano-chemical processes such
as pressure solution and differential compaction
due to textural heterogeneity (Ortoleva and Al-
Shaieb, 1991).

Hollis Chert Conglomerate

The Hollis chert conglomerate (Fig. 7) is not as
extensive as the underlying Pierce; however, it has
a similar distribution pattern which suggests a
southerly source area.

The thickness map indicates that the Hollis
consists of two northerly trending fan-delta chan-
nels. The lens between the two channels is inter-
preted to be an interlying flood-plain deposit. The
sinuous geometry and thickness of the northern
distal portion of the western fan-delta lobe sug-
gests channel incision into the underlying delta-
plain and prodelta muds and silts. Braided-stream
deposits filled these channels to form the Hollis
chert-conglomerate reservoirs. The western Hollis
fan-delta channel system is highly productive, but
commingling of the Hollis production with that of
other chert reservoirs makes Hollis pressure analy-
sis impossible.

Puryear Chert Conglomerate

Thickness Map

The Puryear is the most extensive chert con-
glomerate. This is clearly shown on the thickness
map (Fig. 8). It is possible the abundant chert de-
tritus may have been triggered by a significant
pulse of tectonism in the Wichita Mountain area.
These extensive deposits are an amalgamation of
several north-trending lobes of the fan-delta sys-
tem.

Two dominant Puryear lobes are mapped in
the study area. The western lobe trends north ap-
proximately along a pathway similar to the under-
lying (Pierce and Hollis) lobes. The channel within
this western area bifurcates in northwesterly and
northeasterly directions. The eastern trend ex-
tends northwestward and also exhibits bifurcation
and merging. Thick channel-fill reservoirs (local
areas, >100 ft thick, not shown on Fig. 8) suggest
deep incision of the underlying deltaic muds and
silts by Puryear channels.

Pressure Regimes

Pressure data for the Puryear reservoirs (Fig. 9)
suggest that the two primary lobes are not in com-
munication. Pressure gradients in the eastern lobe
range from 0.88 to 0.92 psi/ft, whereas gradients in
the western lobe have a maximum value of 0.83
psi/ft. Potentiometric-surface values for the east-
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ern lobe exceed 17,300 ft, whereas the maximum
potentiometric-surface values of the western lobe
are ~14,000 ft. The difference in reservoir pres-
sures between the two lobes suggests isolation and
compartmentalization of the Puryear interval.
Therefore, reservoirs in the western and eastern
Puryear lobes comprise separate compartments. It
is also important to note that pressure and litho-
logic data suggest complete isolation of the Pierce
from the overlying Puryear reservoir.

Purvis Chert Conglomerate
Thickness Map

The Purvis is the uppermost chert conglomer-
ate. It has a distribution pattern (Fig. 10) that is
similar to those of the older chert, and apparently
was also derived from the south. The dominant
site of Purvis deposition is a north-trending
braided-stream channel-fill along the Texas/Okla-
homa border. The primary channel bifurcates to
form northerly and east-northeasterly trends. The
sedimentary structures (crude stratification, im-
brication, and grading) observed in a core located
in sec. 35, T. 13 N., R. 26 W. (Fig. 11), support the
braided-stream interpretation. A relatively small,
isolated depositin T. 12N., R. 25 W., may be a splay
or overbank deposit.

In the southernmost part of the study area, the
Purvis is more widespread and sheet-like. It is in-
terpreted to be stacked and amalgamated braided
channels, which are typical of alluvial-fan settings.

Pressure Regimes

The Purvis interval contains completely iso-
lated reservoirs with their own distinct pressure
values (Fig. 12). Pressure gradients for the larger
Purvis accumulation range from 0.79 to 0.86 psi/ft.
The maximum potentiometric-surface value is
~16,600 ft above sea level. However, the small
accumulation in the northeast part of T. 12 N., R.
25 W., has a pressure gradient of 0.98 psi/ft and a
potentiometric-surface value of 20,645 ft. The
marked differences in pressure gradients and
potentiometric surfaces between the small accu-
mulation and the rest of the Purvis is evidence of
compartmentalization of the Purvis chert interval.

COMPARTMENTALIZATION, SEALS,
AND IMPLICATIONS

Compartmentalization of the chert-interval res-
ervoirs is detectable on potentiometric and pres-
sure-gradient maps. In Figure 13, a three-dimen-
sional diagram of potentiometric values in the
Morrowan interval, the chert conglomerate is repre-
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Figure 10. Thickness map of the Purvis chert conglomerate; thickness in feet. Core, in sec. 35,
T.13 N., R. 26 W. (arrow), was studied and is shown in Figure 11.
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sented by the “castle-like” complex of peaks in the
southwestern part of the basin that has a distinct
pressure regime from other Morrowan reservoirs in
the basin. Each individual peak represents a com-
partment within the chert-conglomerate interval.
The entire interval is sealed laterally by a
change in lithology from conglomerate and sand-
stone to black shale along the northern (distal)
boundary of the chert-clastic wedge. However,
stacked conglomerate sequences in the proximal
southernpart of the complex are sealed in the
vicinity of the frontal fault zone of the Wichita
Mountain uplift. Figure 14 is a cross section ex-
tending from the frontal fault zone in Texas to the
Reydon field that depicts this relationship. A wide
band silica-cemented conglomerate along the
fault zone serves as the southern, lateral seal for
the entire chert interval. A cored interval in the

Hunt no. 1-57 Bryant well, Wheeler County, Texas
(Fig. 15), represents a silica-cemented lateral seal
in a stacked conglomerate sequence that is be-
lieved to correlate to the Puryear/Pierce intervals.
It is composed primarily of poorly sorted, inter-
stratified pebble-conglomerate and coarse-sand-
stone sequences that show crude stratification
and upward fining (Fig. 15). Sutured and penetrat-
ing grain contacts are indicative of pressure solu-
tion (Figs. 15,16). Stylolites, with their characteris-
tic fine saw-tooth appearance, are also common
(Fig. 17). Extensive silica cementation obliterates
the porosity in these rocks. Coarse, equant quartz
and radial-fibrous chalcedonic quartz are present
as pore fillings (Fig. 18). The matrix between the
larger chert fragments (Fig. 19) is commonly com-
posed of detrital quartz grains, cemented by micro-
quartz.

Figure 11. Core of Purvis chert conglomer-
ate, sec. 35, T. 13N, R. 26 W. (see Fig. 10).
Core consists of clast-supported, poorly
sorted, and crudely stratified conglomerate
and sandstone indicative of braided stream
channel fill.
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Figure 12. Potentiometric map of the Purvis chert conglomerate. Corresponding pressure-
gradient values are also shown.
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in the Hunt no. 1-57 Bryant well indicated by arrow.
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Reservoir quality and productivity show signifi-
_cant improvement away from the highly cemented
fault zone to the south. Highly productive lower
mid- to distal-fan channel-fill and overbank reser-
voirs occur in the Cheyenne and Reydon fields,
which are located along the northern margin of
the chert-clastic wedge. These reservoirs are com-
pletely sealed by shale (Fig. 14). Therefore, each res-
ervoir is a sealed compartment with its own distinct
pressure regime. Within field boundaries, nonpro-

ducing compartments may exist in close proximity
to producing ones. These undrilled compartments
offer additional targets for deep, overpressured-
gas exploration.
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Figure 15. Cores from the Hunt no. 1-57 Bryant well, Wheeler County, Texas; bar scale is 5
in. long. A—Poorly sorted, interstratified conglomerate and coarse sandstone. Vertical arrow
identifies fining-upward sequence. B—Contact between coarser and finer pebble conglom-
erates. Note sutured grain contact (arrows) between large pebbles.
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Figure 16. Sutured pressure solution contacts (arows)
between chent grains. Sample from Hunt no. 1-57
Bryant well.
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Bryant well. Cross-polarized light. A—Coarse, equant quartz cement (Eq). B—Radial-fibrous chalcedonic-
quartz cement (Cq).
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Figure 19. Thin sections of samples from Hunt no. 1-57 Bryant well. A—Large chert grains (Ct) with sandy
matrix. B—Enlarged view of outlined area in A. Sandy matrix that surrounds large chert grains (Ct) contains
quartz sand(s) cemented with microcrystalline quartz (arrow) which appears dark and speckled in the photo-

micrograph. Cross-polarized light.
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Depositional Variations and Reservoir Characterization
in the Red Fork Sandstone, Northwest Tecumseh Field,
Pottawatomie County, Oklahoma

Fletcher S. Lewis

Fletcher Lewis Engineering, Inc.
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ABSTRACT.—The Northwest Tecumseh field, primarily a stratigraphic trap producing from a
NNE-trending Red Fork sandstone, is ~1 mi wide and 6 mi long; it is located in nine sections of
T.10N,, R. 3 E,, in Pottawatomie County, Oklahoma. Since discovery of the field in 1979, 56 wells
completed in the Red Fork have produced a cumulative of 7,134,000 bbl of oil and 26,423 million
cubic feet of gas, as of January 1, 1991. Because the potential for secondary recovery from this
field was recognized early in its development, 28 wells were cored, predominantly in the north-
ern part of the field, and all wells have Dual-Induction and Compensated Neutron-Density logs.
The field was unitized in March 1990, and a waterflood.recovery program was initiated earlyin
1991.

The lowest Red Fork interval consists of a dark marine shale which overlies the Inola Lime-
stone. Two major Red Fork sandstone units are distinguished: (1) a fine-grained, lower sand-
stone unit which truncates the underlying marine shale and commonly has a deposit of pebbles
at the base, and (2) an upper very fine-grained sandstone unit characterized byripples and cross
bedding. The Red Fork sandstones are overlain by interlaminated sandstone and shale or gray
nonmarine shale, which in turn are overlain locally by the Skinner sandstone. The Pink lime,
which typically occurs at the top of the Red Fork interval and below the Skinner sandstone, is ab-
sent throughout this area. The entire Red Fork sequence is interpreted to have been deposited in
ariver-dominated estuarine deltaic system.

The lower Red Fork sandstone unit varies in thickness from 10 to 66 ft, has few sedimentary
structures, and is fairly homogeneous, with an average porosity of 17.5% and average permeabil-
ity of 70 millidarcies (md). Most of this unit is water saturated, and only 13 of the field wells were
completed in this unit above the water contact.

The upper Red Fork sandstone consists of one to five sand lobes, with a maximum net-sand
thickness of 82 ft. It is interpreted as a series of meandering stacked crosscutting channels. The
upper unit is dominated by silty to very fine-grained sandstones, with an average porosity of 17%
and average permeability of 60 md. The upper unit shows more cross bedding and ripples than
the lower unit, and it has greater vertical variation in both porosity and permeability.

The crosscutting and removal of portions of previously deposited channel fills of the upper
Red Fork sandstone, and deposition of shale laminae and sandstones associated with the mean-
dering channels, resulted in a series of elongate sand lenses of various sizes with boundaries of
varying permeability. This reservoir has permeabilities that are greater in the horizontal direction
than in the vertical direction, because of the shale laminae and cross bedding; and this is further
complicated by communication with the water-saturated lower Red Fork unit where it has been
truncated by the overlying upper Red Fork unit. To determine the size and extent of the produc-
tive-sand hydraulic-flow units, and the influence of heterogeneities within the system, a reser-
voir-simulation study of this field is being conducted.

INTRODUCTION

The Northwest Tecumseh field is a NNE-trend-
ing oil and gas field that produces from the Red
Fork sandstone in T. 10 N., R. 3 E., Pottawatomie
County, Oklahoma (Fig. 1). The field, located with-

in a nine section area, is ~1 mi wide and 6 mi long.

The field was discovered in 1979 by drilling of
the Washburn no. 1-32. Prior to unitization in 1990,
56 wells were completed in the Red Fork with 40-
acre well spacing. Cumulative production as of
January 1, 1991, was 7,134,000 bbl of oil and 26,423

Lewis, F. S., 1993, Depositional variations and reservoir characterization in the Red Fork Sandstone, Northwest
Tecumseh field, Pottawatomie County, Oklahoma, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-
reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95,

p.40-51.
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million cubic feet of gas. The field was unitized in
March 1990, and a waterflood-recovery program
was initiated in early 1991.

The secondary recovery potential of the North-
west Tecumseh field was recognized early in its de-
velopment, with the result that 28 wells (half the
wells in the field) were cored. Only a few wells were
cored in the southern end of the field, whereas al-
most every well was cored in the northern end;
therefore, reservoir characteristics of the northern
portion of the field could be measured at 40-acre
intervals. This high-density core availability allows
an excellent opportunity to evaluate the deposi-
tional variations and reservoir characteristics of a
producing oil field.

REGIONAL TECTONIC SETTING
AND STRATIGRAPHY

The Northwest Tecumseh field is located in the
southern part of the central Oklahoma platform,
which is bound by the Seminole-Cushing uplift
(east), the Nemaha uplift (west), and the Pauls Val-
ley uplift (south). This area is between two major
sedimentary basins, the Anadarko basin to the
west and the Arkoma basin to the southeast.

The NNE-trending Wilzetta fault marks the
western edge of the Seminole-Cushing uplift,
which plunges northward from the Pauls Valley
uplift (Pulling, 1979). The fault was active as early
as Middle Devonian time; however, the greatest
movement occurred in late Morrowan time, dur-
ing the Wichita orogeny. Raising of the Seminole-
Cushing uplift resulted in erosion of Mississippian
strata over the uplift and thinning of the Cherokee
Group, including both the Red Fork and Skinner
intervals (Cole, 1969). This indicates that the uplift
was a topographic feature throughout Cherokee
deposition.

The Nemaha uplift formed in late Morrowan
time, during the Wichita orogeny, and was sub-
aerially exposed during the Early Pennsylvanian.
The ridge was again submerged by the end of the
Cherokee deposition. The McClain County fault
zone, an extension of the Nemaha uplift that ex-
tends through Cleveland and McClain Counties,
has a maximum displacement of 2,300 ft where it
meets the Pauls Valley uplift. This fault was the
major shearing zone between the central Okla-
homa platform and the Anadarko basin (Jacobsen,
1949). The Pauls Valley uplift had its major move-
ment during the Wichita orogeny, when it was
uplifted and tilted toward the east; this resulted in
erosion and truncation of the Mississippian Caney
Shale and Mayes limestone. This area was rela-
tively stable during later Pennsylvanian times, and
Pennsylvanian strata overlying the unconformity
consist of repeated sequences of shale and sand-
stone and thin shelf limestones. Correlation of the
Pennsylvanian limestones shows that younger
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Figure 1. General location of the Northwest Tecum-
seh field in Pottawatomie County, Oklahoma.

time-stratigraphic units extend farther north onto
the platform, indicating an overall Pennsylvanian
transgression interrupted by progradational epi-
sodes (Visher and others, 1971). Westward tilting
in post-Permian to pre-Cretaceous time caused
the present-day W dip.

A well log and subsurface nomenclature are
shown in Figure 2. The oldest Pennsylvanian sedi-
mentary unit in the study area is the Booch sand-
stone zone or unconformity zone, which lies un-
conformably on top of the Mississippian and is,
in turn, overlain by the Brown limestone. The
Bartlesville sandstone overlies the Brown lime-
stone and produces oil in this area along a NESW
trend that is ~0.5 mi wide and 8 mi long that
crosses the Northwest Tecumseh field. The Bar-
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Figure 2. Well log and stratigraphic column in the
Parson no. 1-16, sec. 16, T. 10 N., R. 3 E., Potta-
watomie County, Oklahoma.

tlesville zone is overlain by the Inola Limestone
which in turn is overlain by the Red Fork zone. The
Pink lime separates the Red Fork zone from the
overlying Skinner zone (Fig. 2) but is absent over
the Northwest Tecumseh field. The Skinner is pro-
ductive 2 mi east of this field.

DEPOSITIONAL FACIES

All 28 cores were examined for lithology, tex-
ture, fabric, and sedimentary structures. The in-
formation derived from individual cores was then
compared to the well logs. Compensated Neutron-
Density logs and Dual-Induction Laterologs were
run on each well in this field. Logs from cored in-
tervals were then correlated to logs of uncored in-
tervals.

The Red Fork zone has five major facies: lower
shale, lower Red Fork sandstone, intermediate
shale, upper Red Fork sandstone, and upper shale.
Approximately half of the wells in this field contain
all five facies; the remaining wells have one or
more facies missing due to erosion by cross-cut-
ting channels or nondeposition.

The Red Fork sandstone is underlain by a dark
marine prodelta shale. In turn, this shale is under-
lain by the Inola Limestone. Analyses of the seven
cores in the study area which have penetrated this
shale indicate that it is a very thinly laminated,
gray-black shale to shaley silistone. The laminae
are predominantly flat, but some wavy to convo-
lute zones, which commonly are fossiliferous, are
also present. The fossiliferous zones contain bra-
chiopod shell fragments and spines, echinoderm
fragments, other shell fragments, and foraminifera
(Dale, 1985). Some of the cores contain maroon-
to reddish-colored bands, 2-8 in. thick. The bands
have no known lithologic control. In one core,
three such maroon bands are present, but there
are not enough cores of this shale to enable corre-
lation of the maroon zones between wells.

Regional mapping of the area, utilizing electric
logs, indicates that this lower shale interval thick-
ens from southwest to northeast. The shale thins
beneath the Red Fork sandstone due to downcut-
ting and incising of the Red Fork channel. In the
southern part of the field, where the lower Red
Fork is thickest, the entire lower shale and the
underlying Inola Limestone have been eroded,
and the lower Red Fork sandstone is in contact
with shale of the Bartlesville zone (no actual Red
Fork/Bartlesville sandstone contact was evident).

The lower Red Fork sandstone unit, exhibiting a
sharp scour-surface contact and commonly con-
taining a deposit of pebbles at the base, lies on the
truncated underlying marine shale. Some clay
clasts consisting of rounded and subrounded iron-
stone masses as much as 1 in. long were incorpo-
rated in the sandstone. These are mostly in thin
layers, predominantly in the lower third of the unit.
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This sandstone appears to be a massive, structure-
less sandstone, although in some cores it contains
a few thick cross beds. The aggregate thickness of
sand zones that have alow shale content and a po-
rosity >6% is 10-66 ft.

Most of the lower Red Fork sandstone is water
saturated. Only 13 of the wells in the field are com-
pleted in the lower Red Fork, and most of these
were completed because the upper Red Fork
sandstone was of poor quality or absent. Analysis
of the well logs and the cores through the lower
sandstone shows a fairly consistent porosity, aver-
aging 17.5%, and a fairly consistent permeability
averaging 70 md.

Except where overlain by the upper Red Fork
sandstone, the lower Red Fork sandstone is over-
lain by a gray-black, thinly laminated shale (inter-
mediate shale). This shale, separating the upper
and lower sandstones, is as much as 40 ft thick
along the edges of the field.

The upper Red Fork sandstone lies on top of the
lower Red Fork sandstone or the intermediate
shale. Contact between the upper and lower sand-
stone (cored in 11 wells) is conformable and is dif-
ficult to distinguish, except for the more laminated
nature of the upper sandstone unit. The upper
sandstone/intermediate shale contacts are grada-
tional or sharp with small-scale load structures.

The upper Red Fork sandstone consists of a
series of interbedded shales and silty to very
fine-grained sandstones. Locally, a few thin beds
of subrounded, ironstone-clay clasts are present
near the base of this unit. The upper sandstone is
finer grained than the lower sandstone, and it con-
sists of several sequences of shale laminae inter-
bedded with very fine-grained sandstones. Ripples
exist within the sandstone laminae and some minor
amounts of cross bedding are present. The aggre-
gate thickness of sands that have a low shale con-
tent and porosity >6% is 10-82 ft.

Locally, erosional surfaces within sandstone
beds are clean sandstone-to-sandstone contacts,
between depositional sequences. But more often
these depositional sequences are separated by
thin layers of shale 0.5-1 in. thick. These deposi-
tional-sequence boundaries are easily recogniz-
able in the well logs and can be correlated to de-
fine individual sand lobes. The various cores and
well logs analyzed contain one to five depositional
sequences. As would be expected, wells with only
one or two depositional sequences are at the edge
of the field; wells in the center of the field contain
more depositional sequences.

Porosities and permeabilities of the upper sand-
stone are much more variable than those of the
lower sandstone, although the greatest variability is
near boundaries of the depositional sequences.
Within depositional sequences, the porosity aver-
aged 17% and the permeability averaged 60 md.

Shale overlying the upper Red Fork sanidstone is

immediately overlain by the lower Skinner shale.
The Pink lime that is present both east and west of
the field is absent. Analysis of well logs and cores
that lack an overlying Skinner sandstone indicate
that the limestone was never deposited and that the
absence of the Pink lime is not caused by Skinner
erosion. The electric logs throughout this field do,
however, exhibit a consistent resistivity spike that
correlates with the stratigraphic position of the Pink
lime in wells to the east and west.

The Skinner has locally cut into the upper Red
Fork shale. However, none of the well logs or cores
show any direct contact of the Skinner and Red
Fork sandstones. Strata between these sandstones
are at least 1.5 ft thick and consist of thinly lami-
nated shale and silt, often containing a coal bed or
organic content shale at the base.

FIELD GEOLOGY AND INTERPRETATION

Structural interpretation is based on maps pre-
pared for both the top of the Inola Limestone (Fig.
3) and the top of the Verdigris Limestone (Fig. 4).
These units were chosen because they occur be-
low and above the Red Fork zone, and may be
considered isochronal surfaces.

Both structure maps show a general dip of 80—
90 ft/mi toward the WNW and the presence of two
minor faults. Both faults trend WNW with dis-
placements of 10-30 ft. These faults, which would
not have been evident except for the high density
of wells provided by the 40-acre spacing in this
area, may restrict the drainage of hydrocarbons,
but they do not have sufficient throw to isolate
portions of the field. The faulting probably oc-
curred after Cherokee deposition; however, the
thickest portions of the Red Fork sandstone corre-
spond with the location of the faults, suggesting
that some movement might have been contempo-
raneous with Red Fork deposition.

The lower Red Fork was deposited as a rela-
tively straight, narrow sandbody (Fig. 5). Cores in-
dicate that the lower Red Fork is a structureless
sheet sand. The upper Red Fork sandstone chan-
nel is wider and slightly more sinuous than the
lower unit (Fig. 6). The aggregate thickness of the
lower and upper Red Fork sands is shown in Fig-
ure 7. In contrast to the lower Red Fork, upper Red
Fork cores contain a larger number of crosscutting
channels. This suggests that although it was con-
strained to the same linear trend as the lower Red
Fork sandstone, its channel meandered more and
therefore had greater sinuosity.

Red Fork sandstones in the Northwest Tecum-
seh field are interpreted to be valley-fill deposits
located at or near the marine shoreline of a river-
dominated estuarine delta. The maroon bands in
the lower marine or prodelta shale are interpreted
as evidence of subaerial exposure during one or
more episodes of lower sea level. The marine shelf,
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Figure 3. Structure map of the Northwest Tecumseh field on the t
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Figure 4. Structure map of the Northwest Tecumseh field on the top of the Verdigris Lime-

stone; contour interval, 20 ft.
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Figure 5. Aggregate thickness of lower Red Fork sands that have a low shale content and a
porosity >6%; Northwest Tecumseh field. Contour interval is 20 ft.
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Figure 6. Aggregate thickness of upper Red Fork sands that have a low shale contentand a
porosity >6%; Northwest Tecumseh field. Contour interval is 20 ft.
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during deposition of the Red Fork, was shallow,
and the overall sea-level change necessary to
cause exposure of the marine shales could have
been as small as 160 ft. The Northwest Tecumseh
field is one of the southernmost Red Fork produc-
ing fields in eastern Oklahoma.

During a low stand of sea level, a channel was
incised into the exposed prodelta shale and, in the
southern part of the field, into the underlying
Inola Limestone; this incision probably was done
by the same fluvial system that supplied the sedi-
ment for the underlying prodelta facies. The thick,
fine-grained, lower Red Fork sandstone was then
deposited in the incised valley. Although this typi-
cal valley-fill sequence was deposited close to the
marine shoreline, it does not have characteristics
of tide- or wave-dominated deposits. However, it
may be that such features are not apparent be-
cause of the lack of sufficient shale laminae within
this thick, massive sand. A subsequent sea level
rise allowed another period of shale deposition
(the intermediate shale).

An additional period of progradation allowed
another episode of channel cutting, followed by
deposition of a series of shales and very fine-
grained sandstones. These were deposited as a
series of meandering cut-and-fill channels, typical
of fluvial or upper delta-plain deposits. The area of
deposition would have been larger except for the
topographic control exerted by the original incised
valley.

MINERALOGY AND POROSITY

Thin sections of cores from both the upper and
lower Red Fork sandstone in various wells show
both units to be sublitharenites (Folk, 1968) with
similar compositions. Generally, the lower Red
Fork is fine-grained sandstone and the upper unit
is very fine-grained sandstone. The sandstones of
each unit are composed of 90% quartz, 3% feld-
spar, and 5% rock fragments. Of the total rock, 2—-
10% is clay matrix consisting predominantly of
kaolinite, with some chlorite and illite (Dale, 1985).
Mica, predominantly muscovite, with some biotite
and chlorite, constitute ~1% of the lower sand-
stone and as much as 4% of the upper sandstone.

Porosity in these sandstones was caused by the
partial dissolution of carbonate cement that was
predominantly deposited after compaction and loss
of primary porosity; this is seen in the irregular fab-
ric and sutured grain-to-grain quartz contacts. The
secondary porosity appears to correspond closely to
the original intergranular pore network, with the
result that the pore-distribution patterns of these
two sandstones may closely track the original depo-
sitional patterns. This hypothesis needs to be tested
because significant anisotropies may have been in-
troduced by the secondary porosity.

The two sandstones contain both mica and

shale laminae. They do not prevent vertical fluid
flow, but they probably significantly reduce the
vertical-to-horizontal permeability ratios. If disso-
lution has also been affected by the shale laminae
and mica, the vertical-to-horizontal permeability
ratio might be reduced even further.

RESERVOIR-MODELING
CONSIDERATIONS

The Northwest Tecumseh field is complicated
by the W dip of the formation, along with higher
water saturations in the western wells and higher
gas/oil ratios in the eastern wells. The waterflood
is scheduled to have 21 water-injection wells, pre-
dominantly along the western edge of the field,
and two gas-injection wells along the eastern edge
(Fig. 8).

The lower Red Fork sandstone appears to have
fairly consistent porosity and permeability values
(atleast, it shows no extremes) that can be fit easily
into a three-dimensional grid system for the reser-
voir simulation. However, the upper Red Fork sand-
stone consists of a series of elongate sand lenses of
different sizes, with boundaries of various permea-
bilities; this results from the cross-cutting channels,
the removal of portions of previously deposited
channel fills, and the deposition of shale laminae
associated with meandering channels.

‘The upper Red Fork sandstone unit appears to
have a fairly consistent permeability and porosity
within lenses, and fluid flow within each of the
lenses (with the same water saturations and pres-
sures) should be the same. The ability of alens, or
a productive hydraulic-flow unit, to communicate
with its neighboring hydraulic-flow unit is a func-
tion of the unit/unit boundary. A sandstone/sand-
stone lens boundary may not be a boundary to
flow, but a sufficiently thick layer of shale may pre-
vent communication.

Many of the individual depositional sequences
identified in cores and well logs may be correlated
between wells as individual channels, but with 40-
acre spacing this cannot be proven. It is not known
if sequences at the same stratigraphic level are ac-
tually continuous and connected, or are separated
by a cross-cutting channel. A large number of the
sequences either cannot be correlated, or offer
many potential correlations, all of equal probabil-
ity. These sequences or hydraulic-flow units ap-
pear to range in size from 10 to 80 acres drainage;
this means that additional hydraulic-flow units
should exist between the current wells, with no
evidence of their existence in either the cores or
well logs. ‘

To complete a proper reservoir simulation of
this field, it will be necessary to determine the
probable number of hydraulic-flow units between
each producing well, the size distribution of those
hydraulic-flow units, and the unit/unit boundary
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Figure 7. Aggregate thickness of lower and upper Red Fork sands that have a low shale
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conditions. The determination of these param-
eters may never be accurately known, but they
might be statistically determined in order to assign
an average or weighted permeability for each res-
ervoir-simulation grid block.

Once the values of porosity, permeability (ver-
tical and the two horizontal directions), and other
conditions are determined for each grid block, the
field may be modeled. A reservoir simulation may
then be performed to determine how closely the
actual and modeled productions match.
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Characterization and Simulation of the Fractured
Sycamore Limestone Reservoir within the Springer Field,
Carter County, Oklahoma

Dan J. Garvey, Mark C. Potts,
J. M. Forgotson, Jr., and R. M. Knapp

University of Oklahoma
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ABSTRACT.—The Springer field, an anticlinal structure located south of the Arbuckle Moun-
tains and north of the Caddo anticline in Carter County, Oklahoma, has produced oil and gas
from several different horizons. The Sycamore Limestone (Early Mississippian) is the main pro-
ducing horizon in the field and is the subject of this study.

Within the study area, the Sycamore averages 400 ft thick and is composed of three silty car-
bonate intervals separated by shaly carbonate sequences. Porosity of the silty carbonates ranges
from 9 to 2%. Extensive fracturing of the resistive, silty beds of the Sycamore in the Springer field,
evident in both outcrops and the subsurface, is the result of regional and local tectonic forces.

Characterizing the Sycamore reservoir to obtain an accurate model for simulation presented
special challenges. The Sycamore was not cored in the field area, although a fairly extensive suite
of logs was run on most of the wells. Samples were taken from Sycamore outcrops to obtain
analogous core-plug, thin-section, and fracture data to assist in the field modeling. Uncertain-
ties of subsurface fracture spacing and matrix storage capacities, in addition to a short primary
production history for the field, made modeling difficult.

The performance of the Sycamore reservoir was simulated using the Eclipse 100 simulator.
The geologic model consisted of six layers of alternating silty lime and calcareous shale beds. The
geologic model was simplified into a four-layer simulation model. Each layer was characterized
by structural position, thickness, porosity, and permeability in the X, Y, and Z directions. In
addition, a dual porosity feature allowed for modeling a fracture system for each layer.

The reservoir fluid was characterized as a gas with vaporized oil (condensate). Because reser-
voir pressure was above the dew point, and no water contact had been defined, only one phase
was used to model the reservoir. Gas-production rate was the control variable. Average reservoir
pressure and individual well bottom-hole pressures served as match variables.

Objectives of the study were to obtain an accurate history match for the production to date,
to determine reservoir capacity and the extent of fracturing within the reservoir, and ultimately
to better understand the Sycamore reservoir within the Springer field. The results of this study
may be useful for infield development planning and the possible application of horizontal drill-
ing technology.

INTRODUCTION

The Springer field is in southern Oklahoma and
is positioned along the northern boundary of the
Ardmore basin in Carter County, Oklahoma (Fig.
1). It produces from an anticlinal structure located
between the southwest flank of the Arbuckle
Mountains and the northeast limb of the Caddo
anticline. The crest of the structure is located in
sec. 6, T. 3 S., R. 2 E. (Fig. 2), near the town of
Springer. The field has produced oil and gas from
several horizons, including the Goddard, Syca-
more, Woodford, Hunton, Viola, and Arbuckle.

The Sycamore Limestone, one of the main objec-
tives during initial field development, produces
natural gas and associated liquid hydrocarbons.
The Sycamore Limestone (Lower Mississip-
pian) reservoir in the Springer field was geologi-
cally characterized and then modeled with the
Eclipse 100 3-D black-oil simulator. The reservoir
characteristics of the Sycamore are discussed first.
The simplified geologic model and grid system
used to model the reservoir are then discussed,
followed by the initial conditions and controls
used in the simulation. The modifications re-
quired to achieve a history match are then out-

Garvey, D.J; Potts, M. C.; Forgotson, J. M., Jr.; and Knapp, R. M., 1993, Characterization and simulation of the
fractured Sycamore Limestone reservoir within the Springer field, Carter County, Oklahoma, inJohnson, K.
S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium:

Oklahoma Geological Survey Circular 95, p. 52-59.
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Figure 2. Local geologic setting of the study area. Structure contours on the Sycamore Limestone; contour

interval: 250 ft.

lined, and, finally, conclusions and directions for
future work obtained from the simulation are pre-
sented.

RESERVOIR CHARACTERIZATION

Stratigraphically, the Sycamore overlies the
Woodford Shale and underlies the Caney Shale
(Fig. 3). In the study area the Sycamore averages
400 ft thick and consists of slate-blue, hard, silty to
fine sandy limestone intervals, separated by inter-
vals of predominantly calcareous shale. It is gener-
ally characterized by three main silty carbonate
intervals with high log resistivities separated by
lower resistivity shaly intervals. The three resistive
silty intervals have porosities, determined from
density/neutron-log analysis and core plugs from
outcrops, ranging from 9% in the uppermost inter-
val, down to 2% in the lower two intervals. Because
of its brittle nature and tectonic setting, the Syca-
more is extensively fractured. This is apparent in
outcrops along the southern flank of the Arbuckle
uplift and in wellbores within the Springer field.

Reservoir characteristics of the Sycamore in the
Springer field presented special challenges to cre-

ating an accurate simulation model. The Syca-
more was not cored in the Springer field, but a
fairly complete log suite (including fracture-iden-
tification logs) was run on most of the wells. In
those wells in which a Frac-ID log was run and
open fractures were interpreted, a majority of the
fractures were oriented NESW (Fig. 4).

Fortunately, the Sycamore crops out ~1 mi
north of the Springer field, and it is exposed in the
Interstate-35 road cut along the south flank of the
Arbuckle Mountain uplift (Fig. 2). The outcrop was
studied and samples were taken to obtain analog
core-plug, thin-section, and fracture data to assist
in the field modeling. Tests run on the outcrop
core plugs yielded porosity values similar to those
determined from neutron/density logs of the three
silty carbonate intervals in the field. Attempts to
obtain good permeability data from the outcrop
core plugs were not successful. The effects of
weathering, deformation involved in the Arbuckle
uplift, and excavation during construction of the
highway probably had a significant impact on the
Sycamore outcrop. As a result, outcrop character-
istics may not be reflective of the Sycamore in the
subsurface in the Springer field.
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GODDARD SHALE
MISSISSIPPIAN
CANEY SHALE
SYCAMORE LIMESTONE
WOODFORD SHALE
DEVONIAN
HUNTON LIMESTONE
SILURIAN
ORDOVICIAN SYLVAN SHALE

Figure 3. Stratigraphic column and representative log illustrating the three main silty intervals (numbered 1,
2, and 3) of the Sycamore Limestone.
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Figure 4. Fracture-orientation map using rose diagrams generated from the Frac-ID logs and outcrop data.
Structure contours on the Sycamore Limestone; contour interval: 250 ft.
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GEOLOGIC MODEL AND GRID SYSTEM

The geologic model of the Sycamore Limestone
within the Springer field was simplified for reser-
voir simulation. A 20 x 10 x 4 grid system was used
to model the reservoir (Fig. 5). The X dimension
used for each block was 1,155 ft, and the Y dimen-
sion was 1,515 ft. The four layers used to model the
reservoir in the near-vertical dimension represent:
(1) the silty carbonate matrix, (2) the interbedded
shaly carbonate, (3) fractures within the silty car-
bonate, and (4) the fractures within the shaly car-
bonate interbeds (Fig. 6).

Although the thickness of individual strata
within the Sycamore differs from well to well, the
total thickness is fairly constant throughout the
study area. Accordingly, layer one of the model
was 225 ft thick, which is the average total thick-
ness of the more resistive silty carbonate intervals,
with 3% average porosity and 1 md average per-
meability.

Layer two of the model is 460 ft thick, and it
represents a combination of both the interbedded
Sycamore shales and the underlying Woodford

Shale. The average total thickness of the inter-
bedded Sycamore shales is 175 ft, and the Wood-
ford Shale is 285 ft. The porosity and permeability
assigned to this layer were 15% and 0.1 md, re-
spectively.

Layer three of the model represented the po-
rosity and permeability attributable to fractures in
the silty carbonate. Layer three was 225 ft thick,
with 1% porosity and 50 D permeability. Con-
straints on the model included the restriction that
reservoir fluids from layer one could flow only into
layer three (i.e., the fluids in the silty carbonate
matrix could flow only into fractures in the silty
carbonates.). Since perforations in the reservoir
only receive fluids from the fractures, layer three
was the only layer open to the wellbores.

Layer four of the model which represented the
fractures in the interbedded shaly intervals was
460 ft thick with 1% porosity and 50 D of perme-
ability. Constraints on the model included the re-
striction that reservoir fluids from layer four could
flow only into layer three (i.e., the fluids in the frac-
tures within the interbedded shale could flow only
into fractures in the silty carbonates).
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Figure 5. Map view of the grid system used to model the reservoir. Structure contours
{feet below sea level) on the Sycamore Limestone; contour interval: 500 ft.

It should be noted here that layers one and three
taken together describe the limestones, layer one
being a description of the matrix and layer three
being a description of the fractures. Similarly, layers
two and four taken together describe the shales.
Consequently, the thickness of the geologic model
is 685 ft, the sum of layers one and two.

Factors which made accurate modeling of the
field difficult were uncertainties of fracture spacing
and orientation, unknown matrix storage capaci-
ties, and only a brief primary production history.

INITIAL CONDITIONS AND
SIMULATION CONTROLS

The initial reservoir pressure used was 2,040
psia with a connate water saturation of 30%. A
volumetric calculation of original gas in place
(OGIP) indicated that ~3.9 trillion cubic feet (Tcf)
of gas was present in the silty limestone, shale, and
fractures. For each well within the field, the gas
production rate versus time was preset in the sim-
ulation, and fieldwide average reservoir pressure
and individual well tubing-head pressures (THPs)
were the history-matching targets.

HISTORY MATCH

The initial simulation of the 4 Bcf production
history did not reduce the simulated average res-
ervoir pressure to that observed in bottom-hole
pressure (BHP) tests in the field, nor did it cause
simulated THPs to drop to observed THPs. Two
possible causes were: (1) less than 3.9 Tcf of gas
was actually present, and/or (2) observed BHP
data did not accurately reflect average reservoir
pressure.

Over the period from February 1987 through
August 1988, four BHP tests in the Strader no.
1-8 indicated average reservoir pressures of 890,
1,085, 1,125, and 1,235 psia, respectively. It ap-
peared that the low permeability of the matrix
rock was not allowing the BHP tests to equilibrate
average reservoir pressure. Shut-in periods of six
months or more might be required of wells in the
field for BHPs to reach the average reservoir pres-
sure.

In order to match the actual flowing THPs, ma-
trix permeability values were lowered from 1 to 0.5
md for the Sycamore matrix (layer 1) and from 0.1
to 0.005 md for the shale (layer 2). Porosity values
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of the shale were lowered to 7.5%. Also, in the
limbs of the anticline, fracture-permeability values
were reduced from 50 D to 50 md and shale poros-
ity values were lowered to 4.5%.

As a result of these changes, a good history
match of flowing THPs was achieved for each well

ra
WELLBORE
1

98
155'———
225' LAYER |
460' LAYER 2

R inid

55 225' LAYER 3
460' LAYER 4

oJ

Figure 6. Block diagram showing the layers used in
the simulation model.

(Fig. 7). However, simulated average reservoir
pressure did not agree with observed average res-
ervoir pressure. A possible reason why the ob-
served BHPs did not accurately reflect simulated
average reservoir pressure is that the simulated av-
erage reservoir pressure includes unsteady-state
shale-matrix grid blocks that are unlikely to be ob-
served in the BHP tests.

CONCLUSIONS AND DIRECTIONS
FOR FUTURE WORK

The results of the reservoir simulation indicate
that OGIP is ~340 Bcfin the Sycamore matrix, 1 Tcf
in the interbedded shale, and 38 Bcf in the fracture
system. Since total produced gas represents <1%
of the estimated OGIP, these results should be
considered gross approximations and raise new
questions. Is the fracture system less extensive or
less connected than the model represents? Due to
the tight nature of the reservoir, how much of the
OGIP is actually recoverable?

The low permeability in the shale probably pre-
cludes drainage, even into a shale fracture system.
The expected behavior of this low-permeability
reservoir may require large fracture-stimulation
treatments as well as periodic shut-in of wells to
rebuild pressure for pipeline sales. Additional
wells may be required, possibly horizontal, to ade-
quately drain recoverable reserves.

o

0
o

0
o

9
X

0
N

PN T T |

S TIME, OBSERYED
S TIME, SIMULATED

25/03/81 at 13:44:58

| I | M| PR | PR |

e
o

1 M|
4 o.8 1.2

0
o

1.6

P | o | P | l
2.0 2.4 2.8 3.2

10° DAYS :
Figure 7. Graph of typical history match for observed vs. simulated well THPs in the Springer field.
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Future work might investigate increasing well
density to 160-acre spacing, the possible closure of
the natural fractures as reservoir pressure de-
clines, and the determination of the nature and
orientation of the open natural fractures within
the reservoir so the potential performance of hori-
zontal wells could be simulated.
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Reservoir Characteristics of the McFarland and
Magutex (Queen) Reservoirs, Permian Basin, Texas"

Mark H. Holtz

Bureau of Economic Geology
The University of Texas at Austin
Austin, Texas

INTRODUCTION

The Queen Formation (upper Guadalupian,
Permian) is a sandstone reservoir that produces oil
from the McFarland and Magutex fields in An-
drews County of West Texas (Fig. 1). The McFar-
land Queen reservoir was discovered May 8, 1955,
and the McFarland East Queen reservoir is an ex-
tension of McFarland field. Discovery of Magutex
Queen field, 2 mi to the east, followed three years
later. By 1963 the fields had been developed to 40-
acre well spacing. This complex accounts for 73%,
or 175 million stock-tank barrels (MMSTB), of the
oil within the Queen tidal-flat sandstone play.
Typical wells initially flowed ~100 bbl of oil per
day; they decreased to ~10 bbl, on pump, within
two to three years. In the early 1960s, waterflood
programs in many of the units began to increase
production rates and to improve recovery. The
McFarland/Magutex reservoir complex currently
has 311 producing, 100 injection, and 106 shut-in
wells.

The Queen reservoir study was undertaken at
two scales of investigation. A subregional-scale
geological investigation provided the framework

for a detailed engineering study that concentrated

on State University Consolidated Units Nos. 1 and
2, a smaller, information-rich area located in the
south-central portion of the McFarland Queen
reservoir (Fig. 2). This study focused on core anal-
yses from 38 wells (cores from all but one had been
discarded), well-test data on file with the Railroad
Commission of Texas for 1956-62, and antiquated
gamma-ray/neutron logs that could be used for
qualitative analysis only. The geologic study area
includes University Block 4, which contains the
portion of the McFarland Queen reservoir on Uni-
versity Lands, and the area of Block 5 containing
the Magutex Queen reservoir. Cores were available
from seven wells, two of which have suites of mod-

*Condensed from Tyler and others (1991).

ern logs. Also available were >500 pre-1960 gamma-
ray and neutron logs.

GEOLOGIC SETTING

Most of the Queen reservoirs are located along
the west side of the central basin platform. The
McFarland/Magutex Queen reservoir complex,
however, is one of a smaller group of Queen reser-
voirs located on the east and south sides of the
central basin platform. Within the Queen Forma-
tion, the reservoir complex produces oil from two
sandstone zones, the upper denoted the A sand-
stone and the lower called the B sandstone. These
two sandstone zones are separated by a supra-
tidal-facies flow barrier consisting of dolomud-
stone and massive anhydrite.

Structure

Structure maps on the top of the A (top of the
Queen Formation, Fig. 2) and B sandstones in
University Blocks 4 and 5 indicate dip to the east
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Figure 1. Location of McFarland/ Magutex reservoirs
in Andrews County, Texas.

Holtz, M. H., 1993, Reservoir characteristics of the McFarland and Magutex (Queen) reservoirs, Permian basin,
Texas, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Midcontinent,
1991 symposium: Oklahoma Geological Survey Circular 95, p. 60-65.
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and south, with local highs. The eastern dip forms
a nose that extends halfway into Block 4. A high
with 50 ft of closure is centered in sec. 15, Block 4;
a trough extends from the northeastern area of
Block 4 to the south to separate the McFarland
Queen and Magutex Queen reservoirs.

The structure appears to be the result of com-
paction deformation (drape) of the Queen Forma-
tion over preexisting paleotopography. Queen
structural highs are coincident with, and are un-
derlain by, similar Strawn, Devonian, and Ellen-
burger structures, which are also productive. The
Queen thickens where there are structural lows in
the underlying formations, and it thins where

61

there are structural highs. This relationship be-
tween thickness of the Queen and underlying
structure suggests differential compaction over a
preexisting paleostructure.

Development drilling of the reservoir complex
was influenced by this structure. Nearly all of the
developed area is on structural highs. This pattern
implies that initial development proceeded on the
premise that oil was trapped by structure. There
are producing wells downdip of undeveloped
areas, however, indicating a highly complex oil/
water contact that has stratigraphic as well as
structural control. This points to the potential for
drilling additional infill and extension wells.
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Figure 2. Structure map contoured on the top of the Queen Formation (top of A sandstone), University Block
4 and west half of Block 5. State University Consolidated Units No. 1 and 2 are outiined.



62 M. H. Holtz

4850 Gamma ray Neutrc:né
i FACIES
T | Intertidal flat
A )
Tidal channel
Supratidal
Intertidal flat
4900
B
] Shoreface
QA12850c

Figure 3. Type log of the McFarland/Magutex Queen reservoir complex. intervals labeled A and B denote the

two reservoir sandstone units; depths are in feet.

Stratigraphy and Facies

The reservoir consists of two sandstone zones
(A and B) that lie within two progradational depo-
sitional cycles (Fig. 3). Each cycle grades upward
from tan to brown, very fine to silty sandstones at
the bottom, into massive red to gray-blue anhydrite
at the top. Each depositional cycle has a sharp con-
tact at the base and is overlain by a combination of
intertidal-flat, tidal-channel, and shoreface sand-
stone facies. These sandstones grade into dolo-
mudstones, which in turn grade into massive an-
hydrite, representing a sabkha facies. The cycles
thicken toward the east and south, and a local
thickening of the cycle is present in the northwest-
ern part of Block 4, coincident with a local struc-
tural low.

Both the A and B sandstones extend through-
out the reservoir complex and both are 6f uniform
thickness on the western edge of Block 4. To the
east, off structure, both sandstones thicken, and
have local thick channels subparallel and subper-
pendicular to present structural strike. The highest
production in the McFarland/Magutex Queen
Units is coincident with those areas where either
the A or B sandstone channels are thicker.

Four main depositional facies are recognized
within Queen reservoirs: supratidal, intertidal-flat,
tidal-channel, and shoreface. The supratidal facies
consists of massive anhydrite and dolomudstone.
An isopach map of the lower supratidal facies
shows a regional thinning to the northwest and
localized thick areas present in structural lows.
This thinning is the result of reduction of the mas-
sive anhydrite component in the supratidal facies,

and also is coincident with present structural
highs. The anhydrite contains various structures,
including 0.5- to 1-in.-thick layers, nodular mosa-
ics, and vertical gypsum pseudomorphs. Dolo-
mudstone is light gray to cream colored and very
finely crystalline. The mudstone contains nodular
anhydrite and algal laminates, but it is barren of
other fossils. The structures and rock types suggest

that this supratidal facies was deposited in hyper-

saline ponds on a tidal flat, and that it was affected
by only minor subaerial exposure. The intertidal-
flat facies is characterized by root traces, algal
laminations, and flaser bedding, These sandstones
also display a mottled texture that is interpreted
to have been produced by bioturbation. Tidal-
channel facies are inferred from sandstone iso-
pach maps, cross sections, and sedimentary struc-
tures. Basal channel-lag deposits in this area, de-
scribed by Holley and Mazzullo (1988), have chan-
nel-floor erosion at the base, planar laminations,
crossbeds, climbing ripples in the middle, and
small ripples grading into planar-to-massive bed-
ding at the top. The shoreface facies is character-
ized by parallel and massive bedding. The massive
sandstone is commonly poorly consolidated and
friable. Where observed in core, this facies is
heavily oil stained and contains well-developed
porosity and permeability, which make it a rela-
tively highly productive facies.

Lithology and Porosity

The A and B sandstones are arkosic, with anhy-
drite and dolomite cement. They average 40% de-
trital quartz, 15% feldspar, and 25% anhydrite and
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dolomite cement. Minor (up to 5%) clay and lithic
fragments are also present. Both detrital and au-
thigenic feldspar occur in the A and B sandstones.
The detrital feldspar consists of partly leached
plagioclase and orthoclase feldspar. Authigenic
potassium feldspar is present as 5-um euhedral

crystals, which preferentially nucleated on detrital

feldspar. Clay types include illite and layers of
chlorite mixed with smectite. The clay coats both
quartz and feldspar detrital grains. Electron back-
scatter imagery indicates a high potassium con-
tent within the sandstones and a lack of uranium
or thorium. Thus, the high gamma-ray response
on well logs indicates relative amounts of potas-
sium; because there is much more feldspar than
clay, the gamma-ray log actually shows the rela-
tively high amount of potassium feldspar.
Porosity and permeability in the reservoirs are
directly related to the amount of anhydrite and
dolomite cement present. Anhydrite occurs as
poikilotopic cement and small, 0.5-in.-diameter,
nodules. Dolomite cements the detrital grains and
also occurs as authigenic, multifaceted, pore-fill-
ing dolomite. Dolomite cementation commonly
follows small fractures and sedimentary struc-

BLOCK | 4

tures, filling in between cross laminae. Porosity is
of three types: interparticle porosity, separate-vug
porosity, and microporosity. Interparticle porosity
constitutes 50-85% of the total and occurs be-
tween detrital quartz and feldspar grains. Sepa-
rate-vug porosity resulted from partial or total
feldspar dissolution; this porosity type constitutes
10—40% of the total. Microporosity occurs along
feldspar cleavage planes, enlarged by dissolution,
and between clay blades.

PETROPHYSICS AND VOLUMETRICS

The engineering portion of the field study con-
centrated on State University Consolidated Units
Nos. 1 and 2 because of the large number of core-
porosity and permeability analyses available from
this area. Log data for the area consist 0of 93 gamma-
ray/neutron logs, most of which are pre-1960 vin-
tage. Core analyses are available from 38 of these
wells. Semilog crossplots of core porosity versus
neutron counts for individual wells give excellent
correlations, with correlation coefficients of ap-
proximately 0.9. However, extrapolation of these
correlations to wells without cores yielded poor
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Figure 4. Map showing net pore volume in both A and B sandstones, State University Consolidated Units

No. 1 and 2.
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results; the logs were the products of more than 10
different logging companies, each using different
radiation sources, sonde spacing, and radiation-
counting scales. Tool response to porosity, there-
fore, varied greatly. Attempts to normalize the
logs, using the sealing massive anhydrite as one
baseline and neutron peaks at various horizons as
another baseline, proved unsatisfactory. Thus,
core analysis was considered the only useful mea-
sure of porosity and permeability.

Net pay for the cored wells was determined us-
ing a cutoff of 4% porosity and 0.1 md permeabil-
ity. Amap (Fig. 4) was constructed that shows the
distribution and amount of net pore volume of
both the A and B sandstones. Assuming an initial
water saturation of 0.34, formation volume factor
of 1.16, and a residual oil saturation of 0.25, there
were originally 10.3 MMSTB of mobile oil and 6.2
MMSTB of residual oil in the A sandstone and 22.3
MMSTB of mobile oil and 10.3 MMSTB of residual
oil in the B sandstone. As of December 1987, these
two units collectively had produced 9 MMSTB,
leaving 23.6 MMSTB of mobile oil remaining in
these units.

Relating oil-in-place to production patterns
was complicated by the lack of individual-well
production data. Well-test and lease-production
data for the period between 1956 and 1963 were
available at the Railroad Commission of Texas;
however, well data were not available after 1963,
when water injection began. Production by lease
in the early years was apportioned to individual
wells according to the ratio of an individual well’s
test to the sum of the well tests on the lease (Fig. 5).
Anomalously high values for wells that had pro-
duced for only one year were discarded because
they had not begun the steep production decline
that affects the value of other data points. Com-
parison of the production map (Fig. 5) with the
pore-volume map (Fig. 4) shows some similarities.
An area of low values on both maps, extending
from the north-central area to the southwest, is
the most obvious similarity. This area contains the
more tightly cemented intertidal-flat sandstones,
which have porosity of <10% and permeability
below the detection limit of the measuring de-
vices. Both maps also have an area of high values
that trends from the east edge of sec. 32 toward the
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Figure 5. Map of prewaterflood average annual production from wells in State University Consolidated Units

No. 1 and 2.
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west edge of the study area. The reservoir storage-
capacity map (Fig. 4) in this area is heavily influ-
enced by the B sandstone, which is interpreted to
be a thick tidal-channel deposit with high porosity
and permeability. The most obvious dissimilarity
is in sec. 28, on the southeast edge of the study
area; the reservoir storage-capacity map shows a
high capacity, whereas production is low. In this
southeastern area many wells are perforated in
only one of the two sandstones.

STRATEGIES FOR RECOVERY
OF REMAINING MOBILE OIL

There are 23.6 MMSTB of mobile oil remaining
in the study area, much of which is concentrated
in thick, tidal-channel sandstones. The reservoir is
currently drilled to 40-acre well spacing, but evi-
dence suggests that a targeted infill-drilling pro-
gram could increase production and recovery effi-
ciency. In 1988, two wells drilled ~0.5 mi south of
the study area had high initial-potential tests: 110
bbl of oil was pumped from one well, and 203 bbl
of oil flowed from the other. This area previously
was the site of abandoned and stripper wells.
Thicker tidal-channel sandstones should be iso-
lated as the primary target for an infill-drilling
program. Existing completions should also be re-
viewed to locate oil that remains behind casing
pipe. As discussed earlier, many wells have been
opened to only one production interval. Recom-

pletions in the untapped sandstones should result
in an immediate boost to production.
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Application of Horizontal Drilling
in Fractured Carbonates of Oklahoma
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Tulsa, Oklahoma

If the cost of drilling a horizontal well were
equal to that of drilling a vertical well, most reser-
voirs would be candidates for horizontal drilling.
In fact, most explorers would prefer to see as much
pay zone in the hole as possible. Although this is
not practical, there are some reservoirs that have
certain characteristics that lend themselves to
horizontal-drilling potential. Geological and/or
engineering considerations define each potential
reservoir, and it is difficult to arrive at a universal
definition. For the purpose of this brief report, a
general definition of a horizontal-drilling reservoir
(HD reservoir) is one in which horizontal drilling
can improve production significantly and eco-
nomically in comparison to a vertical well.

Geological applications for horizontal drilling
have proven most effective in tight fractured reser-
voirs, heterogeneous paleokarst reservoirs, and
porous and permeable reservoirs with coning
problems. A modified version of standard fracture
classification can be used to sort most potential
horizontal-drilling targets in the Midcontinent
into four types (Fig. 1). Potential carbonate HD
reservoirs can be further categorized by facies-
related reservoir characteristics.

Tight, fractured carbonate reservoirs, with fea-
tures similar to the Bakken Shale, are commonly
developed in low-energy basinal settings. These
reservoirs are characterized by little or no matrix
porosity; porosity and permeability are provided
only by fractures. The Sycamore Limestone, which
currently produces from vertical wells in southern
Oklahoma, is an example of this first type of po-
tential HD reservoir (type A); it is a primary hori-
zontal-drilling target in the Midcontinent.

The Austin Chalk is a basinal pelagic carbonate
that typifies the second type of HD reservoir (type
B); it has fair-to-good matrix porosity and very low
permeability. The only producing chalk reservoirs
near the Midcontinent region are in the northern
and northwestern parts of the Denver basin, as

exemplified by the Upper Cretaceous Niobrara
Formation.

The Viola and Mississippian limestones (also
type-B reservoirs) were deposited in relatively low-
energy subtidal conditions on shallow marine
ramps, and they can have porosity and permeabil-
ity profiles similar to chalks. Both these limestones
require fracturing for good production and are
being pursued actively as horizontal-drilling can-
didates.

Limestones and dolomites of the Hunton Group
are similar to the Viola and Mississippian lime-
stones in that they were deposited on a carbonate
ramp. Except for the Frisco and Sallisaw Forma-
tions, reservoirs in the Hunton Group often are
composed of interfingering upper-subtidal, inter-
tidal, and supratidal facies. These carbonates
commonly are highly heterogeneous and repre-
sent the third type of HD reservoir (type C), which
has good porosity and fair permeability, often
complemented by fractures. Reservoir hetero-
geneity is further complicated by a long and varied
diagenetic overprint.

Platform-margin carbonates, in particular
reefs, may also represent good horizontal-drilling
targets; however, there are few significant reef
build-ups in the southern Midcontinent. Mud
mounds, such as those found in the Frisco Forma-
tion, are a type of reef and can be heterogeneous;
but most commonly these mounds have good res-
ervoir parameters similar to the fourth type of
HD reservoir (type D), which is a zone with good
porosity and permeability. It is usually homo-
geneous and has either gas- or water-coning prob-
lems. This fourth type of HD reservoir may or may
notbe fractured; in fact, an abundance of fractures
may actually increase coning problems.

Some carbonates, such as the platform carbon-
ates of the Arbuckle Group, may contain examples
of all four types of HD reservoirs. Arbuckle pro-
duction typically is from rather heterogeneous

Fritz, R. D.; Johnson, C. L.; and Medlock, P. L., 1993, Application of horizontal drilling in fractured carbonates of
Oklahoma, inJohnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the southern Mid-
continent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 66-68.
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234 POROSITY

%7 rracTURES

« EFFECTIVE POROSITY AND PERMEABILITY INCREASE

HD - RESERVOIR MODEL

Figure 1. Geological classification for HD reservoirs: type A reservoirs (top) have little or no matrix porosity,
can be homogeneous or heterogeneous, and fractures provide basic porosity and permeability; type B res-
ervoirs have low permeability with effective matrix porosity, can be homogeneous or heterogeneous, and
fractures provide permeability; type C reservoirs are usually heterogeneous, with complex porosity and per-
meability profiles, and fractures complement permeability; type D reservoirs have good porosity and perme-
ability, are usually homogeneous with coning problems, but can be heterogeneous with fractures that comple-
ment permeability. Fractures may also cause reservoir anisotropy, which contributes to coning.

fractured and karstic dolomites which, under cer-
tain conditions, can be exploited using horizontal-
drilling methods.

Fracturing is the most important factor in de-
veloping a good HD reservoir. In the United States
there aresearly 700 fields which are categorized as
containing fractured reservoirs. Few have been
examined for horizontal-drilling potential. Any
exploration or production venture involving hori-
zontal drilling should take into account the frac-
ture history of a potential HD reservoir.

Most reservoirs have some degree of heteroge-
neity; this is especially true of HD-type reservoirs.
Permeability problems caused by heterogeneity

can be overcome by fracturing. Heterogeneity
commonly is caused by secondary processes, such
as karstification, which is pervasive in many car-
bonates due to the presence of numerous uncon-
formities in the Midcontinent. One of the most
mature karstic formations is the Sallisaw (or Pen-
ters) karst breccia of the Arkoma basin. The Pen-
ters is a mature karst regolith, and production is
usually found only in fractured units.

The Midcontinent has an abundance of poten-
tial HD reservoirs (Fig. 2), due in part to its com-
plex structural history. Fractured and karstic car-
bonates provide excellent targets for future hori-
zontal drilling.
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Secondary Recovery of Oil Through Mine Workings
in the Keystone Field, Northeastern Oklahoma
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Hydrocarbon Mining Co.
Golden, Colorado

Tom L. Bingham

Oklahoma Geological Survey
Norman, Oklahoma

INTRODUCTION

Many of the oil fields in the United States were
discovered before 1936; a considerable number of
those fields are in northeastern Oklahoma. At that
time, the science of petroleum engineering was in
its infancy, and the importance of a gas drive to
efficient recovery was not understood. Conse-
quently, many reservoirs developed before 1936
were allowed to produce with no thought of re-
taining the gas drive. As a result, the first day’s pro-
duction for a well may have been quite good, but
production the second day was often much less.
Eventually, production was essentially gravity
drainage of reservoirs to wells; the result was low
daily production in wells over an extended period
of time. It is now thought that a substantial por-
tion of the original oil in place is still contained in
these reservoirs. The Cleveland sand of the Key-
stone field is one example.

Historically, the most effective way of increas-
ing the recovery from any oil field has been
through infill drilling. In the past, this always has
been done by decreasing the surface well spacing.
The cost of the well and of the potential oil recov-
erable through that well has always been a limiting
factor for infill drilling. In recent years, environ-
mental considerations also have become major
limiting factors.

With advances in technology and equipment
for shaft sinking and tunnel driving, it now is pos-
sible to consider infill drilling from mine access
below the producing reservoir. A main shaft and a
secondary shaft could serve a system of tunnels
and develop an area of ~5,000 acres. From tunnels
>100 ft below the producing horizon, fans of holes
drilled upward through the reservoir could pro-
vide infill drains on 1-acre or closer spacing. Pro-
duced oil would flow through collection pipelines

in the mine workings back to the shaft for pump-
ing to the surface.

The first well in the Keystone field, the Pomeroy
and Hamilton G.W. Besser no. 1 well in the SW
corner SEY4SEY sec. 24, T. 20 N,, R. 9 E., drilled
during March 1919, was credited as the discovery
well. The Cleveland sand, from 1,145 to 1,205 ft
below the surface, initially produced 75 bbl of oil
per day (BOPD). The reservoir was drilled exten-
sively between 1919 and 1923. Drillers’ logs indi-
cate that the sand ranged from 24 to 49 ft thick.
Onelog indicated that production the first 24 hours
was 178 bbl of 35.4° oil; the second day, the well pro-
duced 135 bbl of 34.4° oil. Records from other wells
indicate that shooting was needed. In one such
case, the well produced 10 BOPD initially but pro-
duced 57 bbl of oil the first day after shooting.

The Cleveland reservoir proved to be more or
less restricted to parts of secs. 24 and 25, T. 20 N.,
R. 9 E. Later drilling proved, however, that 10 or 11
other stratigraphic units, both above and below
the Cleveland, contained gas and/or oil reserves
within a 2,500-ft depth range in what is now
known as the Keystone oil field.

During the mid-1960s, the Keystone dam was
built. The resulting reservoir (the water supply for
Tulsa) covered portions of the Cleveland part of
the Keystone oil field as it is now known. Addi-
tional drilling of the Cleveland sand was further
complicated by construction of the Appalachian
Bay Recreation Area and nearby housing develop-
ment. Records indicate that wells within the reser-
voir and construction area were producing 6-8
BOPD when they were shut in and abandoned.

Surface developments such as a lake, recre-
ation facilities, or housing need not restrict closely
spaced wells drilled up through the Cleveland
sand from mine tunnels located below the pro-
ducing horizon. Since, in this case, the workings

Ayler, M. F.; and Bingham, T. L., 1993, Secondary recovery of oil through mine workings in the Keystone field,
northeastern Oklahoma, in Johnson, K. S.; and Campbell, J. A. (eds.), Petroleum-reservoir geology in the
southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95, p. 69-73.
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would be about 1,250-1,300 ft below the surface,
with a thick shale interval above the Cleveland
sand, there would be no reason to expect any
communication between the mine and the over-
lying surface.

DATA SOURCE FOR THIS STUDY

The data available for evaluating the Cleveland
sand reservoir are the drillers’ logs. Since ground
or derrick floor elevations were rarely given, stated
well locations were used to estimate ground ele-
vations on topographic maps. Some wells pene-
trated to shales below the Cleveland sand and pro-
vided an estimate of the full sand thickness. Many
of the wells, however, were completed within the
sand, and those wells could not be used to develop
an isopach map of the sand. In some cases, there is
reason to question whether the producing zone
was the Cleveland sand or another sand just above
or below the Cleveland. .

THE CLEVELAND SAND RESERVOIR

Asindicated above, available data leaves many
questions concerning the Cleveland sand reser-
voir. First, what is the trapping mechanism for this
reservoir? Initially, the structure was interpreted as
a minor fold, but later attempts to prepare a de-
tailed structure map have been very inconclusive.
Structure may or may not control oil accumula-
tion.

The authors postulate that a stratigraphic pinch-
out was the control. Work done to this date seems to
indicate a thickening of the Cleveland sand toward
the east side of secs. 24 and 25, yet there seems to be
an abrupt edge of the reservoir along the east side of
those two sections. Those wells reporting gas in the
Cleveland sand are also located near this edge of the
field. Is it possible that a north~south fault, not a
stratigraphic pinch-out updip, is the main trapping
mechanism for this sand?

Anumber of the drillers’ logs for wells showa 1-
to 4-ft-thick coal bed 10-25 ft above the top of the
Cleveland sand. A number of the logs report a
limestone zone or a shell-shale and sand zone be-
tween the coal and the top of Cleveland sand.
Preparation of good cross-section control through
this field, using these logs, should permit a much
better understanding of limits of the Cleveland
sand and, thus, permit preparation of good iso-
pach maps and probably a structure map as well.

Logs examined so far have not given an indica-
tion of initial reservoir pressures or pressures after
a period of production. A few of the wells reported
flowing initial production and a marked drop the
second day of production. This suggests a gas
drive that dissipated rapidly. Some wells were shot
and had considerable improvement in produc-
tion, which suggests that either the sand had poor

permeability or drilling mud had sealed the well
walls. If mud sealing was a factor, it implies that
the weight of the mud column exceeded the reser-
voir pressure.

The base of the oil column, and the top of the
water, in one well seems to be at—415 ft elevation.
There is no record of how active a water drive was
present. '

OTHER PRODUCING HORIZONS

Several wells within the Keystone field in T. 20
N., R. 9 E. have reported gas or oil shows in strata
other than the Cleveland sand reservoir. Examples
are given in Table 1.

The logs pertinent to the data presented in
Table 1 illustrate that there are a number of hori-
zons (some identified, some not) both above and
below the Cleveland sand that contain either gas
or oil. The two wells reporting Bartlesville produc-
tion indicate sand thickness to be 39-41 ft. Since
the wells reporting Burgess and Hominy produc-
tion bottomed within these formations, it is not
possible to estimate from them how thick those
units may be in that area. The well reporting 8.75
MMcf (million cubic feet) of gas in the Skinner
sand was drilled 25 ft into the formation and bot-
tomed within it. We do not know how thick the
Skinner is there. More than that, however, why
wasn't gas or oil reported in the Skinner in the
other wells of sec. 25?

KEYSTONE FIELD PRODUCTION

Dwight’s Energy Data Inc., Petroleum Data Sys-
tem (PDS) Total Records for the Keystone field indi-
cate that cumulative production through 1992 was
13,255,836 BO and 1,020,161 Mcf (thousand cubic
feet) nonassociated gas. Most recent yearly totals
from PDS data are for 1992 and indicate 53,084 BO,
23,927 Mcf nonassociated gas, and 68,938 Mcf dis-
solved gas.

During the period 1983-90, the main producing
intervals within the Keystone field were the Wil-
cox, Red Fork, and Bartlesville. During this period,
59,424 BO were produced from the Cleveland sand
interval. The Petroleum Information tabulation
“Oklahoma Abandoned Leases,” updated through
December 1987, indicates Cleveland production
insecs. 7and 17, T. 19 N., R. 10 E. and secs. 24-26
and 29, T. 20 N., R. 9 E. It does not indicate how
many wells were producing or whether or not any
active leases exist, and it does not include pre-
1935 production data.

With such limited data, it is hard to make a
valid estimate of the reserve that may remain in
the Cleveland reservoir. We know the initial field
discovery was in the Cleveland sand and that this
reservoir was extensively drilled between 1919 and
1923. The logs indicate that many of the wells had
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TABLE 1. — OIL AND GAS RECOVERY INFORMATION
FOR RESERVOIRS OTHER THAN THE CLEVELAND SAND*

Location Formation initial Production | Reported Shows Depth In Feet
NW/NE/NW Sec 24 Limestone Little gas 487-503
Sand Little gas 1326-1361
Broken Sand Little gas 1728-1786
Broken Sand 164 BO in 15 hrs Little gas 1803-1895
Burgess Sand 2319-23247D
NE/SE/NE Sand Small gas 755-782
Sec 25
Lot 20, Blk 72, Limestone Oil show 290-310
Sec 25 Limestone 178 BO 1st 24 hrs Qil show 960-980
Bartlesville 135 BO 2nd 24 hrs 1957-1998TD
NW/NWY/SE Sec 25 Sand Puff of gas 720-750
Sand 70 BO in 24 hrs Show oil 1578-1592
Bartlesville 1956-1995
Wilcox Oil 2422-24277D
NE/NWY/SE Sec 25 Sand Show gas & oil 360-370
Sand Gas 1000-1020
Sand Oit 2225-2230
Sand ail 2330-2342
Hominy 65 BO in 24 hrs 2496-2501TD
NW/SW/SE Sec 25 Skinner 8.75 MM gas 1693-1718TD

*Data from drillers’ logs of early wells drilled in the Keystone field, secs. 24 and 25, T. 20N., R. 9. E.

initial productions from 25 to as much as 330
BOPD. There are no data indicating what any of
the wells may have been producing a month after
completion. By 1955, a number of wells had been
completed in the Red Fork in other parts of the
Keystone field, and they too had good initial pro-
duction. Some of the Red Fork wells were drilled as
early as 1920, but most seem to have been drilled
after 1950. Attempts to waterflood parts of the field
have been made by small operators on localized
five-well patterns, but no systematic waterflood
has ever been undertaken. From data found so far,
it is not possible to estimate how much oil was
produced from the Cleveland sand in secs. 24 and
25,T.20N,,R.9E.

RECOMMENDED EVALUATION
PROCEDURE

Since mine-assisted oil recovery as suggested
here is technically and environmentally feasible,
the limiting factor will be economics. It is very
likely that any oil produced will have a market, but
the future price for that oil is unknown. That, of
course, is a problem for any economic evaluation.

At present, there does not seem to be any good
way to estimate what percentage of mobile re-

sidual oil can be recovered by closely spaced wells
drilled upward through the reservoir. Estimates
from various sources range from none to as much
as 90%. About 50% seems to be reasonable, and
that estimate has been used by engineers of at
least one company.

Since many of the other factors, such as environ-
mental problems, royalties, taxes, financial agree-
ments, etc., will depend upon target location, they
need to be evaluated after a target reservoir is iden-
tified. The problem, then, is to identify the target.

Since mine-assisted oil recovery is not an ex-
ploration tool, only fields with a production his-
tory should be considered. All fields meeting cer-
tain basic criteria should be considered.

1. The remaining oil saturation and the per-
centage of that oil that is mobile must be known
in order to calculate economics. A minimum of
20,000 bbl/acre has been assumed somewhat ar-
bitrarily for desirable profitability.

2. The reservoir temperature cannot be >120°F;
preferably, it should be <90°F since men will be
working in the mine.

3. There should be a competent, reasonably
impermeable stratigraphic unit ~100 ft below the
reservoir. The mine workings would be in that
unit.
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4. Permeability of the reservoir should be such
that production by gravity drainage would be pos-
sible.

5. Target areas should have minimal faulting
since faulting could cause mine-design problems.

6. Target reservoirs should be larger than
640 acres. '

How does the Cleveland sand of the Keystone
field measure up to these criteria? With respect to
items 2, 3, 4, and 5, it seems to be satisfactory.
Items 1 and 6 may be problems.

A reasonable estimate of the location of the
central portion of the field can be made from well
data. Since the reservoir is relatively shallow in this
case, it should be possible to drill a test hole, cor-
ing through the Cleveland sand and through ~100
ft of the strata just below it. Analysis of the core
through the Cleveland sand could help determine
how much mobile residual oil may remain in this
reservoir as well as provide other data about reser-
voir characteristics. If these first data are favorable,
rock mechanics tests should be performed on the
core from strata below the reservoir to determine
if that stratigraphic unit is favorable for mining.

If a decision is made to proceed, all available
data should be used to compile, so far as possible,
detailed structure and isopach maps for each of
the producing reservoirs in this central part of the
Keystone field. Since production in secs. 24 and 25
is reported from wells to the Bartlesville at 1,957—
1,998 ft, the Burgess at 2,319-2,324 ft, and the
Hominy at 2,496-2,501 ft, as well as the Red Fork,
structure and isopach maps should be prepared
for each of these units.

It is possible that mine-assisted recovery of oil
from the Cleveland zone alone may not be fea-
sible. However, it might be feasible to plan a shaft
with workings to extend under the Cleveland as
well as a lower level in order to develop one or
more of the deeper horizons. It should be remem-
bered that the most costly part of the shaft is the
surface hoisting equipment. The equipment for
operating a deeper shaft is not much more ex-
pensive proportionally. Mine development and
further oil production could be simultaneous. It
would not be necessary to complete the mine first.

Before the mine plan is finalized, one or more
cores from each potentially productive unit and
from below the potentially productive zone should
be obtained in order to provide the additional oil-
‘reserve-potential and rock-mechanics data neces-
sary for mine design. This procedure will take time
and cost money, but it will be part of an explora-
tion budget well spent.

ADVANTAGES OF MINE-ASSISTED
OIL RECOVERY

There are several major advantages of mine-
assisted oil recovery:

1) The advantages of close-well spacing can be
realized in areas where it would otherwise be un-
acceptable environmentally, such as under the
Keystone reservoir or residential area.

2) It should be possible to determine the size,
shape, and reserve potential of a target reservoir
for no greater expenditure than is now needed to
find a drilling prospect. :

3) There should be no dry holes since develop-
ment would be within a known field.

4) Since movement of oil from the reservoir to
the production flow line would be by gravity, no
pumping unit for each well would be needed. As
few as one pumping unit for the entire operation
would be needed to lift the oil through the mine
shaft. '

5) Flow from each well could be controlled to
utilize any pressure drive within the reservoir.

6) Recovery of mobile residual oil would be a
major form of conservation and one that is usually
forgotten. Oil not recovered from a reservoir is just
as wasted as oil burned in inefficient cars.

7) Perhaps the greatest advantage is that the
opportunity for mine-assisted oil recovery is great
because there is a potentially large volume of oil in
known fields that may be profitably recovered by
this technique.

POTENTIAL FOR THE KEYSTONE FIELD

The Keystone field is one of more than 300
Oklahoma oil fields with reservoirs 3,000 ft or shal-
lower in depth. As indicated above, there are mul-
tiple productive zones in this field. The Cleveland
reservoir was the main one considered in this
study. As work progressed, it became apparent
that the Cleveland reservoir is of limited areal ex-
tent and thickness and that one or more of the
deeper reservoirs should be considered in addi-
tion if mine-assisted development is contem-
plated.

Mine-assisted development as suggested here
could easily permit tunnels under several reser-
voirs at different depths. If reservoirs of interest
are one above the other, development of these res-
ervoirs from the same tunnel system should be
considered.

Any study of this field to evaluate the mine-
assisted development potential should include
identification of the main producing horizons.
Structure and isopach maps then should be pre-
pared for each horizon. That would permit a pre-
liminary estimate of the reserve potential and de-
velopment cost. If this work suggested a favorable
economic potential, cores would be needed for
rock mechanics tests and to help quantify the re-
serve potential. These data would be used for
mine design.

The 1919 field discovery date, the rapid devel-
opment of the Cleveland reservoir over the suc-
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Regional Geology of the Woodford Shale,
Anadarko Basin, Oklahoma—
An Overview of Relevance to Horizontal Drilling

Timothy C. Hester and James W. Schmoker

U.S. Geological Survey
Denver, Colorado

ABSTRACT.—The Woodford Shale (Upper Devonian and Lower Mississippian) is a
major hydrocarbon source rock in the Anadarko basin. With the advent of horizontal
drilling, the Woodford may also prove to be an economically significant reservoir rock.
Three regional geologic characteristics of the Woodford Shale discussed here are likely to
be important in planning horizontal-drilling programs. _

First, a paleotopographic high that was rising before and during Woodford deposition
divided the Woodford Shale into northeast and southwest depocenters. This high is inter-
preted as a basin-margin forebulge that developed as the direct result of loading and
subsidence along the central trough of the southern Oklahoma aulacogen.

Second, the Woodford Shale is not vertically uniform but can be subdivided into up-
per, middle, and lower informal members based on log character. The middle shale has
higher kerogen content (average total organic carbon [TOC] = 5.5 wt%) than the upper
and lower members (average TOC = 2.7 and 3.2 wt%, respectively).

Third, Woodford depositional patterns are overprinted by thermal-maturity trends
shaped primarily by differential burial of the Woodford during Mississippian through
Permian time. On the present-day shelf of the Anadarko basin northeast of the forebulge,
the Woodford Shale is generally immature to marginally mature with respect to oil
generation. Southwest of the forebulge, thermal maturity of the Woodford ranges from
mature to postmature with respect to oil generation. As a rule of thumb, a formation re-
sistivity of 35 ohm-m indicates the mature-immature boundary, and by inference, marks

the probable updip limit of oil-saturated Woodford Shale.

INTRODUCTION

The Woodford Shale is one of several organic-
rich “black” shales of Late Devonian and Early
Mississippian age present in basins of the North
American craton. Examples of similar shales in-
clude the Antrim Shale of the Michigan basin, the
New Albany Shale of the Illinois basin, the lower
and upper members of the Bakken Formation of
the Williston basin, the Exshaw Formation of the
Alberta basin, and the “Devonian” shales of the
Appalachian basin.

Where thermally mature, these black shales are
economically important as hydrocarbon source
rocks. With the rapid development and increas-
ingly widespread application of horizontal drilling,
such shales may also prove to be economically
important as reservoir rocks. The Bakken Forma-
tion, for example, is well established as an oil-satu-

rated reservoir amenable to horizontal drilling
(Hester and Schmoker, 1985; Montgomery, 1989).

The Woodford Shale also warrants consider-
ation as a target for horizontal drilling. In this re-
port, three regional geologic aspects of the Wood-
ford Shale that may prove relevant to horizontal-
drilling programs are reviewed: (1) the presence of
northeast and southwest Woodford depocenters,
(2) the presence of lithologically distinct upper,
middle, and lower members, and (3) the nature of
Woodford thermal-maturity trends. The present
report is a review and synthesis of material drawn
largely from Hester and others (1990,1992) and
Schmoker and Hester (1990). However, the ques-
tion of how these regional geologic aspects should
be incorporated into an exploration program is
not addressed, and direct implications for drilling
strategy must await empirical data from horizon-
tal tests.

Hester, T. C.; and Schmoker, J. W., 1993, Regional geology of the Woodford Shale, Anadarko basin, Oklahoma—
an overview of relevance to horizontal drilling, in Johnson, K. S.; and Campbell, J. A. (eds.), Petroleum-
reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological Survey Circular 95,

p. 74-81.
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10 20 30MILES
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Figure 1. Thickness (ft) of Woodford Shale. Heavy line with arrows marks axis of paleotopographic high that
separates Woodford into northeast and southwest depocenters (from Hester and others, 1990). Dots show
locations of wells from which data are obtained. Area where Woodford Shale is absent is hachured. Contour

interval: 25 ft.

DEPOSITIONAL PATTERNS

Figure 1, which also serves as an index map of
the study area, shows the axis of a positive paleo-
topographic feature that influenced deposition
throughout Woodford time. The paleotopographic
high is parallel to and ~75 mi north of the Wichita
Mountains front. As shown by the isopachs of Fig-
ure 1, the high divides the Woodford into south-
west and northeast depocenters. The positive pa-
leotopographic feature and southwest and north-
east depocenters are also apparent in the regional
cross sections of Figure 2.

The Anadarko basin formed in two stages (Perry,
1989). The first stage was characterized by forma-
tion of the southern Oklahoma aulacogen. During
the second stage, the Anadarko basin evolved as a
foreland-style basin. The Woodford Shale was de-
posited on a regional unconformity developed in
the Late Devonian upon sediments deposited dur-
ing subsidence of the southern Oklahoma evolu-
tion (Amsden, 1975; Feinstein, 1981). Erosional

channels on the unconformity surface were
mapped on the assumption that the lower mem-
ber of the Woodford is thicker where it fills chan-
nels (Fig. 3). The paleotopographic high separated
the area into two distinct drainage areas. To the
southwest, the channels trend generally south-
ward. To the northeast, the channels are deflected
roughly 90° by the paleotopographic high to paral-
lel its northeast flank. Erosional channels do not
cross the axis of the paleotopographic high (Fig. 3),
suggesting that the paleotopographic high was ris-
ing during the pre-Woodford episode of regional
erosion.

The Late Devonian Misener sandstone, a basal
facies of the Woodford, was deposited in topo-
graphic lows during the early stages of the marine
transgression which also deposited the Woodford
Shale (Amsden and Klapper, 1972). The Misener is
discontinuous across the paleotopographic high
of the study area and is not present on its south-
west slope (Fig. 3). The absence of the Misener
suggests positive paleotopography and continued
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uplift of the paleotopographic high during lower
Woodford deposition.

The paleotopographic high also affected depo-
sitional patterns of the lower, middle, and upper
members of the Woodford (Fig. 2). Cross section
C-C’ (Fig. 2), in particular, indicates that the pa-
leotopographic high was rising with respect to the
southwest and northeast depocenters throughout
the period of Woodford deposition.

These three points of evidence indicate that the
paleotopographic high was rising prior to and
throughout Woodford deposition. During the
same time period, the central trough of the south-
ern Oklahoma aulacogen was subsiding, as shown
by the thickening of each member of the Wood-
ford (Fig. 2), toward the aulacogen axis. These op-
posing tectonic movements can be genetically
linked if the paleotopographic high is explained as
a forebulge resulting from loading and subsidence
along the central trough of the southern Okla-
homa aulacogen.

On a geologic time scale, the behavior of the
lithosphere is analogous to that of an elastic plate
floating on a viscous fluid. Downward deflection
of the plate in response to a linear load creates an
upwarp or forebulge adjacent and parallel to the
trough caused by the applied load (Turcotte and
Schubert, 1982; Peterman and Sims, 1988). The
height and position of the forebulge depend on
the magnitude of downward deflection and the
thickness and strength of the lithosphere. As a rule
of thumb, the ratio of subsidence along the load
axis to uplift of the forebulge is about 15:1 (Tur-
cotte and Schubert, 1982).

Formation of a forebulge in response to loading
is an integral part of basin development, but clear

examples are not common in the literature. One -

well-documented example that is somewhat anal-
ogous to the present case is the Goodman swell in
northern Wisconsin, which was recognized by
Peterman and Sims (1988) as a forebulge of the
failed Precambrian Midcontinent rift system. The
distance between the Goodman swell and the
nearest load axis of the Midcontinent rift system is
about the same as that between the paleotopo-
graphic high of this report and the axis of the
southern Oklahoma aulacogen.

Measuring flexural uplift of the paleotopo-
graphic high and concurrent subsidence along the
load axis of the southern Oklahoma aulacogen is
not a straightforward exercise. The decompacted
thickness of the middle member of the Woodford
Shale, which is minimally affected by erosional
relief on the sub-Woodford unconformity and by
subsidence of the northeast part of the study area
during deposition of the upper Woodford, is used
for estimating the ratio of basin subsidence to
forebulge uplift (Hester and others, 1992). The
paleotopographic high is estimated to have risen
~30 ft during deposition of the middle member of
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Figure 4. Characteristic log signatures of lower,
middle, and upper members of Woodford Shale in
study area (from Texas Oil and Gas no. 1-B Jellison,
sec. 1, T. 20 N., R. 16 W.; modified from Hester and
others, 1988).

the Woodford; the trough of the southern Okla-
homa aulacogen is estimated to have subsided at
least 320 ft during the same time span. The ratio of
subsidence to uplift is thus approximately 11:1,
demonstrating that interpretation of the paleo-
topographic high as a forebulge is reasonable.

VERTICAL HETEROGENEITY

The Woodford Shale at a given location should
not be considered as a formation with uniform
physical properties. Vertical variations have been
documented by Adkison (1960), Urban (1960), Sul-
livan (1985), and Hester and others (1988). Dis-
tinctive variations in the signatures of gamma-ray,
formation-density, and resistivity logs reflect vari-
ations in physical properties of the Woodford. Lo-
cally, the Woodford Shale can be divided into nu-
merous minor subunits on the basis of log signa-
tures, but the three major subdivisions proposed
by Hester and others (1988) and shown in the cross
sections of Figure 2 can be correlated throughout
the study area.

Criteria for defining the informally named log
identification of the upper, middle, and lower
members of the Woodford Shale are illustrated in
Figure 4. The Woodford Shale of the study area can
be generally described as having upper and lower
sections with similar log characteristics separated
by a middle shale that is less dense, more radio-
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active, and commonly more resistive (Fig. 4).
Higher kerogen content of the middle member
accounts for the distinctive log characteristics and
is the physical basis for subdividing the Woodford
Shale into three units. Total organic carbon (TOC)
of the middle shale averages 5.5 wt%, whereas
TOC of the upper and lower shales average 2.7 and
3.2 wt%, respectively (Hester and others, 1990).

As shown by Figure 2, the thickness of one
member relative to another varies laterally. In syn-
thesizing scattered Woodford data, care must be
taken to avoid confusing lateral geochemical
variations with those attributable to stratigraphic
position of the samples analyzed.

Northeast of the forebulge, the maximum
thickness of the lower Woodford is only ~25 ft.
Southwest of the forebulge (Fig. 2), toward the axis
of the southern Oklahoma aulacogen, the lower
Woodford thickens to >150 ft. The thickness of the
lower section varies locally, on a scale not shown
by the regional cross sections of Figure 2, due to
filling of topographic depressions on the sub-
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Woodford unconformity.

The thickness of the middle member is locally
more uniform than that of the lower member be-
cause sediments of the lower member covered
surface irregularities on the sub-Woodford uncon-
formity. Northeast of the forebulge, the maximum
thickness of the middle member is ~25 ft. South-
west of the forebulge, the thickness of the middle
member increases to >75 ft.

In contrast to the lower and middle members,
the upper member of the Woodford thickens sig-
nificantly to the northeast and only slightly toward
the axis of the southern Oklahoma aulacogen (Fig.
2). This thickness pattern records slowing subsid-
ence of the southern Oklahoma aulacogen and
concurrent downwarping of the northeastern
shelf during upper-Woodford deposition.

THERMAL MATURITY TRENDS

The depositional patterns of the Woodford
Shale discussed in the two previous sections result

STuDY
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Figure 5. Vitrinite reflectance (%R.) of Woodford Shale, contoured from data of Cardott and Lambert (1985)
and Cardott (personal communication, 1987) (from Hester and others, 1990). Inferred updip limit of oil-satu-
rated Woodford Shale at 0.56-0.57% R,. Heavy line with arrows marks axis of paleotopographic high. Con-
tour interval: 0.1% R..
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directly or indirectly from evolution of the south-
ern Oklahoma aulacogen, which was the first stage
in the formation of the Anadarko basin. The pres-
ent-day configuration of the Anadarko basin, how-
ever, is largely attributable to the development of
a second-stage foreland-style basin during Late
Mississippian through Permian time. Thermal
maturity trends of the Woodford Shale are primar-
ily related to differential burial of the formation
during this second stage of basin development.

Burial depths of the Woodford Shale in the
study area differ by more than 20,000 ft. The large
range of burial depths has produced a corre-
spondingly broad range of thermal maturities
(Cardott and Lambert, 1985). Vitrinite reflectance
(Ro) of the Woodford ranges from slightly less than
0.5% on the northeastern shelf to well over 2.0% in
the deep basin (Fig. 5).

Much of the Woodford in the area northeast of
the forebulge, where thickness is dominated by
the upper member, is immature to marginally
mature with respect to oil generation (Fig. 5).
Thermal maturity southwest of the forebulge,
where thickness is dominated by the lower and
middle members, ranges from mature to post-
mature with respect to oil generation (Fig. 5). Most
hydrocarbons sourced by the Woodford Shale
have therefore been generated by the lower and
middle members southwest of the forebulge.

With the onset of oil generation in an organic-
rich, low-porosity shale such as the Woodford,
nonconductive petroleum begins to replace con-
ductive pore water. As the process continues, for-
mation resistivity increases from the low levels
typical of water-saturated shales and can reach
hundreds of ohm-m if sufficient oil is generated.

The volatile-hydrocarbon component (S,) pres-
ent in a rock sample is one of the properties mea-
sured by Rock-Eval thermal analysis (Tissot and
Welte, 1984). In a low-permeability shale such as
the Woodford, initiation of oil generation is indi-
cated by a marked increase in S,, which reflects the
internal transformation of kerogen into petro-
leum. Crossplots of S, versus formation resistivity
indicate that the transition from low to high values
of S, for the Woodford Shale occurs at a resistivity
between 15 and 35 ochm-m (Schmoker and Hester,
1990). A resistivity 235 ohm-m is therefore good
evidence that oil generation has occurred in the
Woodford Shale. The 35 ohm-m resistivity contour
marks the updip limit of the region where the
Woodford Shale is thermally mature and oil satu-
rated.

Vitrinite reflectance of the Woodford Shale is
plotted against formation resistivity in Figure 6. In
accordance with the preceding discussion, data
points in the upper-left rectangle, which are char-
acterized by lower resistivity and lower thermal
maturity, are interpreted to represent thermally
immature shales. Data points in the lower-right

T. C. Hester and J. W. Schmoker

]
o LB T 1 ¥ rrrTrT T T T LEL L LI
[ < IMMATURE = T
2} J
w2k e °® E
(=3
S °L o e »— Ro = 0.56% ]
E S8 o '.. . 2 P
- . ° J
5 F Ro = o.57%l L] ° ]
B ® oo
m . [ -
4 b Pe [ -
|lln.n..' C L u
o - o0 . .0. ° -
=Y e 3
Z7] o® ® i
T
E b E
S F b E
35 OHM-M ——p .
- A ————e MATURE ——————— -
Q 0 L1l L - 1 1 1 111 L 1 1 ¢ 1165
5 10 100 1000+

FORMATION RESISTIVITY (OHM-M)

Figure 6. Vitrinite reflectance versus formation resis-
tivity for Woodford Shale (from Schmoker and
Hester, 1990).

rectangle, which are characterized by higher resis-
tivity and higher thermal maturity, are interpreted
to represent shales that are thermally mature and
have generated volumes of oil sufficient to replace
much of the pore water.

The horizontal boundary that separates the
rectangles of Figure 6 corresponds to the level of
thermal maturity at which resistivity increases
sharply as a result of oil generation. Oil generation
sufficient to increase resistivity to 235 ohm-m oc-
curs at R, = 0.56-0.57% in the Woodford Shale of
the study area (Fig. 6). The updip limit of signifi-
cant internal oil generation in the Woodford,
which is a factor in planning horizontal drilling
programs, can thus be mapped (Fig. 5).

SUMMARY

The Woodford Shale is thought to be a major
source of hydrocarbons in the Anadarko basin. With
the advent of horizontal drilling in low-permeabil-
ity, self-sourced formations, the Woodford could
prove to be important as a reservoir rock as well.

The Woodford Shale is often treated as a single
depositional unit. However, the review and syn-
thesis presented here emphasizes the point that
the Woodford Shale of the central and western
Anadarko basin was deposited in two depocenters
separated by a forebulge that was rising during
Woodford time. Furthermore, the Woodford Shale
of both depocenters is not vertically uniform but
can be subdivided into three members. Woodford
thermal-maturity trends are shaped by Mississip-
pian through Permian subsidence and are super-
imposed upon depositional patterns controlled by
evolution of the southern Oklahoma aulacogen.
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Depositionally and Diagenetically Controlled
Reservoir Heterogeneity at Jordan Field'

R. P. Major and Mark H. Holtz

Bureau of Economic Geology
The University of Texas at Austin
Austin, Texas

ABSTRACT.—The University Lands Jordan San Andres reservoir has produced 68 million stock-
tank bbl (MMSTB) of the 182 MMSTB of original oil in place; an estimated 44 MMSTB of mobile
oil remain in this reservoir. The reservoir is divided into four flow units on the basis of deposi-
tional textures and subsequent diagenetic overprint. The locus of highest production corre-
sponds to a trend of high reservoir-storage capacity in zone C, which has been affected by a per-
meability-increasing, carbonate-leaching diagenetic alteration. This locus crosscuts structure.
An area of low production corresponds to an area of highest reservoir-storage capacity in zone
B, which has not been affected by this diagenetic alteration. This low-production area is in an
updip position but has been inefficiently swept by the waterflood.

INTRODUCTION

Jordan field is located on the eastern margin of
the central basin platform in the Permian basin of
West Texas (Fig. 1), on the Ector/Crane county
line. The field is part of a five-field complex that
produces oil from a combined structural and
stratigraphic trap on the eastern flank of a broad,
asymmetric anticline (Major and others, 1988).
Discovered in 1937, Jordan field produces oil from
a Permian (Guadalupian) San Andres Formation
reservoir at a depth of ~3,500 ft. Following periph-
eral waterflooding in 1968, a program of infill drill-
ing, well deepening, and conversion of producing
wells to water-injection wells began in 1969. By
1971 the University Lands part of the field was on
amodified five-spot waterflood with a producing-
well spacing of ~20 acres per well (Fig. 2).

The two Jordan field units on University Lands
have produced 68 MMSTB of the 182 MMSTB of
original oil in place, and an estimated 44 MMSTB
of mobile oil remain in the University Lands part
of the reservoir (Tyler and others, 1990). This high
remaining-mobile-oil resource prompted a com-
bined geological and engineering study of the Jor-

IThis paper was invited for presentation at the Society
of Petroleum Engineers Annual Technical Conference
and Exhibition as a “Best of AAPG for SPE” paper and
was published in the Journal of Petroleum Technology
(1990, v. 2, no. 10, p. 1304-1309). It is copyrighted by
SPE and reprinted here with permission.

dan San Andres reservoir on University Lands to
develop strategies for recovering the oil.

RESERVOIR DESCRIPTION

Lithologic description of the San Andres reser-
voir at Jordan field is based on examination of
seven cores from within two University Lands
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Figure 1. Permian basin paleogeography and loca-
tion of Jordan field.
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Figure 2. San Andres structure map, University
Lands Jordan field. Cross section A=A’ shown in
Figure 7.

units, and is augmented by the study of two Jordan
field cores immediately west of the University
Lands boundary and 14 cores in the East Penwell
San Andres unit, which offsets Jordan field to the
north (Major and others, 1988,1990). The reservoir
is composed of thoroughly dolomitized carbonate
rocks cemented by sulfates.

Depositional Facies

The San Andres Formation at Jordan field is
composed of an approximately 400-ft-thick up-
ward-shoaling sequence of rocks deposited as
shallow-water ramp sediments (Major and others,
1988). For this discussion, the description of depo-
sitional facies is divided into two parts: rocks de-
posited as tidal-flat sediments, and rocks depos-
ited as open-marine sediments.

Tidal-Flat Depositional Facies

Tidal-flat facies are pisolite packstone and mud-
stone. Pisolite packstone is composed of sym-
metrical and asymmetrical pisolites generally 0.2
4 mm in diameter with fine-grained muddy ma-
trix. Pisolites commonly have a fitted fabric. This
facies is characterized by abundant caliche, fenes-
trae, and desiccation and sheet cracks. Locally the
pisolite packstone facies contains karst collapse
breccias generally <3 ft thick. This facies is gener-
ally nonporous, but locally is both porous and per-
meable. The presence of caliche, collapse breccia,
and desiccation features indicates periodic sub-
aerial exposure, and the pisolite packstone facies
is interpreted as having been deposited in an in-
tertidal or supratidal environment.

Mudstone is composed of cream-colored, gen-
erally massive dolomite, although some mudstone
is faintly laminated. Stromatolitic laminae are
present but rare. Mudstone is composed of dolo-
mite crystals generally smaller than 0.02 mm but
lacks fossils, suggesting it was deposited in a
hypersaline environment in which stromatolites
could survive but marine invertebrates were ex-
cluded. The absence of fossils and the close asso-
ciation with the pisolite packstone facies suggest
deposition in hypersaline ponds on a tidal flat iso-
lated from, and probably landward of, the open-
marine depositional environment.

Tidal-flat facies are interbedded with three in-
tervals of siliciclastic silt that may be correlated re-
gionally with gamma-ray logs. Tidal-flat facies are
separated from subjacent open-marine facies by
an interval of greenish-gray organic-rich shale that

" may be correlated throughout Jordan field using

gamma-ray logs.
Open-Marine Depositional Facies

Subtidal facies are pellet packstone/grainstone
and bioherms composed of bryozoans, algae, and
corals, with flanking skeletal grainstone. The pellet
packstone/grainstone facies is composed of vari-
able amounts of muddy matrix and spherical to
ovoid fecal pellets, approximately 0.2-0.5 mm in
diameter. Fossils of open-marine invertebrates,
especially fusulinids, are common. Burrow sttuc-
tures are rare, and few laminations exist because
of bioturbation. Fecal pellets were deposited as
soft carbonate mud and vary greatly in degree of
preservation. The thorough bioturbation and pres-
ence of abundant fossils of open-marine inverte-
brates indicate that this sediment was deposited in
a shallow subtidal setting as pelleted mud, in an
environment similar to Holocene carbonate shelf
and ramp settings.

Bryozoan, algal, and coral bioherms occur
locally and discontinuously in the lower part of
the open-marine section. Crinoid fragments are a
common accessory grain in this facies. Bioherms,
which are generally nonporous, contain abundant
internal muddy sediment, and geopetal structures
are common. Skeletal grainstone, composed prin-
cipally of bryozoan and crinoid fragments, and
(less abundantly) fusulinid and mollusk frag-
ments, is closely associated with bioherms. The
presence of abundant fossils of open-marine or-
ganisms, lack of desiccation features, and strati-
graphic proximity to pellet packstone/grainstone
indicate that bioherms and skeletal grainstone
were deposited in a subtidal environment.

Diagenetic Effects

Tidal-flat pisolite packstone is generally non-
porous because fenestrae and sheet cracks are ce-
mented with sulfates. Locally, sulfate cementation
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was either incomplete or did not occur; more
likely, sulfate cements were leached. Where little
or no cement occurs in pisolite packstone, this
facies is porous and permeable, in some locations
with porosities as high as 15% and permeabilities
as high as 1,000 md. The volumetrically dominant
pore type is fenestral. This diagenetically con-
trolled porous texture is important because, where
porous, the pisolite packstone facies is part of the
reservoir, and, where nonporous, it is part of the
reservoir seal (Fig. 3A).

Open-marine facies have been partly to com-
pletely altered by a postburial leaching. The “dia-
genetically altered” dolomite can be identified on

slabbed core surfaces as tan- to brown-colored
dolomite that contrasts with the dark-gray color of
unaltered dolomite. Altered dolomite in some
cases mimics the geometry of burrows, whereas in
other cases it forms aureoles around stylolites,
suggesting that the fluids causing this alteration
preferentially flowed along stylolites and that dia-
genetic alteration was a postburial, postcompac-
tion event.

The diagenetically altered dolomite is more
permeable than the unaltered dolomite, as indi-
cated by the mini-permeameter (Eijpe and Weber,
1971; Chandler and others, 1988) data plotted in
Figure 4. Large parts of the reservoir contain both

Figure 3. Photomicrographs illustrating the two major pore types in the San Andres Res-
ervoir at Jordan field. A—Fenestral (vugular) porosity (P) in the tidal-flat facies. Locally
these pores are plugged with sulfate cement, but where cementation is incomplete this
facies is part of the reservoir. B—Interparticle porosity in the open-marine facies.
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altered and unaltered dolomite textures so closely
associated that sampling for conventional whole-
core or core-plug permeability analysis is difficult.
Sampling for permeability measurements made
by the operator prior to our study did not separate
these two rock types. Thus, the order-of-magni-
tude difference in permeability between the two
rock types (Fig. 4) is commonly below the resolu-
tion of conventional permeability analyses.

40

O Unaltered (n = 95)
Il Altered (n = 176)

30

Frequency
3
1

10

oL

05 1.0 5.0 10 50
Permeability (md) QA13805¢
Figure 4. Permeability histograms for diagenetically
unaltered and diagenetically altered pellet packstone/
grainstone. Data from East Penwell San Andres unit
wells 207 and 1914.
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Diagenetically altered dolomite of higher per-
meability is characterized by hollow and corroded
dolomite rhombs, indicating that the alteration
was a carbonate-leaching process. Diagenetically
altered dolomite is commonly closely associated
with anhydrite nodules rimmed by gypsum; thin-
section point-count data confirm the association
of diagenetically altered (leached) dolomite and
gypsum. Some samples of diagenetically altered
rock contain as much as 20% gypsum. One can
infer from this relationship that the fluids causing
the leaching of dolomite also altered some of the
anhydrite nodules and cements to gypsum.

Calibration of Logs and Cores

Acoustic-, neutron-, and density-porosity logs
are available for Jordan field. The presence of
abundant gypsum in the reservoir, however, pre-
cludes the use of neutron and density logs for po-
rosity measurements. The bound water of hydra-
tion within gypsum crystals is recorded as porosity
by neutron logs, and the relatively low density of
gypsum (2.35, compared with 2.87 for dolomite
and 2.95 for anhydrite) causes density logs to re-
cord erroneously high porosities (Tilly and others,
1982; Bebout and others, 1987). Simultaneous
equations solved with data from all three porosity
logs yielded a poor correlation between bulk vol-
ume mineralogy and mineralogy determined from
point-count analysis. Alternatively, acoustic tran-
sit time was calibrated to core porosity, which pro-
vides a relationship that was used to measure po-
rosity with acoustic logs in wells that were not
cored. Critical considerations when using core
porosity in gypsum-bearing formations are: (1) the
methods of cleaning the cores before porosity
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Figure 5. Cross plots of acoustic transit time versus core porosity (3-ft running averages) for (A) high-
temperature core analyses and (B) low-temperature core analyses.
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analysis, and (2) the method of porosity measure-
ment. Specifically, high-temperature cleaning
processes will dehydrate gypsum crystals and cre-
ate porosity, and measurements made by the
summation-of-fluids method will calculate the
water of hydration in gypsum crystals as porosity.
All available cores from Jordan field units were
subjected to high-temperature core analysis proc-
esses and, as illustrated by the example in Fig-
ure 5A, cross plots of high-temperature core po-
rosity and acoustic transit time do not yield a
statistically significant linear relationship. (Core
porosity values used in Figure 5 are 3-ft running
averages, so that these data represent approxi-
mately the same volume of rock as the data mea-
sured by acoustic logs.) Four cores from wells that
offset Jordan field were analyzed using low-tem-
perature, nondestructive techniques. The cross
plot of these porosity data with acoustic transit
time yields alinear relationship with a correlation
coefficient (K) of 0.90 (Fig. 5B). Similar compari-
sons of core porosity with neutron- and density-
log porosities and multiple-log cross-plot porosi-
ties did not yield as good a relationship. Thus, the
most reliable porosity tool is the acoustic log, and
porosity was calculated from acoustic transit time
using the formula:

¢ = —41.159 + 1.006 At 1)

(For explanation of symbols, see Nomenclature section
below.)

Some of the data illustrated in Figure 5B are
from the pisolite packstone facies. The pores in
this facies are large fenestrae and sheet cracks; i.e.,
this facies is characterized by vuggy porosity, in
contrast to the dominantly interparticle porosity
in open-marine facies (Fig. 3). The relationship of
acoustic transit time to true rock porosity com-
monly varies greatly between rocks containing
vuggy porosity and rocks containing interparticle
porosity (Lucia, 1983; Lucia and Conti, 1987).
Thus, an g priorireason exists to suppose that the
acoustic transit time of pisolite packstone is differ-
ent from that of open-marine facies. This is not
true, however, and the relationship between low-
temperature core porosity and acoustic transit
time is valid for both tidal-flat and open-marine
facies rocks (Fig. 5B). This suggests that when
fenestral porosity is sufficiently interconnected,
the rock has high permeability, and the acoustic-
log response to this porosity type is similar to the
response to interparticle porosity.

Because responses of neutron and acoustic logs
to gypsum-bearing rocks differ, these two logs can
be used to identify these diagenetically altered
rock textures in wells that are not cored. As indi-
cated previously, the high-permeability diageneti-
cally altered rock is associated with higher gypsum
content than is unaltered rock. Thus, altered reser-
voir rock containing abundant gypsum may be
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Figure 6. Calibration of acoustic-log porosity, neu-
tron-log porosity, and percentage of diagenetically
altered facies observed in core. Zones in which neu-
tron porosity exceeds acoustic porosity are stippled
(note that porosity is scaled with higher values to-
ward the right).

identified on wire-line logs where dolomitic neu-
tron-log porosity exceeds acoustic porosity nor-
malized to a dolomite matrix. The relationship of
acoustic-log porosity, neutron-log porosity, and
percentage of altered texture observed in slabbed
core (Fig. 6) demonstrates the use of wire-line logs
to identify the diagenetically altered facies.

FLOW UNITS

We divided the Jordan field San Andres reser-
voir into four flow units (sensu Ebanks, 1987) on
the basis of both depositional facies and diage-
netic effects. Open-marine rocks are divided into
three flow units defined by the stratigraphic pat-
terns of diagenetically altered facies as identified
using wire-line logs (Fig. 7). Zone A is 100%, or
nearly 100%, altered-texture rock, and is identified
on logs by a neutron-log/acoustic-log porosity
curve separation. Zone B is composed of diage-
netically unaltered rock identified by a normalized
neutron log that is in good agreement with a nor-
malized acoustic log. Zone C is composed of a
mottled mixture of diagenetically altered and un-
altered rock, and is characterized by a normalized
neutron-log/normalized acoustic-log separation.

Zone D is composed of tidal-flat rocks that oc-
cur above the organic-rich shale identified with a
gamma-ray marker (labeled ORS on Fig. 7). This
marker can be correlated across the field. Porosity
in the section occurs in pisolite packstone in
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Figure 7. Log cross section illustrating the four flow units. Location of cross section shown in Figure 2.

which fenestrae and sheet cracks are not plugged
with sulfate cements. Porous pisolite packstone of
the tidal-flat section constitutes zone D, the fourth
flow unit.

Reservoir storage capacity (¢/) maps were con-
structed for three flow units (Figs. 8-10) using the
acoustic transit time/ porosity relationship devel-
oped for low-temperature core data (Fig. 5B). A
porosity cutoff of 5% was used to construct these
maps. A reservoir storage-capacity map was not
constructed for zone A, because no wellbores pen-
etrate the base of this zone and because few wells
reached the depth of this zone before well deepen-
ing and infill drilling in the early 1970s, immedi-
ately before waterflood began. Before waterflood-
ing, most wells were open-hole completions.

Zone B ¢h map (Fig. 8) indicates relatively low
reservoir-storage capacity in this zone in the
downdip northern and eastern parts of the field,
and relatively high storage capacity in the south-
western updip part of the field. The updip central-
western boundary and the downdip southeastern
corner of the field are areas where zone B is absent
and zones A and C cannot be differentiated.

Zone C ¢h map (Fig. 9) illustrates a trend of
relatively high reservoir-storage capacity extend-
ing from the updip central-western boundary of
the field to the downdip southeastern corner. A
zero ¢h contour separates this trend from the
downdip northeastern corner and the updip
southwestern corner of the field.

The area of highest storage capacity in zone D
(Fig. 10) occurs in the downdip eastern part of the
field.

PRODUCTION PATTERNS

The patterns of reservoir storage capacity illus-
trated by the ¢k maps can be compared with maps
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Figure 8. Zone B ¢h map.
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Figure 9. Zone C ¢h map.

of production at various times during the reser-
voir’s life. Per-well production data are available
only for the postwaterflood time period (1969 to
the present). Production data before 1969 are
available on a per-lease basis (the two Jordan field
units on University Lands were composed of sev-
eral separate leases during different time periods).
Individual wells within each lease were periodi-
cally flow-tested, and these test data were used to
apportion lease production to each well within the
lease according to the relationship:
9y X N pl

pr - ) a, (2)
These data were added to the postwaterflood data
to reconstruct the per-well production history for
the reservoir.

The University Lands Jordan field contains
wells that have produced oil for more than
40 years and wells that have been on production
for less than five years, and the spacing of these
wells is irregular. To minimize this “cultural ef-
fect,” production values were averaged over time
and normalized to a 40-acre grid. The cumulative
production (or production for a specified time pe-
riod) for each well was divided by the number of
years that the well has been on production, yield-
ing an average cumulative production expressed
as stock-tank barrels per year. The drainage area of
each well was approximated within arbitrarily de-
fined 40-acre square cells. The fraction of well
drainage areas within each cell was used to appor-
tion the time-averaged production. Thus, a single
data point for each 40-acre cell expresses pro-
duction in units of stock-tank barrels per year per
acre.
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Figure 10. Zone D ¢h map.
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Figure 11. Map of average cumulative production
through 1988 in stock tank barrels per year per acre
(STB/yr/ac).

The map of averaged cumulative production
through 1988 (Fig. 11) exhibits a trend of high pro-
duction extending from the updip central-western
margin of the University Lands Jordan field to the
downdip southeastern corner. The updip south-
western corner of the field is an area of low pro-

‘duction. Postwaterflood production (1969-88,

Fig. 12) has a similar pattern. Prewaterflood pro-
duction (Fig. 13) has this pattern, and in addition
contains an area of high production in the down-
dip eastern part of the field.
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Figure 12. Map of postwaterflood (1969-88) average
production.
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DISCUSSION

Comparisons of the ¢h maps (Figs. 8-10) with
the cumulative-production maps (Figs. 11-13) in-
dicate some correlations. Note when comparing
these maps that the ¢4 data points are limited to
those wells for which acoustic logs are available. In
contrast, the cumulative-production map data
points are averaged production normalized on a
40-acre grid. Thus, the data control for these two
types of illustrations is different. Note also that the
similarities of the patterns in the cumulative pro-
duction, postwaterflood production, and pre-
waterflood production maps indicate that the
waterflood did not greatly alter the loci of high and
low production in the field.

The northwest/southeast trend of high reser-
voir-storage capacity in zone C (Fig. 9) crosscuts
structure and correlates well with the high produc-
tion trend (Figs. 11-13), indicating that this dia-
genetically altered, high-permeability zone is the
main source of oil for both prewaterflood and
postwaterflood production. The updip southwest-
ern area of high reservoir-storage capacity in zone
B (Fig. 8) corresponds to an area of low cumulative
production (Figs. 11-13), indicating that this dia-
genetically unaltered, relatively low-permeability
zone was not a large contributor to prewaterflood
production and has been inefficiently swept by the
waterflood. The downdip eastern area of high res-
ervoir storage capacity in zone D (Fig. 10) corre-
lates with an area of high prewaterflood produc-
tion (Fig. 13), indicating that zone D was most pro-
ductive early in the history of this reservoir.
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Figure 13. Map of prewaterflood (pre-1969) produc-
tion.

QAI4i31

CONCLUSIONS

1. The University Lands Jordan field San
Andres reservoir is composed of a 400-ft-thick se-
quence of upward-shoaling, shallow-water car-
bonate facies now thoroughly dolomitized and
cemented with sulfates.

2. A postcompaction, postburial diagenetic al-
teration has leached carbonate and partly altered
anhydrite to gypsum in the reservoir. This dia-
genetic alteration, which affected only some parts
of the reservoir, increased permeability.

3. The locus of highest oil production is from a
zone affected by this permeability-increasing dia-
genetic alteration.

4. A zone that was not diagenetically alteredisa
zone of relatively low oil production that has been
inefficiently swept by the waterflood. Selective
wellbore plugging and perforation squeezing may
focus injection water into zone B, thus contacting
bypassed oil that would otherwise remain in the
reservoir.

NOMENCILATURE

= Number of data points
= Acoustic transit time in psec/ft
= Porosity
= Thickness
s = Cumulative production of lease in bbl
The summation of
Correlation coefficient
s = Cumulative production of well in bbl

ZRMZ > D
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q: = Rate of production on well test for all wells
in the lease in bbl/d
g = Rate of production on well test in bbl/d
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Diagenesis, Continuity, and Reservoir Character of
Grainstone Lenses: Lansing—Kansas City “I” and “}” Zones,
Pen Field, Graham County, Kansas'

Roderick A. Phares and Anthony W. Walton

University of Kansas
Lawrence, Kansas

ABSTRACT.—The Pen field produces from five zones in the Lansing-Kansas City inter-
val, chiefly the Alpha grainstone of the “J” zone and grainstones of the “I” zone. The “J”
zone Alpha grainstone forms a lens as much as 6 ft thick that is nearly coextensive with
productive wells in the field. Pressure data show that most of the wells completed in the
Alpha grainstone are in close pressure communication and intersect the same reservoir
compartment. Only the southernmost two wells are rendered noncommercial by a per-
vasive early marine cement that reduced permeability; molds of allochems are the only
pores.

Grainstones of the “I” zone form three smaller, thinner lenses within the field, two of
which are productive. Diagenesis has divided one of them into two separate compart-
ments. Other production is from other grainstone lenses and mud-rich carbonates with
moldic porosity.

Eleven cores provide extensive data on lithology, diagenesis, porosity, and permeabil-
ity. Neutron and density logs give porosity measurements for rocks that contain varying
proportions of limestone and dolomite. Induction logs indicate water saturation. Well-
by-well monthly production data form a basis for history matching and modeling of pro-
duction. In the geological description, porosity determined from well-log measurements
was interpolated between wells and modified using geological insight. Values of perme-
ability and water saturation were calculated for each grid block from their empirical re-

lationships to porosity.

INTRODUCTION

The Pen field was discovered in May 1985, with
completion of the PanCanadian Petroleum Co.’s
Pennington no. 1 well in SW%NEY% sec. 17, T.6S.,
R. 22 W., in Graham County, Kansas (Fig. 1). Dur-
ing the next three years, 17 productive wells and
eight dry holes delineated the field and proved out
~680 productive acres (Fig. 2). Most of the oil
(75%) comes from grainstones in the “I” and “J”

zones of the Lansing-Kansas City interval, as de- -

fined by Morgan (1952), but the “D”, “K”, and “L”
zones, and non-grainstone intervals in the “J”

1This manuscript was also published in the Proceed-
ings of the Ninth Tertiary Oil Recovery Conference,
Tertiary Oil Recovery Project, University of Kansas,
1991, Contribution 11, p. 57-69.

zone also contribute. The field produced 530,000
bbl of oil through June 1990.

Eleven cores, good-quality logs, numerous drill-
stem tests, and well-by-well monthly production
records provide a better data base for understand-
ing this oil field than is available for most Lansing-
Kansas City oil fields in Kansas. The Tertiary Oil
Recovery Project (TORP) of the University of Kan-
sas undertook study of the Pen field as an example
of reservoir management in a Lansing-Kansas City
oil field. This paper reports on the first phase of
that project, a geological reservoir characteriza-
tion.

Itis hoped that the second phase will produce
models that reproduce production history of the
field quantitatively and predict its performance
under waterflood. Successful completion of the
project will provide a well-described example of a

Phares, R. A.; and Walton, A. W., 1993, Diagenesis, continuity, and reservoir character of grainstone lenses: Lan-
sing—Kansas City “I” and “J” zones, Pen field, Graham County, Kansas, inJohnson, K. S.; and Campbell, J. A.
(eds.), Petroleum-reservoir geology in the southern Midcontinent, 1991 symposium: Oklahoma Geological

Survey Circular 95, p. 91-103.
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Figure 1. Location of the Pen field in Graham County, Kansas, in the saddle area between the Central Kansas
uplift and the Cambridge arch.
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Figure 3. “I” and “J” zones of the Lansing-Kansas City interval of the Pen field.
About 75% of the original oil in place in the Pen field was in these two units.

Lansing—Kansas City oil field and an indication of
the kind of results that can be obtained with abun-
dant high-quality data.

LANSING-KANSAS CITY
OF THE PEN FIELD

The Pen field lies in the saddle between the
Central Kansas uplift and the Cambridge arch of
Nebraska and northern Kansas (Fig. 1). On the
flanks and crest of these post-Mississippian struc-
tural features, Morrowan, Atokan, Desmoinesian,
and Missourian rocks successively onlap an un-
conformity cut into Mississippian, lower Paleo-
zoic, and Precambrian rocks.

The Lansing-Kansas City interval (Missourian,
Upper Pennsylvanian) of central and western Kan-
sas consists primarily of limestone and shale inter-
bedded at a scale of <1 to <10 m. In the subsurface
of central and western Kansas, oil-patch usage
combines the formally defined Kansas City and
Lansing Groups of eastern Kansas into one unit,
because, in the subsurface, no thick shale bed
separates the two groups as it does at the outcrop
in eastern Kansas. The Lansing-Kansas City inter-
val of central and western Kansas is divided into a
series of informal zones with letter designations
(Morgan, 1952). Correlation of these zones with
the named formations and members of the east-
ern Kansas outcrops (Zeller, 1968) is not firmly es-
tablished.

Alternating limestones and shales of the Mis-

sourian are commonly described as cyclothems,
which are cyclic repetitions of lithologic units rep-
resenting changes in environment of deposition
(Moore, 1936,1949). Heckel (1977) proposed that
these lithologic units developed as sea level rose
and fell in response to advance and retreat of con-
tinental ice sheets in the southern hemisphere.

The “J” Zone

The “J” zone in the Pen field consists of two
limestone beds (lower and upper carbonate units)
and two mudrock beds (lower and upper shale
units; Fig. 3), all of which are continuous across
the field. Production in the Pen field is primarily
from a grainstone facies of the upper or Alpha unit
of the upper carbonate, where remaining interpar-
ticle porosity is augmented by molds and a few
vugs. Minor production comes from molds and
vugs in the cap unit at the top of the “J” zone upper
carbonate and from grainstones and wackestones
in the lower part (Beta interval) of the upper car-
bonate, where porosity is either interparticle or
moldic.

In carbonate units of the “J” zone, peloids, whole
or fragmented fossils of normal-marine organ-
isms, coated grains, and intraclasts are present as
allochems. Only in the Alpha grainstone do oolites
predominate. Pressure-solution features, includ-
ing stylolites, microstylolites, microstylolite
swarms, and clay seams, are common, but more
so0 in the micrite-rich lithologies, where they are 5-
10 cm apart in all cores. Carbonate beds range
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from light-brown or light-gray to cream, light-
green, or medium-brown.

Lower Carbonate and Lower Shale

The lower carbonate of the “J” zone is 1828 cm
of packstone and grainstone intermixed at the
centimeter scale. It is medium-brown to medium-
gray and contains Osagia-coated grains in addi-
tion to the allochems present throughout the “J”
zone. Where present, matrix consists of slightly
argillaceous micrite with quartz silt and clays. The
lower shale is generally 2.5-5.1 cm thick, but
reaches 15 cm in one well. It is dark-green to dark-
gray, slightly calcareous mudshale or mudstone.
In places, it contains a few articulate brachiopods.

Upper Carbonate

The upper carbonate is 2.7-4.1 m thick and is
subdivided into the Beta (lower) and Alpha sub-
units and a capping subunit (Fig. 3). In detail, the
Beta subunit consists of a matrix-rich carbonate
and an overlying intermixed grainstone and pack-
stone. The Alpha subunit includes interbedded
matrix-rich carbonate and grainstone. Contacts
between all of these subunits are conformable.

Beta Interval —The Beta mud-rich carbonate of
the upper carbonate bed of the “J” zone is 0.6-1.8
m of wackestone, packstone, mottled wackestone-
packstone, and grainstone (in only one well). A few
phosphate-bearing allochems are present and are
probably the cause of the prominent gamma-ray
kick associated with the Beta mud-rich carbonate.
A bed of grainstone and packstone 13-36 cm thick
conformably overlies the Beta mud-rich carbon-
ate. Light-brown to medium-brown grainstone is
predominant in this interval, but matrix is errati-
cally distributed in geopetal accumulations and
pore fillings in many rocks. Small amounts of pro-
duction are obtained from rocks of the Beta inter-
val in two wells in the Pen field.

Alpha Carbonate.—The Alpha carbonate over-
lies the Beta carbonate and consists of two beds;
the Alpha mud-rich facies and the Alpha grain-
stone facies (Fig. 3). The Alpha mud-rich carbon-
ate is 15-56 cm thick. It consists of wackestone
with intermixed wackestone and lime mudstone,
and in a few places, packstone. The Alpha grain-
stone is the most productive interval in the Pen
field. It is 0-1.8 m thick and consists of oolitic
grainstone in the southwestern part of the field,
whereas in the northeastern part, skeletal or pel-
oidal grainstone in the lower one-third is overlain
by grainstones in which oolites are a principal if
not predominant allochem.

Capping Facies.—The uppermost unit of the
upper carbonate of the “J” zone is called the cap or
capping unit. It is present in almost every well in
the area, contains a variety of lithologies, and is as
much as 0.6 m thick in the Pen field.

Upper “T” Shale

The uppermost unit of the “J” interval is varie-
gated, calcareous, silty shale that is 0.6-2.7 m
thick. This unit contains blackened clasts of
limestone, but no fossils. Generally, it has a basal
medium-green bed that averages 0.3 m, but is as
much as 0.9 m thick, a thicker brick-red to maroon
middle bed, and an upper green bed that is <0.3 m
thick and commonly absent. In some places, con-
tacts between these beds are mottled, and mot-
tling is present within both the green and red parts
of the shale unit.

Deposition of the “]” Zone

Limestones of the “J” zone accumulated on a
shallow-marine shelf in generally oxygenated
water. Micrite-rich lithologies accumulated in
less-agitated water than grainstones, especially
the oolitic Alpha grainstone. Microkarst, root
molds, rhizoliths, and autoclastic breccia in the
cap unit indicate subaerial exposure after accu-
mulation of the Alpha grainstone but before depo-
sition of the upper shale of the “J” zone.

The “J” zone superficially resembles the ideal
cyclothem (Table 1; Heckel, 1977,1985): a thin
limestone (at the base), a thin shale, a thicker lime-
stone, with an exposure surface, and then a shale
(at the top) separating the “J” zone from the basal
transgressive limestone of overlying “1” zone.
However, the “J” zone differs from the ideal cyclo-
them in detail: abundant Osagia-coated grains in
the upper part of the lower carbonate indicate
clear, shallow water, not the increasing turbidity
and depth of water expected during formation of
transgressive limestones in cyclothems (Watney,
1980; Heckel, 1983). The “J” lower shale in the Pen
field is not the black, phosphatic shale found in
many cyclothems, but a dark-green to dark-gray
silty shale with brachiopods, apparently a normal-
marine shale that may have formed in shallow
water.

The “I” Zone

The “I” zone is thinner than the “J” zone, rang-
ing from 2.4 to 4.1 m thick, and contains only a
carbonate unit and an overlying shale. The car-
bonate unit ranges from 0.8 to 2.4 m thick and is
cream, light-gray, or light- to medium-brown. It
contains a suite of allochems like that in the “J”
zone, but with a greater abundance of Osagia-
coated grains-and coated grains. The lithology var-
ies from place to place, but generally the lower
partis coarser than the upper. The “I” carbonate is
normally a muddy lithology—either a carbonate
mudstone or wackestone. Patches of grainstone
do occur in the lower part, and, rarely, mixed
wackestone-packstone is present in the upper
part, It ranges from carbonate mudstone to grain-
stone at the base. Rarely a mixed wackestone-
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TaBLE 1. — BEDS IN THE IDEAL CYCLOTHEM

(after Heckel, 1977,1985)

Interpretation

Unit name Description
4. Outside Shale, gray or variegated, with siltstone or
shale sandstone units or clay. Replaces the top

3. Regressive
limestone

2. Core shale

of the regressive limestone or lies between
the regressive limestone and the base of
the overlying transgressive limestone of
the next cycle. Thickness variable.

Normal marine limestone, lime mudstone,
commonly overlain by packstones, grain-
stones, or phyloid algal mound rocks, and
then by laminated or fine-grained stromat-
olitic limestone. Forms the major limestone
bed of the cyclothem. Up to 5 m thick com-
monly and may reach a few tens of meters
where algal banks are developed.

Black, fissile, phosphatic shale with a high
content of uranium that makes it show clearly
on a gamma-ray log. Core shales may also be

Marine or continental deposits that
accumulated where fluvial or deltaic
systems contributed sediment or
where paleosols formed during ex-
posure between regression and the
subsequent transgression.

Normal marine limestone deposited
while sea level is steady or falling.
Lithology indicates gradation from
lower to higher energy then to sub-
aerial exposure during deposition.
Upper part may be cut out by out-
side shales.

Deposited in deeper water than
transgressive limestones, perhaps
at extreme of transgression or

dark-gray, nonfissile, nonphosphatic shales

while sea level rose.

or simply gray marine shale. Generally <1 m

thick.

1. Transgressive
limestone

Packstone, wackestone, or lime mudstone,
normal marine fossils. Generally <1 m thick.

Normal shelf carbonate deposited
during rising sea level. Transgres-
sive lag in part.

packstone occurs at the top. “I” zone grainstone is
the second-most productive reservoir in the Pen
field.

The upper part of the “I” carbonate is an auto-
clastic breccia with shale filling the fissures. It
grades into the lower part of the “I” shale, which
contains angular carbonate clasts in a shale ma-
trix. The “I” shale unit is 1.5-2.3 m thick, consists
of red or green shale, and contains a few carbon-
ized plant fragments.

The top of the “I” carbonate unit exhibits nu-
merous features that indicate subaerial exposure:
autoclastic breccia, microkarst, circumgranular
cracks, alveolar structures, glaebules, root molds,
and rhizocretions. The middle portion of the “I”
shale unit also contains an alteration horizon with
evidence of subaerial exposure, namely root traces
and calcrete nodules. These two alteration zones
apparently represent separate paleosol horizons
because they are separated by several feet of unal-
tered shale.

DIAGENESIS AND POROSITY
HISTORY IN GRAINSTONES

Diagenesis of the rocks of the Pen field took
place (1) shortly after deposition, in marine, brack-
ish, and fresh waters as sea-level fluctuations
changed environmental conditions drastically and

(2) during and after burial (Fig. 4). Diagenesis in the
period shortly after deposition led to dissolution of
allochems, cementation, recrystallization of fabric
elements, and paleosol formation. These proc-
esses affected each major bed of limestone (“I”,
“J* etc.), after its own deposition and before depo-
sition of the next unit, so that results of diagenesis
differ somewhat from bed to bed. Diagenesis dur-
ing and after burial led to fracturing, cementation,
and dissolution. These processes affected the en-
tire sequence at the same time, so that the effects
are generally the same in all beds, although the
extent of their results may differ from bed to bed.
Diagenesis is described completely in Phares
(1991).

Cementation During Exposure

The earliest cements differ from bed to bed, but
formed in marine or mixing-zone environments.
The cements are generally isopachous and occur
in either primary pores or in molds formed by dis-
solution of allochems. Marine cements are iso-
pachous but fibrous and cloudy, suggesting they
replaced earlier aragonitic or Mg-calcite cement.
Mixing-zone cement is indicated by the presence
of one-phase, all-liquid brackish fluid inclusions
(Phares, 1991). This phase of cementation post-
dates significant dissolution of allochems and may
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PARAGENESIS OF PRE- AND SYN-EXPOSURE DIAGENESIS, "I' AND "J" ZONES,
PEN FIELD, GRAHAM COUNTY, KANSAS
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layer. While the “J” and “I’ zones underwent similar
effects, they underwent them successively, as each
layer was first deposited, then exposed to subaerial
weathering. B—Diagenesis during burial phase.
Both units experienced roughly the same effects at
the same time.

have formed during a period of exposure before
the next cycle of deposition.

One of these early cements in particular, re- .

ferred to as cement J1, a nonferroan, isopachous,
cloudy, finely bladed marine calcite, partially to
completely occludes pores in the “J” Alpha grain-
stone. In some areas (see section on “Decline of
Pressures with Time”), this cement has rendered
the Alpha grainstone impermeable; it is the only
cement that demonstrably converts this grain-
stone to nonreservoir rock. Most interparticle
pores remained open at the end of this initial
phase of diagenesis. :
The upper part of the “J” and “I” zones both
display convincing evidence of exposure and soil-
forming processes. At the macroscopic level, the

QUARTZ CEMENT AND REPLACEMENT s

PYRITE REPLACEMENT = e =m =w == =

SOLUTION SEAMS S ED ey e e e e e oo

e

RELATIVE TIME

upper part of each zone displays autoclastic brec-
ciation, infiltration of clay-sized material similar to
that in the overlying shale, fissures (planar cracks
0.5-4 cm wide), pipes (cylindrical, vertical struc-
tures 1-3 cm in diameter), root molds, and rhizo-
cretions. Microscopically, one can observe cir-
cumgranular cracks, alveolar structures, glaeb-
ules, skeletal molds, oomolds, vugs, meniscus do-
lomite cement and scattered dolomite crystals in
paleosol fissures, tangential needle-fiber cement,
and infiltrated quartz silt.

Exposure of carbonate beds created paleosols.
These effects are most pronounced at the top of
grainstones or overlying them, forming the cap-
ping layers with drastically different reservoir
properties than the underlying grainstones. Gen-
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erally, paleosols are nonporous, impermeable,
and not saturated with oil; they form part of the
seal. The effects of paleosol formation were greater
in the “I” zone than in the “]” zone; “I” zone effects
reach through the entire “1” zone to the top of the
“J” upper shale in one core. However, in a few areas
most primary pores in the grainstones and second-
ary pores in cap-facies rocks remained open after
exposure. In a few wells, the cap of the “J” upper
carbonate has oil in vugs and molds and may con-
tribute a minor amount to production.

Post-Exposure Diagenesis

After exposure and subsequent burial, diage-
netic events took place that were either parochial
to one layer or widespread through the vertical
section. These include several generations of cal-
cite cement, separated by fracturing events and
differing in their concentration of iron, as well as
precipitation of highly ferroan dolomite, quartz,
and pyrite. The last event was formation of numer-
ous stylolites, microstylolite swarms, and clay
seams. The cements, fractures, and pressure-solu-
tion features seem to have left many primary and
secondary pores open and have had little effect on
reservoir quality.

PRODUCTION FROM THE PEN FIELD

Optimizing oil production requires knowledge
of the degree and type of heterogeneity in the res-
ervoir. Reservoirs may be subdivided into com-
partments that each must be intersected by a well,
or, for waterflooding, must contain both an inject-
ing and a producing well. Conversely, reservoirs
may have fractures or permeability streaks that
drain quickly or channel injected fluids into only a
fraction of the rock. At the other extreme, reser-
voirs can be homogeneous. In any case, the extent
of the interconnected porosity should be estab-
lished as soon as possible in the history of produc-
tion.

In the Alpha grainstone of the “J” zone, which is
the most productive zone of the Pen field, the
pores are primary and production is roughly coex-
tensive with grainstone development, although
early diagenesis has rendered some of the grain-
stone nonproductive. Depositional effects and
diagenetic modification of porosity have made the
“I” zone reservoir discontinuous and heteroge-
neous.

Decline of Pressures with Time

Drill-stem tests sampling the “J” alpha grain-
stone interval were run on most of the wells in the
Pen field. With two exceptions, the tests show a
marked pattern: points on a plot of reservoir pres-
sure vs. cumulative production as of the date of
the test define two lines (Fig. 5). The first four tests
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Figure 5. Decline of reservoir pressure with produc-
tion, as determined by drill-stem tests of the “J” Alpha
grainstone. Most of the productive wells show an
orderly pattern with a sharp early decline converting
to a slower decline at a pressure of ~285 PSl and
after production of only ~63,000 bbl of oil. The two
outlying wells (Rogers no. 1 and no. 2) are in more
cemented portions of the “J” Alpha grainstone.

400

show a rapid, and nearly linear, decline from an
initial pressure of 1,342 psi. Four of the subse-
quent tests show a slower, but still linear, decline.
These linear trends intersect at a value of ~285 psi
and only 63,000 bbl of production. The first linear
trend is interpreted as representing fluid-expan-
sion drive, the second one as solution-gas drive,
which began when the bubble point of ~285 psi
was reached. The second trend extends to produc-
tion of 400,000 bbls. The tests show a high degree
of communication throughout the grainstone in-
terval, so that fluid withdrawals from the early
wells reduced pressure everywhere. These results
imply that the “J” zone reservoir has no significant
internal barriers to flow (Fig. 6A,B) and can be
treated as a single unit in enhanced-recovery op-
erations.

While most drill-stem tests show a clear rela-
tionship between reservoir pressure and cumula-
tive production, tests from two wells do not (Fig.
5). The two wells, the Rogers no. 1 and no. 2, are in
the southwestern part of the field (Fig. 6B). The “J”
zone Alpha grainstone in these wells was porous,
but it was impermeable and the wells were not
commercial. Their high pressures late in the pro-
duction history (Fig. 5) indicate that they are not
connected to the reservoir in the Alpha grainstone.
In cores from these wells, interparticle spaces in
the Alpha grainstone are almost completely filled
with J1 cement, rendering the rock impermeable,
although subsequently formed molds give the
rock as much as 11% core and log porosity. TheJ1
isopachous early marine calcite cement (Fig. 4) is
present throughout much of the Alpha grainstone,
but generally does not reduce permeability to non-
commercial levels.
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Figure 6. A—lsopach map of the “J” Alpha grainstone in the Pen field. The Rogers no. 1 and no. 2 wells are
the southernmost wells in the field. B—Net pay isopach of the “J” Alpha grainstone in the Pen field. C—
Isopach map of the “I” grainstone. D—Net pay map of the “I" carbonate shows four separate areas of pro-
duction and three separate lenses of grainstone; one grainstone lens is unproductive, one is divided in two
by an impermeable area, and one well (White no. 5) produces from a porous wackestone.
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In addition to the nonproductive wells on the
Rogers lease, the adjacent Demuth no. 4 well has
had very low productivity, only 2% of the esti-
mated oil originally present in the Alpha grain-
stone if the well was effectively draining 40 acres
(Phares, 1991). The low permeability area on the
Rogers lease may extend into the 40 acres that the
Demuth no. 4 well is assumed to drain, reducing
its production potential.

“I” Zone Production

In contrast to the “J” zone, production from the
“I” zone comes from four separate areas (Fig.
6C,D). A single, isolated well, the White no. 5in the
southern part of the field, produces from a porous
wackestone; the other three areas are in two sepa-
rate lobes of grainstone. The easternmost lobe
(Fig. 6C) is divided into two parts (Fig. 6D) by
tightly cemented, impermeable rock. The four
compartments shown on the I zone net pay map
(Fig. 6D) were mapped from the available log and
core data, but it is possible that they are even fur-
ther subdivided.

Reservoir Characterization

In all reservoir characterization, one must pro-
vide information on areas between wells by con-
verting qualitative geological description to quan-
titative values that are useful in modeling. Impor-
tant features to characterize include porosity, per-
meability, and fluid saturations. In the Pen field,
the main reservoirs are the Alpha grainstone of the
“J” zone and the “I” grainstones. Together, these
units contained 75% of the OOIP. Our efforts at
characterization concentrated on them. These two
zones differ in lithology, in the effects on them of
early diagenesis, and in their degree of internal
compartmentalization.

Relations Among Porosity, Permeability,
and Water Saturation

Porosity and permeability were measured on
11 cores by commercial laboratories (Phares,
1991). Most measurements were whole-core val-
ues, although some were only core-plug values.
Since most of the data were from the Alpha grain-
stone, the first estimation of the relationship be-
tween permeability and porosity was made using
data for the main reservoir. For the Alpha grain-
stone:

Log Permeability (md) = 0.069 x (1)
Porosity (%) + 0.793

based on 19 acceptable measurements of maxi-
mum horizontal permeability (Phares, 1991). The
low coefficient (0.069) shows that in the Alpha
grainstone, permeability increases slowly with in-
creasing porosity. Similar equations were calcu-

lated for other reservoir intervals, although they
were based on fewer measurements.

For the most part, permeability values calcu-
lated from drill-stem tests did not match perme-
ability measurements on cores. It could not be de-
termined if the differences arose from differences
in vertical averaging, aerial averaging, or relative-
permeability effects. Furthermore, porosities de-
rived from well logs correlated well with those
from core measurements (Fig. 7), even though
both represent different volume-averaging proce-
dures. For the sake of uniformity, log porosities
were used in the reservoir characterization.

Permeability values derived from porosity val-
ues calculated from neutron and density logs and
the relation in equation 1 were used to assign per-
meability to wells in the field. A permeability of 1
md was accepted as the lower limit for a produc-
tive reservoir. Core measurements indicate that
rocks with a porosity of <7% had <1 md of perme-
ability.

Water-saturation calculations employ resistiv-
ity measurements by tools that have a vertical
resolution on the order of 5 ft. In the Pen field, only
in beds >3 ft thick were calculated water-satura-
tion values consistent with oil shows from satu-
rated cores, drill-stem tests, and production tests.
Water-saturation values calculated by the Archie
method for reservoir intervals within 1 ft of shale
or tight limestone could not be used.

Water saturation is related to the logarithm of
permeability for a particular field (Amyx and oth-
ers, 1960, p. 152). Using porosity as the proxy for
the logarithm of permeability (equation 1), and
wire-line log values for water saturation and po-
rosity, the following empirical equation describes
water saturation in the Alpha grainstone (Phares,
1991):

S = (222 - 0.126) x100 @
Values calculated from equation 2 were closely
consistent with core and test results where the res-
ervoir is <3 ft thick. Similar equations were con-
structed for other reservoir horizons in the field
and used to assign water-saturation values to grid
blocks close to upper and lower boundaries of res-
ervoir beds.

Grid Blocks

The Pen field was divided into 4.44-acre grid
blocks for the purpose of simulation. The field is
developed on a 40-acre spacing, and, during dis-
cussions with the engineering staff, it was decided
to have each well at the center of a grid block and
two grid blocks between each pair of wells; a total
of nine grid blocks per well-spacing unit, with mi-
nor deviations (Fig. 8). Because porosity, perme-
ability, and fluid-saturation data were available at
1-ft intervals from cored wells and logs, grid-block
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Figure 7. Correlation of porosity derived from well logs with that derived from core measurements. A—Single
core measurements are plotted against log measurements for the same foot. B—Three-foot-centered moving
averages of core measurements are plotted against well-log measurements, improving correlation over A.
The diagonal dashed line is not a correlation line, but a 1:1 slope, along which the data should plot.

thickness was set at 1 ft in reservoir zones, with an
impermeable layer, one grid-block thick, separat-
ing reservoir horizons.

Mapping Grainstone

Net-pay maps for the Alpha grainstone and
other reservoir intervals were constructed using
core or log thicknesses for porous intervals and
contoured using geological insight (Fig. 6B,D). The
log suites available for the Pen field were useful in
recognizing and quantifying porosity, calculating
water saturation, and identifying lithologic units
to trace across the field. They do not provide a ba-
sis for differentiating nonporous wackestone or
mudstone from nonporous grainstone and pack-
stone, or a basis for differentiating porous grain-
stone from porous wackestone or mudstone. Con-
sequently, where cores were absent, identification
of subtypes of limestone was not possible. Maps of
grainstone thickness (Fig. 6A,C) may include areas
where numerous vugs and molds form pores in
fine-grained limestone and exclude areas where
pore-filling cement has reduced the porosity and
apparent thickness of grainstone. However, the
geological study indicates these occurrences
would probably result in only minor errors in pre-
dicted recovery.

Values of porosity, permeability, and water
saturation were then assigned to each foot of pay
in the Alpha grainstone and other reservoir inter-
vals in each grid block, based on linear interpola-
tion between wells (Fig. 9). These grid values, the
thickness of productive intervals, and the extent of

drainage areas were modified using information
on the productivity of individual wells as com-
pared to the amount of oil that was estimated to be
present (Phares, 1991).
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Character of Grainstone Lenses, Pen Field, Kansas

SUMMARY

Our object in studying the Pen field was to de-
velop a geological model of the reservoir for use in
history matching and predictive modeling of pro-
duction of the field. The results provide direct data
or estimates of thickness, por