
























































































































































































































































































































































130 Zuhair Al-Shaieb and others
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11,396 g

f7=2 BLACK SHALE CONTAINING CALCITE AND PYRITE
LAMINAE, PYRITE CONCRETIONS, AND FOSSILS

23 CHLORITE BAND

Figure 10. Diagenetic band exhibiting sharp boundaries (arrows) with shale host rock. Fractures are calcite cemented. Sche-

matic diagram indicates location of described feature within the seal zone. Woods, Switzer No. 1, Roger Mills County, Okla-
homa. Depth 3,474 m (11,396 ft).
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Overpressures in the Anadarko Basin, Southwestern Oklahoma:

Static or Dynamic?*

Youngmin Lee' and David Deming

University of Oklahoma
Norman, Oklahoma

AsstRACT.—Fluid-pressure and temperature data were collected along a north~south lin-
ear trend through the Anadarko basin in southwest Oklahoma. Subsurface temperature
was estimated from corrected bottom-hole temperature data; the average thermal gradi-
ent was 21°C/km. Fluid pressures were estimated from mud weights and well-head shut-
in pressures. Fluid pressures above hydrostatic start at a depth of about 2.5 km. On a
normalized scale where hydrostatic pressure = 0 and lithostatic pressure = 1, estimates
of fluid pressures were found to range from 0.4 to 0.8 over a depth range of 4 to 7 km.

Evaluation of stratigraphic data and paleothermal indicators constrains the Anadarko
basin to have undergone from 1 to 3 km of Mesozoic and/or Cenozoic sedimentation fol-
lowed by subsequent erosion, which started about 50 Ma. Analysis of vitrinite reflectance
and apatite fission-track data suggests that the average thermal gradient in the
Anadarko basin has been in the range of 21° to 25°C/km over the last 50 Ma. Geologic
data indicate unambiguously that the Anadarko basin has cooled over the last tens of mil-
lions of years.

Using scale analyses and a simple numerical model, we evaluated two end-member
hypotheses (compaction-disequilibrium and hydrocarbon-generation) as possible causes
of overpressuring in the Anadarko basin. If compaction disequilibrium is the primary
cause of present-day overpressures in the Anadarko basin, the Anadarko basin is re-
quired to have an average permeability of 10-23 m2 or lower. If geopressures in the
Anadarko basin result from hydrocarbon generation, average basin permeabilities can be
as high as 1072! m2. Scaling these average permeabilities down to thicknesses of 100 m
or less implies permeabilities lower than 10725 m? are required in the most optimistic
scenario. The lowest permeabilities ever measured on sedimentary rocks are in the neigh-
borhood of 1022 to 10723 m2. Thus, it is not possible to reconcile the existence of overpres-
sures in the Anadarko basin with classic hydrodynamic theories that maintain that
aquicludes do not exist. Either some unknown process is generating excess fluid pres-
sures or the Anadarko basin contains pressure seals.

Geopressure models that invoke compaction disequilibrium and are commonly applied
to Cenozoic basins undergoing rapid sedimentation (e.g., Gulf Coast basin of southeastern
United States) do not appear to apply to the Anadarko basin. The Anadarko basin be-
longs to a group of cratonic basins that are tectonically quiescent and are characterized
by the association of abnormal pressures with natural gas.

INTRODUCTION

Fluid pressures above hydrostatic are common in
sedimentary basins throughout the world (Fertl, 1976;
Hunt, 1990; Bigelow, 1994; Osborne and Swarbrick,

*This paper is preprinted with permission and with slight
modifications from Lee, Youngmin; and Deming, David,
2002, Overpressures in the Anadarko basin, southwestern
Oklahoma: static or dynamic: American Association of Pe-
troleum Geologists Bulletin, v. 86.

1 Present address: Dept. of Geology and Geophysics, Louisi-
ana State University, Baton Rouge.
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1997) and are commonly referred to as “geopressures’
or “overpressures.” Abnormally high fluid pressures in
sedimentary basins can potentially be caused by a
number of different geologic mechanisms. These in-
clude the rapid accumulation of low-permeability sedi-
ments, hydrocarbon generation, diagenic dehydration,
and aguathermal pressuring (Bethke, 1986; Shi and
Wang, 1986; Spencer, 1987; Luo and Vasseur, 1992;
Bredehoeft and others, 1994; Audet, 1995; Gordon and
Fleming, 1998). The degree to which overpressuring
develops depends upon competition between the geo-
logic pressuring-mechanism and pressure dissipation

Lee, Youngmin; and Deming, David, 2001, Overpressure in the Anadarko basin, southwestern Oklahoma: static or dy-
namic?, in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary basins in the southern
Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 133-150.
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as determined by the hydraulic diffusivity of rocks
within a basin (Bredehoeft and Hanshaw, 1968; Neuzil,
1995; Osborne and Swarbrick, 1997).

As discussed by Bredehoeft and others (1994), there
are two distinct schools of thought on the creation
and maintenance of anomalous fluid pressures in the
Earth. The static school (Bradley, 1975; Bradley and
Powley, 1994) believed that abnormal pressures are
maintained by pressure seals (Hunt, 1990; Ortoleva,
1994). A pressure seal was defined by Hunt (1990, p. 2)
as:

A zone of rocks capable of hydraulic sealing, that
is, preventing the flow of oil, gas, and water. The
term does not refer to capillary seals . . . the term
refers to seals that prevent essentially all pore fluid
movement over substantial intervals of geologic
time.

The above quote clearly shows that the original in-
tention was to apply the term to rock units that essen-
tially behave as if they have zero permeability over
substantial periods of geologic time (about 107-108
years). However, in the literature in recent years one
more commonly finds the term “pressure seal,” loosely
defined to be any low-permeability unit that is capable
of confining abnormal fluid pressures over any time
period. This is better defined as an aquitard. In this
paper, we prefer to follow Hunt’s (1990) original inten-
tion and reserve the term “pressure seal” to designate
a layer that has zero or near-zero permeability.

In contrast to the static paradigm, the dynamic
school embraces the classical hydrogeologic tenet that
“there are no totally impermeable geologic materials”
(Bredehoeft and others, 1982, p. 297). Although excep-
tions can be made for unusual materials such as per-
mafrost and salt, the dynamic view is that pressure
seals do not exist and are certainly not common in sedi-
mentary basins. In the dynamic paradigm, abnormal
formation pressures arise from transient disturbances
related to an ongoing geologic process such as rapid
sedimentation (Bethke, 1986), time-dependent compac-
tion (Dewers and Ortoleva, 1994), clay dehydration
(Audet, 1995; Gordon and Fleming, 1998), or hydrocar-
bon generation (Spencer, 1987; Bredehoeft and others,
1994). The existence of abnormal fluid pressures im-
plies as a corollary the parallel existence of a geologic
process that is actively creating a pressure gradient.

The existence of overpressures in young, rapidly
subsiding basins, such as the Gulf Coast basin of the
southeast United States or the South Caspian basin of
the former Union of Soviet Socialist Republics (Brede-
hoeft and others, 1988), presents no problems for the
dynamic school. Overpressures in these settings are
readily explainable as transient compaction disequilib-
rium related to high sedimentation rates and a pre-
dominance of low-permeability shales (Bredehoeft and
Hanshaw, 1968; Sharp and Domenico, 1976; Bethke,
1986; Mello and others, 1994). For example, Bethke
(1986, p. 6538) showed that anomalous formation pres-
sures in the Gulf Coast basin could be maintained at
sedimentation rates of 100-10,000 m/Ma if average
shale permeabilities were in the range of 10-18 to
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10-2° m2, These values are consistent with laboratory
measurements of shale permeabilities from the Gulf
Coast (Neglia, 1979) as well as estimated Plio-—
Pleistocene sedimentation rates.

What is not well understood at the present time is
how overpressures can exist in older basins that have
not undergone active subsidence for tens or hundreds
of millions of years. The Anadarko basin in southwest-
ern Oklahoma is known to have areas of extensive
overpressuring (Fig. 1) (Hunt, 1990; Al-Shaieb and oth-
ers, 1992; Al-Shaieb and others, 1994a,b), yet the
Anadarko basin has not experienced significant sedi-
mentation for more than 200 million years, and has
undergone uplift and erosion for about the last 40 to 50
million years (Gilbert, 1992; Carter and others, 1998;
Corrigan and others, 1998; Lee and Deming, 2002, in
press).

It is in areas such as the Anadarko basin that the
divergence of static and dynamic school hypotheses
indicates how little we understand concerning the ori-
gin and maintenance of abnormal pressures in older
sedimentary basins. The fundamental questions are:
what is the cause of the overpressuring, and how is it
maintained? In this paper, we approach this problem
from the perspective of testing two end-member hy-
potheses. We first consider as a static hypothesis what
average permeability will allow overpressuring in the
Anadarko to be explained as a remnant of Paleozoic
compaction disequilibrium. Alternatively, we then con-
sider under what circumstances hydrocarbon genera-
tion can explain overpressuring.

GEOLOGIC SETTING

The Anadarko basin (Fig. 1), bounded by the
Wichita-Amarillo uplift on the south, the Nemaha up-
lift on the east, and the Cimarron arch on the west, is
the deepest sedimentary basin on the North American
craton. Total sediment thickness in the deep Anadarko
basin exceeds 12 km and consists of sandstones, lime-
stones, and shales of Cambrian to Permian age (John-
son, 1989) (Fig. 2). The Anadarko basin is a prolific
producer of both petroleum, and, more important, natu-
ral gas. Cumulative hydrocarbon production as of 1985
was >5 million barrels of oil and 2.3 trillion cubic
meters of natural gas (Davis and Northcutt, 1989). The
Anadarko basin contains ~50 major fields and hun-
dreds of minor ones; production is from both strati-
graphic and structural traps. Identified source rocks in
the Anadarko basin and surrounding areas mainly con-
sist of Ordovician (Simpson Group shales), Devonian—
Mississippian (Woodford Shale), and Pennsylvanian
(thick, dark shales) (Johnson and Cardott, 1992). Sum-
maries of the geologic history, stratigraphy, and tec-
tonic setting of the Anadarko basin are given by Gilbert
(1992) and in the volume edited by Johnson (1989).

FLUID-PRESSURE DATA

The Anadarko basin is reported in the geologic
literature to have areas of overpressuring (Jorgen-
sen, 1989; Hunt, 1990; Al-Shaieb and others, 1992,
1994a, b). Al-Shaieb and others (1992, 1994a,b) stated
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Figure 1. Location of the Anadarko basin and cross section
A-A’ in western Oklahoma (after Johnson, 1989). Stippled
area represents overpressure zone.
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that fluid pressures exceeding hydrostatic generally
start at about 2.3 to 3.0 km depth, but return to near-
hydrostatic below the Woodford Shale. The three-
dimensional overpressured zone was identified by Al-
Shaieb and others (1992, 1994a,b) in map view as oval
in shape, extending about 267 km along a northwest-
southeast trend, and about 100 km from southwest to
northeast. Within this three-dimensional volume, high
fluid-pressures are not ubiquitous. Rather, they are
evidently confined to distinct zones termed compart-
ments. Al-Shaieb and others (1992, 1994a,b) termed
the entire volume occupied by pressurized compart-
ments a “megacompartment complex.”

To present our data and modeling results, we use a
dimensionless normalized pressure (P,) defined as

P P-P hydro

n

oy

P, lith — P, hydro

where P is fluid pressure, P, 4., is hydrostatic pressure
(9.8 MPa/km), and Py, is lithostatic pressure (22.5
MPa/km). P, ranges from 0 for hydrostatic pressure to
1 for lithostatic pressure.

We estimated fluid pressures in the Anadarko basin
from two types of data—drilling-mud weights reported
on well log headers and well-head shut-in pressures.
Due to the size and complexity of the Anadarko basin,
we chose to concentrate our data collection and analy-
sis along a southwest-northeast line perpendicular to
the strike of the basin structure (Figs. 1, 2).

Mud-weight data (Fig. 3A) were collected from the

Rhyolite, granite, and gabbro

[(e3 Conglomerate (“granite wash")

Figure 2. Geological cross section (A-A’) through the
Anadarko basin (from Johnson, 1989).
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Oklahoma Geologic Survey well-log library. The ability
to estimate in situ pressures from drilling-mud weights
has limitations. However, the method has been suc-
cessfully applied in the Gulf Coast basin by Hanor and
Sassen (1990). Mud weights represent an upper limit
on formation pressure, as the weight of the mud col-
umn in the borehole must be greater than formation
pressure to avoid the possibility of a blowout. We also
estimated fluid pressures from well-head shut-in pres-
sure (WHSIP) data donated by Dwight’s Energy Data
(Fig. 3B). WHSIPs represent minimum estimates of
true formation pressures, because reservoir pressures
may be drawn down by production. Comparing the two
data types (Fig. 3C) allows us to estimate the limits of
probable resolution.

Normalized fluid pressure ranges from P, = 0.4
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Figure 3. Fluid pressure in the Anadarko basin estimated
from (A) mud weights and (B) well-head shut-in pressures
(WHSIPs). Mud weights generally yield maximum estimates
of true fluid pressures, whereas WHSIPs are minimum esti-
mates of fluid pressures. (C) Fluid-pressure trends estimated
from mud weights and WHSIPs plotted along with fiuid pres-
sure in the Bertha Rogers well estimated from mud weights.

(from WHSIPs) to P, = 0.8 (from mud weights) for the
depth range from 4 to 7 km (Fig. 3C). A contour plot
(Fig. 4) of P, estimated from mud weights shows that
overpressuring is essentially confined to the southern
half of the Anadarke basin. A maximum fluid pressure
of about P, = 0.6 is reached at depths of about 5 to 6
km. Deeper data are insufficient to allow accurate dis-
cernment of the fluid-pressure regime. However, Al-
Shaieb and others (1992, 1994a,b) indicated that the
Devonian Woodford Shale constitutes a bottom seal to
the overpressured zone and that underlying Cam-
brian—Ordovician carbonates contain fluid pressures
that are near hydrostatic. Jorgensen (1989) and Jor-
gensen and others (1993) described the Cambrian—
Ordovician carbonates of the central United States as
constituting part of the Western Interior Plains aquifer
system. However, Jorgensen and others (1993) also
said that in “deep basins” the permeability is “greatly
reduced” and cited a permeability range of 10-12 to
1018 m2, Although a minimum permeability of 10-18
m? would be too low to qualify as an aquifer, it is also
too high to effectively retain abnormal formation pres-
sures over geologic time (Deming, 1994). It thus seems
likely that the geopressured zone in the Anadarko
basin does not extend into the basal Cambrian—
Ordovician carbonates.

MATHEMATICAL MODELING

General Approach and Philosophy

Mathematical models should be used adjunctively to
understand the physics of geologic processes. Most geo-



Anadarko Basin Overpressures 137

Depth Below Sea Level (km)

Depth Below Sea Level (km)

[

B

Figure 4. (A) Estimated temperature (degrees Celsius) along the cross section A-A’ through the Anadarko basin and the
Oklahoma platform. Dashed lines show estimated temperature, dots show location of bottom-hole-temperature measure-
ments. (B) Fluid pressure estimated along cross section A—A’. Contour lines represent normalized pressure (P,) estimated from
mud weight, and dots show location of mud-weight measurements.

logic settings, including sedimentary basins, are far too
complex to reproduce accurately in modern digital com-
puters. As the degree of model complexity grows, so
does the problem of obtaining meaningful constraints
and results. We therefore favor simple models, because
these provide the most insight into the physics of com-
plex geologic problems.

The simplest approach that can be taken with diffu-
sion problems is to conduct a scale analysis that ex-

plores the relationship between characteristic times
and lengths for different values of a key physical prop-
erty such as hydraulic diffusivity. For example, Deming
(1994) used this approach to demonstrate that in order
for geologic units thinner than 100 m to effectively con-
fine anomalous fluid pressures for more than a million
years, their permeability would have to be lower than
1023 m2,

In this study, we found it useful to construct a
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TABLE 1. — Model Parameters

Parameter Value
Specific storage 1x1078/m
Permeability variable
Surface temperature 17.5°C
Thermal gradient at present 21°C/km
Thermal gradient at 250 Ma 21-25°C/km
Water viscosity 2.121x10™*kg/m-s
Matrix density 2,650 kg/m3
Water density 1,000 kg/m3
Kerogen density 1,150 kg/m3
Oil density 850 kg/m?3
Gas density 0.718 kg/m3

simple numerical model for evaluating alternative hy-
potheses concerning the generation of overpressures in
the Anadarko basin. Our approach was to identify one
variable, permeability, as the largest unknown, and to
pose the following question: For what value or values of
permeability is this hypothesis viable? In this ap-
proach, other variables (Table 1) were generally held
fixed. The justification for this approach was that per-
meability was unknown by several orders of magni-
tude, whereas variables such as fluid viscosity were
well known to vary within a predictable range.

In keeping with our philosophy of employing the
simplest methods available, we used a one-dimensional
model with uniform permeability. However, we in-
cluded a realistic representation of source rocks in this
model, because we had reasonably good constraints on
depths, kerogen types, and total organic carbon (see
below). In contrast, permeability data were essentially
missing.

Numerical Model

A generalized description of fluid flow in one dimen-
sion is

o k) . ok
g |=8. %1
82[ 82] s 2

where K is hydraulic conductivity, £ is hydraulic head,
S, is specific storage, ¢ is time, and I'is a geologic forc-
ing term (Neuzil, 1995, p.748). Fluid pressure (P) can
be estimated from hydraulic head (&) as

P=pg(h-2) 3

where p is fluid density, g is gravitational acceleration,
and z is elevation. In this study, where we dealt with
fluid pressures of the order of 10-100 MPa, we as-
sumed that atmospheric pressure on the surface (~0.1
MPa) was negligible.

Youngmin Lee and David Deming

In general, two different methods can be used for
evaluating pressures due to hydrocarbon generation:
single and multiphase modeling. Multiphase modeling
(e.g., Luo and Vasseur, 1996) is more rigorous than
single-phase modeling because the hydraulic properties
of three different phases (water, oil, and gas) can be
treated separately. However, single-phase modeling
can provide feasible results for the distribution of fluid
pressures, even though it cannot provide the details of
oil migration, hydrocarbon saturation, and capillary
pressure (Bredehoeft and others, 1994). Therefore, we
used single-phase modeling as the simplest approach
that would provide insight into the physics of pressure
generation and dissipation in this setting.

Our numerical code was tested against an analytical
solution to equation (2) for a homogeneous domain with
similar spatial and temporal scales. Carlslaw and Jae-
ger (1959, p. 131) provide an analytical solution to
equation (2) for the case where the forcing function I'is
equal to A, exp(~f 1), where A, and f are constants and
t is time. In comparison with the analytical solution,
the numerical solution provided a maximum relative
error of 0.7%.

In nature, when fluid pressures exceed lithostatic
values, hydraulic fracturing occurs and overpressures
are dissipated. Fracturing can be simulated in a nu-
merical model by increasing local permeability until
the local pressure returns to lithostatic or below (e.g.,
Bredehoeft and others, 1994; Mello and Karner, 1996).
An alternative method of dealing with this problem is
to simply create a local negative source term. In other
words, fluid pressures that exceed lithostatic are nu-
merically set back to lithostatic. This procedure mimics
the hydraulic fracturing and pressure dissipation that
must occur in nature. In this study, we chose the latter
approach as the simplest. Most of our critical simula-
tions dealt with studying the circuamstances under
which the present-day observed maximum fluid pres-
sure (P, = ~0.6) could be produced and therefore did not
result in lithostatic pressures.

Hydrocarbon Generation

Overpressures in sedimentary basins can potentially
be generated from a number of different geologic pro-
cesses. These include aquathermal pressuring, active
flow, diagenetic alteration, tectonic stresses, and clay
dehydration (Bethke, 1986; Shi and Wang, 1986; Spen-
cer, 1987; Luo and Vasseur, 1992; Bredehoeft and oth-
ers, 1994; Audet, 1995; Gordon and Fleming, 1998).
Recent reviews by Osborne and Swarbrick (1997) and
Neuzil (1995) indicate, however, that hydrocarbon gen-
eration may be one of the most potentially effective
mechanisms for generating high fluid pressures in sedi-
mentary basins. Due to the large change in volume, the
conversion of solid kerogen or liquid oil to gas is an es-
pecially potent mechanism (Barker, 1990). The Ana-
darko basin is a prolific producer of natural gas. It
therefore follows that gas generation may be a viable
hypothesis for explaining the origin of high fluid pres-
sures in this setting.

Our treatment assumes that oil and gas in the
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TABLE 2. — Kinetic Parameters
for Hydrocarbon Generations
(Quigley and others, 1987)

A(1/s) E (kJ/mol) & (kJ/mol)
Kerogentype Il  1.58 x 10™3 208 5
Kerogen type [l 1.83x 10™8 279 13

aStandard deviation.

Anadarko basin were generated from the thermal
maturation of organic-rich source rocks. The biogenic
theory of the origin of 0il and gas is well accepted, al-
though abiogenic theories are resurgent (Gold, 1993,
1999).

Modeling of the hydrocarbon generation process
must take into account not only the increase in volume
that takes place due to gas and/or oil generation, but
also the porosity increase due to kerogen/oil consump-
tion (Bredehoeft and others, 1994; Luo and Vasseur,
1996). Oil or gas generation can be estimated from a
first-order kinetic model,

dv,
dt
where V), is volume of kerogen per volume of rock. The

kinetic-rate constant for oil or gas generation from
kerogen (&), is given by Arrhenius equation as

=—kV, @)

k= Aexp(-E/RT) (5)

where A is the Arrhenius constant (Table 2), E is the
activation energy (Table 2), R (8.314 J/mole-K) is the
universal gas constant, and T is temperature in °K.
There are no experimental constraints on appropriate
values for either the Arrhenius constant (A) or activa-
tion energy (E) for Anadarko-basin source rocks. There-
fore, we used generic values (Table 2) for kerogen types
II and III as given by Quigley and others (1987). We
assumed that kerogen type II is converted to oil even
though a part of kerogen type II is converted to gas
(Mackenzie and Quigley, 1988), whereas kerogen type
II1 is converted to gas. For oil or gas generation from
kerogen, or porosity increase due to kerogen consump-
tion, the geologic forcing term of equation (2) was de-
rived by the conservation of mass as

r=-£

-1 kV,
Py J k (6)

where r , is kerogen density (1,150 kg/m3) p, is petro-
leum density (oil density = 850 kg/m3; gas dens1ty =
0.718 kg/m?), V, is volume of kerogen per volume of
rock that can be estimated from kerogen density, rock
density, and TOC, and k is the rate constant for petro-
leum generation (oil or gas) from kerogen. V, can be
estimated from equations (5) and (6) as
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Figure 5. Burial history of the Anadarko basin (after Gilbert,
1992). Maximum and minimum burial histories from 250 to 0
Ma were estimated from stratigraphic relationships and
paleothermal indicators as discussed in the text.

V, =V, exp(—kt) (7

where V,° is the initial volume of kerogen per volume of
rock and ¢ is time.

MODEL CONSTRAINTS
Burial History

The history of Paleozoic sedimentation in the Ana-
darko basin (Fig. 5) is relatively well known, because
most of the sediments deposited during this era are
retained today (Johnson, 1989; Gilbert, 1992). How-
ever, the post-Paleozoic burial history of the Anadarko
basin is more controversial and less well constrained
because most Mesozoic and Cenozoic strata have been
eroded.

There is geologic evidence for sedimentary deposi-
tion in the Anadarko basin during the Mesozoic. Exten-
sion of the Cretaceous seaway across the Anadarko
basin during the last great inundation of the Western
Interior of the United States implies that sedimentary
strata were deposited in a marine environment during
the Cretaceous (Garner and Turcotte, 1984; Johnson,
1989). Remnants of Triassic, Jurassic, Cretaceous, and
Tertiary sedimentary strata (about 200-500 m) are
found today in the western parts of Anadarko basin
and the Oklahoma Panhandle (Johnson, 1989; Johnson
and Cardott, 1992). The Denver and Raton basins,
which are located between the Rocky Mountains and
the Anadarko basin, probably had the same Cretaceous
sediment provenance as the Anadarko basin, and these
basins contain preserved Cretaceous sedimentary
strata with thicknesses that range from 560 to 2,890 m
(Baars and others, 1988).
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Figure 6. (A) Corrected bottom-hole temperature data from wells lying along cross section A-A". Average thermal gradient is
21°C/km. (B) Vitrinite-reflectance data from the Anadarko basin and equivalent maximum temperature. Average paleothermal

gradient is 24°C/km.

The primary tectonic activity in the vicinity of the
Anadarko basin since the Late Cretaceous has been
erosion. The amount and timing of erosion in the Ana-
darko basin and surrounding areas is not known with
precision. Neither are regional variations in erosion
amounts or timing well known. However, analysis of
apatite—fission-track (AFT) and vitrinite-reflectance
(R,) data allow us to place some approximate con-
straints on the total amount and timing of Cenozoic
erosion.

AFT data can be used to estimate both the amount
and timing of erosion. Carter and others (1998) inter-
preted AFT data from both the Wichita Mountains and
eastern deep parts of the Anadarko basin as represent-
ing total erosion of ~1.5 km that started about 40-50
Ma. Corrigan and others (1998) interpreted AFT data
from uplifts along the Ouachita trend as indicating to-
tal erosion of ~1.0 km in an epeirogenically uplifted
southern midcontinent during the last ~40 Ma (Corri-
gan and others, 1998).

Vitrinite-reflectance (R,) data can be used to esti-
mate total erosion by extrapolating semi-log plots of
R,versus depth to presumed surface values of R, =
0.2 (Fig. 6B). Three previous researchers (Schmoker,
1986; Cardott, 1989; Pawlewicz, 1989) used vitrinite-
reflectance data to estimate the total amount of post-
Paleozoic erosion in southwest Oklahoma to be in the
range of 630 m to 2.5 km. Lee and Deming (2002, in
press) reviewed vitrinite-reflectance data collected by
previous workers, and concluded that varying erosion
estimates could have been affected by regional varia-
tions and suppression of vitrinite reflectance in the
Woodford Shale (Buchardt and Lewan, 1990). After
excluding data from outside the Anadarko basin (e.g.,

the Ouachita Mountains and the Oklahoma platform)
and correcting for suppression of reflectance in the
Woodford Shale, Lee and Deming (2002, in press) inter-
preted vitrinite-reflectance data from the Anadarko
basin as indicating from 1.8 to 2.5 km of total Cenozoic
erosion (Fig. 6B).

Although there is some variance in the estimates of
post-Paleozoic erosion made by different methods, all of
the estimates fall in the range of 1.0 to 3.0 km (Fig. 5).
AFT data indicate erosional cooling started about 40—
50 Ma. We thus conclude that existing data allow us to
reasonably conclude that maximum sediment thick-
nesses in the Anadarko basin were reached in the Late
Cretaceous or Tertiary and have been followed by 1-3
km of subsequent erosion.

Present-Day Temperature

We estimated subsurface temperature in the Ana-
darko basin from 856 corrected bottom-hole tempera-
tures (BHTs) collected from log headers of 589 oil and
gas wells located along cross section A-A’ (Fig. 1)
through the Anadarko basin and Oklahoma platform
(Fig. 6A). The temperature data were corrected using a
Horner plot and average depth-time correction (Dem-
ing, 1989). The methodology we used is identical to that
employed by Lee and others (1996) and discussed in
several other papers (Deming, 1989; Deming and oth-
ers, 1990; Lee and others, 1994; Lee and Deming, 2002,
in press). We believe our estimates of subsurface tem-
perature (Fig. 4B) have an average accuracy of +5°C
(see discussion in Lee and others, 1996). There are a few
direct temperature measurements in the Anadarko ba-
sin (e.g., Carter and others, 1998). However, the oil and
gas wells used for temperature measurements by Car-
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ter and others (1998) are not close enough to our cross
section A—A’ (Fig. 1) to allow meaningful comparisons.

Based on corrected BHT data, the average geother-
mal gradient in the deep, southern part of the Ana-
darko basin in the south is 21°C/km, whereas the aver-
age geothermal gradient in the northern part of
the Anadarko basin and the Oklahoma platform is
23°C/km (Fig. 6A). There is little regional variation in
the thermal state from south to north (see discussion
by Lee and Deming, 2002, in press) (Fig. 4A). A simple
least-squares regression on all temperature data yield-
ed an average thermal gradient of 21°C/km.

Thermal History

If vitrinite-reflectance data are available over a sig-
nificant depth interval, palecthermal gradients can be
estimated from an empirical relationship between
maximum temperature and vitrinite reflectance (Bar-
ker and Pawlewicz, 1994) as

_InR,+1.68

8
0.0124 ®

Using vitrinite-reflectance data previously reported
by other researchers (Schmoker, 1986; Cardott, 1989;
Pawlewicz, 1989), Lee and Deming (2002, in press)
both corrected for reported suppression of reflectance in
the Woodford Shale (Buchardt and Lewan, 1990) and
excluded data from outlying areas. After corrections,
existing data yielded estimates of the paleothermal
gradient that ranged from 22°C/km to 25°C/km. When
all data are lumped together, a regression yields an
estimated paleothermal gradient of 24°C/km (Fig. 6B).

Because vitrinite reflectance is believed to have an
exponential dependence upon temperature (Sweeney
and Burnham, 1990), the reflectance of vitrinite recov-
ered from the Anadarko basin was probably deter-
mined at the time of maximum burial. If we assume
that remnants of Triassic, Jurassic, Cretaceous, and
Tertiary sedimentary strata found today in the western
parts of Anadarko basin and the Oklahoma Panhandle
(Johnson and Cardott, 1992; Johnson, 1989) indicate
more-or-less continuous Mesozoic sedimentation, maxi-
mum burial was probably reached between the end of
the Cretaceous (65 Ma) and early Tertiary (40-50 Ma)
when AFT data (Carter and others, 1998) indicate up-
lift and cooling began. In the absence of any evidence
that the Anadarko basin has experienced significant
tectonothermal events for the last several hundred
million years (e.g., the youngest volcanic rocks are
more than 500 million years old; McConnell and Gil-
bert, 1990), we concluded that the paleothermal state
recorded by vitrinite-reflectance data was probably es-
tablished at the time of maximum burial, ca. 40-50 Ma.

We recognize that there are limitations inherent in
the analysis of vitrinite-reflectance data. Vitrinite can
be reworked, reflectance may depend upon lithology,
and determinations on the same samples from different
laboratories may vary by as much as 0.4%. Oxidation
can affect vitrinite reflectance, resulting in estimates
that are too high by 0.1-0.3%. Samples obtained from
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drill chips may not represent the actual depth of record,
but may be contaminated by vitrinite introduced by
borehole caving at more shallow levels (Heroux and
others, 1979; Barker and Pawlewicz, 1986; Robert,
1988; Feazel and Aram, 1990). These limitations and
possible sources of error are all serious and should be
taken into account in the interpretation of vitrinite-
reflectance data. However, undoubtedly, a strong caus-
al relationship exits between vitrinite reflectance and
temperature. Despite all of the problems, vitrinite is
one of the best paleothermal indicators available. Lack-
ing better constraints, we used the best indicator avail-
able to us.

We also recognize that more sophisticated methods
of relating vitrinite reflectance to time and tempera-
ture exist (e.g., Sweeney and Burnham, 1990). How-
ever, in the absence of better constraints on timing, we
chose to utilize a simple method that recognizes the
strong relationship between R, and maximum tem-
perature. Under different circumstances (e.g., forward
modeling) it might have been appropriate to model the
possible influence of time on maturation profiles.

Geochemical Constraints

Primary source rocks in the Anadarko basin (Table
3) are Ordovician Simpson Group shales, the Devo-
nian—Mississippian Woodford Shale, and certain thick,
dark shales of Pennsylvanian age (Johnson and Car-
dott, 1992). We estimated dominant kerogen types and
total organic carbon (TOC) content for these source
rocks from published analyses of samples obtained
from the Anadarko basin (Table 3). The depth and
thickness of source rocks were constrained by analysis
of samples from the Bertha Rogers well {Table 3) in the
south-central part of the Anadarko basin (Fig. 1). The
Bertha Rogers well is noteworthy as the deepest petro-
leum well in the world (9.59 km). Core samples from
the Bertha Rogers well have been subjected to inten-
sive geologic and geochemical studies (e.g., Price and
others, 1981; Kareem, 1992). In our modeling, we as-
sumed that initial TOC prior to the initiation of hydro-
carbon generation was equal to maximum present-day
values and 50% of initial TOC was inert.

Permeability

Average reservoir permeabilities in the Anadarko
basin are in the neighborhood of 10713 to 10-5 m? (Har-
rison and Routh, 1981; Bebout and others, 1993). In the
context of our problem of understanding the origin and
evolution of overpressures, these numbers imply little
to nothing. In a discussion of Midcontinent hydro-
geology, Jorgensen and others (1993) stated that “most
oil and gas reservoirs are anomalous subsurface zones.”
The critical permeabilities are those of the nonreservoir
units, the aquitards. Generally speaking, these data do
not exist.

We arranged for a limited number of permeability
measurements on two geologic units identified by Al-
Shaieb and others (1992) as pressure seals. We submit-
ted two samples from each of four sites, taking care to
submit samples that exhibited diagenetic banding or
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TABLE 3. — Source Rock Data of the Anadarko Basin
(Kareem, 1992)

Formation Formation Thickness
Formation top (m) bottom (m) (m) Rock type Kerogen type TOC (%)2
Pennsylvanian Virgilian 1,341 2,592 1,251 Shale I, nie 1-25
Pennsylvanian  Atoka 3,920 5,335 1,415 Shale (70%)
Limestone (30%) 11 1-25
Pennsylvanian Morrowan 5,335 6,565 1,230 Shale 1l 0.5-34
Pennsylvanian  Springer 6,565 7,134 569 Shale i 0.5-34
Devonian Woodford 8,388 8,465 77 Shale e, 1l 1-14
Ordovician Sylvan 8,802 8,855 53 Shale Il 1-9
Ordovician Simpson 9,072 9,521 449 Shale ], 1P 1-9
2 From Johnson and Cardott (1992)
® Dominant kerogen
otherwise appeared to suggest low permeability. The 21 6
results were inconclusive. One of the supposed seal lay-
ers (the Simpson sandstone) had permeability too high
(~1071" m?) to allow it to function as a pressure seal. & =)
However, measurements on the Devonian Woodford E E
Shale (Fig. 7) yielded permeabilities that are among & "% 72
the lowest ever measured (~1022t0 102 m2). We also 5 5
measured two samples of a Pennsylvanian shale that 3 3
yielded very low permeabilities (Fig. 7). g £
o
o o
HYPOTHESIS TESTING e -
Compaction Disequilibrium 3 S
As discussed earlier, we conceptualize two end- 8 Woodtord Shale -
member hypotheses for the cause of overpressuring in Pennsyluanian Shale |
the Anadarko basin. The first of these is compaction e e VNN NUREE SHENE TS SRERE SE
di libri h in high fluid 0 1 2 3 4 5 (<] 7 8
isequilibrium, wherein high fluid pressures were Porosity (%)

originally developed during rapid Paleozoic sedimenta-
tion (see Fig. 5) about 250-300 Ma and have been sus-
tained for several hundred million years by pressure
seals. Compaction disequilibrium is “an important, if
not the prime, source of overpressures in many basins”
(Kooi, 1997). However, Kooi (1997) concluded that it
was difficult to explain high fluid pressures in pre-
Cenozoic sedimentary basins with this mechanism.

Extremely low rock permeabilities are necessary if
compaction disequilibrium is to be successfully invoked
as a mechanism to explain overpressuring in the Ana-
darko basin. The simplest way to demonstrate this is
with a scale analysis (Deming, 1994). It is well known
(Carslaw and Jaeger, 1959; Bredehoeft and Hanshaw,
1968; Neuzil, 1986; Bethke, 1988; Deming, 1994) that,
for diffusion problems, the characteristic time (¢) for a
hydraulic disturbance to diffuse through a layer of
thickness z is

zoy
t==" 9
4k ©®

Figure 7. Porosity versus log,, permeability for Woodford
Shale and Upper Pennsylvanian shale samples.

where ¢ is time, z is thickness, o is compressibility
(Pa™h), uis fluid viscosity (kg/m-s), and % is permeabil-
ity (m?). If we take o to be the dynamic viscosity of pure
water at 95°C (~3.0 x 10~ kg/m-s) (Touloukian and oth-
ers, 1970) and shale compressibility (¢) to be 1072 Pa~1,
then equation 9 reduces to

22 —27
t= 7 x2.4%x10 (10)

where & is the permeability (in m?2) of a layer of thick-
ness z (in m) necessary to confine anomalous pressures
for a time ¢ (in Ma). If overpressures in the Anadarko
basin are due to compaction disequilibrium resulting
from Paleozoic sedimentation (Fig. 5), then they have
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Figure 8. Maximum normalized pressure (P,) in MPa at
present day as calculated by a homogeneous numerical
model to test a compaction-disequilibrium hypothesis.
Shaded area corresponds to present-day observed fluid
pressures in the Anadarko basin. Modeling results show that
average basin permeabilities in the neighborhood of 10723 m?
are required to explain present-day overpressures as result-
ing from Paleozoic compaction disequilibriumn.

persisted for 250 Ma. Thus, according to equation (10),
a pressure seal 100 m thick would of necessity have
permeability lower than about 10725 m2. If pressure
seals are thinner zones of diagenic alteration, even
lower permeabilities are required. Seals of 10-m and 1-
m thickness would require permeabilities of 10-27 m?2
and 1072° m?, respectively. These numbers are so low as
to essentially be equivalent to zero.

We also evaluated the compaction-disequilibrium
hypothesis using a one-dimensional numerical model of
pressure diffusion. The initial condition was specified
as lithostatic pressure through a homogeneous section
that varied in thickness from 6 to 12 km. Boundary
conditions were prescribed as constant hydrostatic
pressure. We then determined present-day maximum
fluid pressure as a function of permeability (Fig. 8). To
satisfy observed constraints, simulations had to result
in a normalized fluid pressure P, of 0.6 at the depth of
maximum absolute pressure. This requirement de-
mands an average basin permeability of the order of
10-23 m? (Fig. 8).

Hydrocarbon Generation

The second hypothesis we evaluated as a possible
cause of overpressuring was hydrocarbon generation.
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Thermal History
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Figure 9. Log,, of average basin permeability required to re-
produce observed present-day overpressures (P,= 0.6 at
depth of maximum pressure) as calculated by a homoge-
neous numerical model for different thermal and burial histo-
ries. In these simulations, overpressuring is induced by hy-
drocarbon generation. In general, lower permeabilities (10722
m?2) are required for hotter thermal histories (lower-right cor-
ner). Colder-thermal histories (upper-left corner) allow over-
pressuring to exist at higher average permeabilities (10723
m2).

The most critical variables in these simulations were
temperature and permeability. The enormous volume
change associated with gas generation has a strong
overpressuring effect, and gas generation has an expo-
nential dependence upon temperature. Our approach
was therefore to determine the permeability necessary
to satisfy present-day fluid pressures by varying pa-
rameters affecting the thermal state through ranges
constrained by geologic data. Lacking any constraint on
the pre-Cenozoic thermal state, we held the thermal
gradient at a constant value ranging from 21°C/km to
25°C/km up to 50 Ma, and then linearly decreased it to
the present-day average value of 21°C/km. Similarly,
the burial history was varied through a “maximum”
and “minimum” range of Mesozoic sedimentation and
Tertiary erosion (Fig. 5). The confluence of different
burial and thermal histories had the effect of combin-
ing to produce “hot” and “cold” histories (Figs. 9, 10).
We found, in general, that overpressuring can be
achieved with the highest permeabilities if the thermal
gradient has been constant through time with the least
erosion. In other words, colder-thermal histories allow
present-day hydrocarbon generation (Fig. 10). Under
the “cold” end-case scenario, the thermal gradient is
constant, and only 1 km of Mesozoic sedimentation and
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Figure 10. Distribution of total organic carbon (TOC) in source rocks, present-day
hydrocarbon-generation rate, and observed present-day fiuid pressures for (A) “cold”
end-case burial and thermal history and (B) “hot” end-case burial and thermal history,
as described in text. Solid line shows existing TOC; dotted line shows original TOC
before hydrocarbon generation. In “hot” end-case scenario, Pennsylvanian source
rocks are totally exhausted and there is no present day hydrocarbon generation. In
“cold” end-case scenario, present-day hydrocarbon generation occurs between 4.5
and 6.5 km, near the depths at which maximum overpressures are observed.

subsequent erosion occur. In
this case, an average basin per-
meability of about 10~2! m? is
required to explain present-day
overpressuring (Fig. 9), and hy-
drocarbon generation is ongoing
for Pennsylvanian source rocks
between depths of about 4.5
and 6.5 km. These depths cor-
respond reasonably well to the
depths at which maximum over-
pressures are observed today
(Fig. 10).

In the “hot” end case, the
thermal gradient cooled from
25°C/km to 21°C/km, and 3 km
of Mesozoic sedimentation and
Tertiary erosion occurred. If hot-
ter conditions prevailed in the
past, an average basin perme-
ability near 1023 m? js required
to produce high fluid pressures
(P, = 0.6). In this scenario,
Pennsylvanian, Devonian, and
Ordovician source rocks are to-
tally exhausted. Upper Pennsyl-
vanian (Virgilian) source rocks
remain viable but are not cur-
rently at high-enough tempera-
tures to generate hydrocarbons.
There is no present-day mecha-
nism for overpressuring, and the
very low inferred permeabilities
(1023 m?) are required to pre-
serve anomalous pressures gen-
erated tens of millions of years
previous.

A comparison of the compac-
tion-disequilibrium and hydro-
carbon-generation hypotheses is
shown in Figure 11. In both
cases, permeability was held at
a constant value of 5 x 1022 2,
and the thermal gradient
decreased from 23°C/km to
21°C/km. For an initial condi-
tion of lithostatic pressure, high
fluid pressures due to compac-
tion disequilibrium dissipate by
200 Ma. However, for burial his-
tories with between 1 and 3 km
of sedimentation and erosion,
model simulations with hydro-
carbon generation can success-
fully reproduce present-day
maximum fluid pressures (P, =
0.6). In general, the essential
difference between the two hy-
potheses is that average perme-
abilities 1 to 2 orders of mag-
nitude lower are required if
compaction disequilibrium is to
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Figure 11. (A) Maximum normalized pressure (P,) as a function of time at a
fixed depth of 5.14 km as calculated by a homogeneous numerical model.
Permeability is held constant at a value of 5 x 10722 m2, In these simulations,

the thermal

gradient is a constant 23°C/km from 250 to 50 Ma, then de-

creases linearly to 21°C/km at present day. Compaction disequilibrium is
simulated by assuming lithostatic fluid pressures at 250 Ma, when rapid
Paleozoic sedimentation ended. Hydrocarbon-generation scenarios show

that present

-day overpressures can be reproduced if total erosion was be-

tween 1 and 3 km. (B) Total organic carbon (TOC) as a function of time as

calculated b
formation at

y a kinetic model for a source rock in the Pennsylvanian Atoka
5.14 km depth. Hotter thermal histories with 3 km of sedimenta-

tion and erosion result in reactive source-rock exhaustion by about 130 Ma
and make it substantially more difficult to ascribe present-day overpressuring.
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be invoked as a cause of present-day
overpressuring.

Sensitivity Analyses
and Uncertainties

Different approaches have been taken
in the use of numerical models to repre-
sent and study geologic processes. Some
modelers use one preferred set of values
for model parameters and do not explore
the consequences of uncertainties. This
approach is useful for the purpose of
demonstrating the feasibility of a pro-
posed process but cannot be used to es-
tablish causality unless the difficult
question of uncertainty is investigated.

An ideal application of numerical
modeling would rely upon physical pa-
rameters constrained by precise and ex-
haustive physical and chemical mea-
surements. The uncertainties introduced
by variations in model parameters could
then be explored through a series of sen-
sitivity analyses. In practice, this ideal is
rarely approached. Geologic problems
are generally complex and depend upon
a wide range of physical and chemical
variables that are commonly poorly con-
strained.

Our approach in this study is inter-
mediate. We have reasonably good con-
straints on the thermal history and some
source-rock characteristics. Recognizing
that the most critical variable, perme-
ability, is essentially unconstrained, we
have defined the problem by casting our
results in terms of the permeability val-
ues necessary to validate hypotheses.
Sensitivity analyses are implicit in our
variation of thermal and burial histories.
We recognize that the values we used for
variables such as specific storage, matrix
and fluid densities, etc., are not con-
stant, but rather are variables that are
dependent upon factors such as lithol-
ogy, temperature, and pressure. How-
ever, in most cases, the uncertainties
inherent in these variables are consider-
ably less than an order of magnitude. As
the number of variables becomes very
large, an exhaustive set of sensitivity
analyses would lead to incoherent ambi-
guity. Pragmatically, we interpret the
effect of these uncertainties as implying
that the permeabilities inferred from our
scale analyses and numerical modeling
have implicit uncertainties of an order of
magnitude. For example, if mean activa-
tion energies (E) are varied by plus-or-
minus one standard deviation (Table 2),
inferred permeabilities change by a fac-
tor of 2 to 3.
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DISCUSSION

Permeability Structure

Our primary results can be summarized in terms of
the maximum average permeabilities required to lead
to overpressuring in the Anadarko basin. If overpres-
sures originate from compaction disequilibrium, the
average basin permeability must be lower than 1023
m?2. If overpressures originate from hydrocarbon (most-
ly gas) generation, the average basin permeability can
be as high as 102! m2 depending upon the basin’s ther-
mal history. For a given thermal and burial history, the
uncertainty inherent in these numbers is about a factor
of 10.

The results of our modeling must be interpreted
with an understanding of the importance of physical
scaling. A basin consisting of interlayered and mixed
units of highly contrasting permeability will respond
differently than a thick, homogeneous layer (Bethke,
1988). Although our simple, one-dimensional model
provides insight into the physics of pressure generation
and dissipation, the assumed homogeneous permeabil-
ity structure is unrealistic. The permeability of sedi-
mentary rocks in the Anadarko basin likely varies from
maximum values near 1012 m? for certain hydrocarbon
reservoirs and other rocks, to values as low as 10723 m?
for the Woodford Shale (Fig. 7).

The nominal thickness (9.6 km) used in most of our
model simulations makes it easier to confine high fluid
pressures with higher permeabilities. However, in na-
ture low-permeability confining layers must constitute
some fraction of the entire sedimentary section. There-
fore, the permeabilities of the confining layers in the
Anadarko basin must be substantially lower than the
average values deduced from our modeling exercises.
The permeabilities of these confining layers can be es-
timated by noting that for diffusion problems the ratio
of thickness squared (z2) to permeability () must be
constant [equation (10)]. If confining rocks constitute
10% of the sedimentary section in the Anadarko basin
(~1 km thickness), application of equation (10) implies
that permeabilities of 10725 m? or lower are necessary
to validate the compaction-disequilibrium hypothesis.
Even a scenario with energetic gas generation necessi-
tates permeabilities in the range of 10723 to 1025 m2.
More realistically, if confining layers have thicknesses
in the neighborhood of 100 m or less, permeabilities in
the range of 10725 to 10~28 m? are necessary to explain
the occurrence of present day overpressures. These
permeabilities are uncomfortably low. Neuzil (1994)
reviewed permeability data for clays and shales, and
found that permeability on the laboratory scale
(~0.1 m) ranged from 1015 to 1023 m? for a number of
argillaceous media. Laboratory measurements are gen-
erally interpreted as minimum estimates of in situ
permeabilities as permeability tends to increase with
scale. It is thus difficult to reasonably conclude that
any sedimentary rock could act as a pressure seal un-
less it were altered diagenetically to a layer of virtually
zero permeability. Furthermore, some type of active
sealing mechanism would probably be necessary, as it
seems unlikely that any rock layer could escape frac-
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turing or faulting for hundreds of millions of years. Our
measurements on the Woodford Shale found perme-
abilities as low as 10723 m2. However, the Woodford is
an atypical shale; deeply buried, dense, and highly in-
durated. Scaling our results down to the thickness of
the Woodford Shale (100 m) would imply that perme-
ability lower than 1025 m? would be necessary even if
the Anadarko basin has undergone a minimal amount
of Cenozoic cooling.

In Cenozoic basins undergoing active sedimentation
(e.g., the Gulf Coast basin of the southeastern United
States), overpressuring is readily attributable to the
rapid accumulation of several kilometers of shale with
permeability in the range of 10716 to 1020 m? (Bethke,
1986). The Anadarko basin is very much different from
this setting; it contains less than 50% shale (Fig. 2) and
lacks any discernible geologic process that can appar-
ently account for pressure generation. The primary
problemis that the AFT and vitrinite-reflectance data
indicate unambiguously that the basin has been sub-
ject to Cenozoic erosion greater than a kilometer, with
cooling of at least about 20°C. This cooling effectively
dampens the most promising mechanism for over-
pressuring, hydrocarbon generation. As a result, we are
led inexorably to conclude that our understanding of
why and how the Anadarko basin is overpressured is
incomplete.

Several possibilities suggest themselves. It may be
that some unknown process exists that allows the
Anadarko basin to remain overpressured. If such a pro-
cess exists, it probably would not be one of the many
mechanisms commonly discussed in the geologic litera-
ture. For example, processes such as aquathermal pres-
suring and clay alteration are driven by temperature
just as hydrocarbon generation is. Whatever mecha-
nism is operating must not be substantially influenced
by Cenozoic cooling.

Another complication that we have not considered or
described is compartmentalization. Although our level
of analysis does not allow us to discern small-scale
pressure compartments, Al-Shaieb and others (1992;
1994a.b) described overpressures in the Anadarko ba-
sin as being compartmentalized. Instead of one mono-
lithic overpressured area, they described a broad area
of overpressured compartments existing next to hydro-
statically pressured units. Empirical evidence of com-
partmentalization is commonly encountered during
drilling in the deep Anadarko basin (Kennedy, 1982, p.
77). It is common to encounter “kicks,” which are sud-
den increases in pressure due to the rush of gas into a
borehole that penetrates a zone of relatively high per-
meability. If the invaded zone were not highly perme-
able, the “kick” would not occur. Furthermore, if the
permeable zone were not surrounded by less permeable
boundaries, high pressures would not exist. Thus, a
compartment is required. The presence of compartmen-
talization makes it difficult to ascribe pressure confine-
ment in the Anadarko basin to a few low-permeability
units such as the Woodford Shale or Permian evapo-
rites. Rather, a multitude of relatively thin pressure
seals must exist. The results of our modeling imply that
these pressure seals must have permeabilities so low as
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to be effectively zero. Furthermore, the seals must ex-
ist in all three dimensions. The inferred presence of
these pressure seals is in contradiction to established
hydrodynamic paradigms and appears to partially vali-
date the static viewpoint. We are not predisposed to
hydrodynamic theories but find it difficult to escape
from a static interpretation in this case.

Gas Capillary Seals

Larry Cathles and his coworkers at Cornell recently
proposed that abnormal pressures could be preserved
for long periods of time in sedimentary basins through
capillary seals induced by the presence of gas (Revil
and others, 1998). In brief, the idea is that capillary
forces prevent gas from being displaced from relatively
coarse-grained rocks into relatively fine-grained litholo-
gies. A gas capillary-seal is a layer of zero permeability
to fluid phases unless fluid pressures become high
enough to overcome capillary forces and displace pore
gasses. Formations that consist of alternating layers of
relatively coarse- and fine-grained sediment may de-
velop several barriers, the effect of which is cumulative.

Although we are not necessarily inclined to either
favor or disfavor this hypothesis, it must be conceded
that it appears to have several advantages. The gas-
generation hypothesis is parsimonious in that it simul-
taneously provides a mechanism for both generating
and maintaining anomalous fluid pressures. Capillary
sealing provides a mechanism for achieving zero per-
meabilities without contradicting established dynamic
paradigms that maintain that aquicludes are sparse to
nonexistent. Capillary sealing also explains how
pressure compartments can be sealed in all three di-
mensions. Gas follows fluids along the path of least re-
sistance until all escape routes are plugged. Finally,
sealing by capillary forces can produce the type of com-
partmentalization apparently observed in such basins
as the Anadarko. The existence of levels of pressure
compartmentalization is difficult to explain unless
some type of physical or chemical sealing mechanism is
invoked.

More generally, it is worth noting that the presence
of gas in sedimentary basins is commonly associated
with anomalous pressures, both overpressures and
underpressures. Subnormal pressures are associated
with gas accumulations in the Western Canadian sedi-
mentary basin in Alberta and in the San Juan basin in
New Mexico (Davis, 1984; Hunt, 1990). Overpressures
are found in association with gas in the Red Desert and
Green River basins of Wyoming (Davis, 1984). Davis
(1984, p. 189) stated that the gas-saturated sections of
North American sedimentary basins were “never” nor-
mally pressured. The strong confluence of gas with
anomalous subsurface pressures suggests a causal re-
lationship between the presence of gas and reduced
permeability.

Effect of Pressure on Hydrocarbon Generation

Although it is well known that hydrocarbon genera-
tion from kerogen has an exponential dependence upon
temperature, the dependence on pressure has received
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less attention (Price and others, 1983; Domine, 1991;
Price and Wenger, 1992; Domine and Enguehard, 1992;
Fang and others, 1995; Jackson and others, 1995). Re-
cent experimental work shows that increasing pressure
can increase the activation energy of hydrocarbon gen-
eration, thus retarding hydrocarbon generation (Fang
and others, 1995). If this effect were significant, it
might explain how overpressures could be maintained
in sedimentary basins for long periods of time through
a negative feedback mechanism.

The effect of ambient pressure on hydrocarbon gen-
eration, however, seems to be most pronounced at mod-
erate pressures—i.e., below 20 MPa (Ungerer, 1993).
For example, an experimental result from hexane py-
rolysis showed that rates of hydrocarbon generation
did not change drastically between 20 and 200 MPa
(Domine and Enguehard, 1992). A pressure of 20 MPa
corresponds approximately to the hydrostatic fluid
pressure at 2 km depth (Fig. 3). In the Anadarko basin,
overpressuring begins at about 2.5 km. The range of
fluid pressures encountered in the overpressured zone
is about 30 to 150 MPa (Fig. 3). Thus, we tentatively
conclude that high fluid pressures in the Anadarko
basin have not significantly retarded hydrocarbon gen-
eration. However, the magnitude of pressure depen-
dence is still uncertain, and more experiments for a
wide range of conditions are needed (Jackson and oth-
ers, 1995).

CONCLUSIONS

1. Although old and tectonically quiescent, the
Anadarko basin in southwestern Oklahoma is ex-
tensively overpressured. Well-head shut-in pres-
sures and mud weights collected in the vicinity of
a north—south cross section through the basin
show that overpressures are first encountered at
a depth of about 2.5 km. Normalized fluid pres-
sures P, range from about 0.4 to 0.8, where P, =0
is hydrostatic pressure, and P, = 1 is lithostatic
pressure.

2. The average thermal gradient along a north-
south cross section through the Anadarko basin is
21°C/km.

3. Although it is difficult to reconstruct eroded sec-
tions, the Anadarko basin appears to have experi-
enced Mesozoic sedimentation followed by 1-3 km
of Cenozoic erosion starting ca. 40-50 Ma.

4. The average thermal gradient in the Anadarko
basin as estimated from vitrinite-reflectance data
was 21°C/km to 25°C/km at the time of maximum
burial, ca. 40-50 Ma.

5. Explaining overpressuring in the Anadarko basin
as resulting from the lingering effect of Paleozoic
compaction disequilibrium requires that the aver-
age permeability of the 10-km-thick basin be in
the neighborhood of 10-% m?. More realistically, if
pressures have been preserved through low-
permeability layers whose thickness is 100 m or
less, permeabilities lower than 102" m? are re-
quired. These inferred permeabilities are uncer-
tain by a factor of 10.
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6. Explaining overpressuring in the Anadarko basin
as resulting from hydrocarbon generation re-
quires that the average permeability of the 10-
km-thick basin be in the range of 10-2'to 10~ m?.
Lower permeabilities are required if the basin
was hotter in the past, because a hotter thermal
history has exhausted the generation potential
of existing source rocks. More realistically, if
pressures have been preserved through low-
permeability layers the thickness of which 1s of
the order of 100 m or less, permeabilities in the
range of 10-% to 102" m? or lower would be re-
quired. These inferred permeabilities are uncer-
tain by a factor of 10, but are as low or lower than
the lowest values ever recorded for sedimentary
rocks.

7. Due primarily to the apparently well-constrained
geologic fact that the Anadarko basin has experi-
enced 1-3 km of uplift, erosion, and cooling over
the last tens of millions of years, it is difficult to
reconcile the existence of overpressuring with any
known geologic mechanism. Permeabilities that
are at or below the extreme end of measured val-
ues appear to be necessary. The pressure regime
in the Anadarko basin is apparently compartmen-
talized by the existence of numerous and rela-
tively thin layers of near-zero permeability.

8. The presence of anomalous pressures in older
sedimentary basins does not appear to be analo-
gous to compaction disequilibrium in Cenozoic
basins undergoing relatively rapid sedimentation.
The Anadarko appears to belong to a group of
older basins in which anomalous pressures are
associated with the presence of gas.

9. The presence of overpressures in the Anadarko
basin appears to be better explained by static
paradigms that invoke pressure seals than by
classic hydrodynamic theories that rely upon the
slow diffusion of pressure transients through
aquitards. At the present time, the occurrence
and preservation of geopressures in the Anadarko
basin seem to be best explained by gas generation
and gas capillary seals.
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Thermal Regime of a Large Midcontinent Oil Field
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ABSTRACT.—Analysis of a suite of high-resolution temperature logs from six currently
nonproducing wells from the East and West Shumway domes in the El Dorado oil
field, a large long-term producing field in south-central Kansas, demonstrates that
these logs can provide reliable, equilibrium-temperature measurements in an active
petroleum setting. These high-resolution temperature logs illustrate generally conduc-
tive, equilibrium-temperature well profiles. The lower temperatures measured in two
of the wells over the East Shumway Dome appear to be the result of a significant
change in thermal gradient, perhaps from mass transport of hydrocarbons and/or in
situ thermal conductivity changes related to the presence of hydrocarbons, and not
inter-well lithologic variability. A preliminary analysis of high-resolution temperature
logs and log-header derived borehole-temperature (BHT) data at the top of two produc-
tive zones (the Kansas City and Arbuckle Groups) within the West Shumway Dome
suggests that the anomalously high BHT data present at the top of both horizons are
close to the actual formation temperature, and encompass a much broader region of

the dome than previously believed.

INTRODUCTION

Thermal disturbances have been observed for many
years in a variety of petroleum settings (e.g., Roberts,
1980). The rapid upflow and migration of hydrocar-
bons, and thermal effects created by complex struc-
tures, may produce strong surficial temperature
anomalies centered on oil and/or natural-gas deposits.
Even in a static conductive setting, the presence of low-
thermal-conductivity natural gas (0.05 Watts per
meter-degree Kelvin, W/meK), 0il (0.2 W/m+K), and
water (0.6 W/meK) in the pore space may contribute to
unusual thermal conditions at depth.

Thermal anomalies have been identified in both ac-
tive and static hydrocarbon regimes with the aid of
borehole temperature (BHT) data. However, any ther-

mal anomalies delineated in such a manner are diffi-.

cult to interpret correctly because BHT data are not
equilibrium-temperature measurements and because
the errors of BHT measurements are large and may be
systematic. Furthermore, BHT data provide little if any
insight into the mechanism responsible for the thermal
disturbance (i.e., fluid migration versus a change in
heat flow with depth). A better method to investigate
the source and spatial extent of thermal anomalies is
with high-resolution temperature logs.

Recent advances in technology, including fiberoptic
(Forster and others, 1997) and computer tools (Wisian
and others, 1998), as well as electric-line tools (Black-

well and Spafford, 1987), allow the routine acquisition
of high-resolution (+ 0.001°C) temperature logs that
record temperature as a function of depth with sub-
meter resolution (0.1 m). High-resolution temperature
logs have been acquired in producing and nonpro-
ducing oil, gas, and geothermal wells and successfully
used to detect upflow and to interpret small-scale litho-
logic variations (Blackwell and Steele, 1989; Blackwell
and others, 1999). We use high-resolution temperature
logs from the El Dorado oil and gas field (Fig. 1), Butler
County, Kansas, to characterize a portion of the ther-
mal regime of a large, long-term producing, Midcon-
tinent oil field.

The El Dorado field is an old field (discovered in
1915), consisting of seven fault-bounded domes striking
roughly parallel to the Nemaha ridge (azimuth 020°) in
south-central Kansas (Fath, 1921; Reeves, 1929). The
El Dorado field has produced steadily (~300 million bbl,
cumulative) from Ordovician sands (Simpson Group),
dolomites (Viola and Arbuckle Groups), Upper Penn-
sylvanian carbonates (the Lansing and Kansas City
Groups), and Lower Permian sands (Admire Group)
(Ramondetta, 1990). A significant pre-Pennsylvanian
unconformity is present throughout Kansas, and is
particularly prominent in the El Dorado field (Walters,
1958). This unconformity represents the contact
between the younger, overlying Pennsylvanian shales
of the Cherokee Group and the fractured and weakly
deformed lower Paleozoic formations. Below the

McKenna, J. R.; and Blackwell, D. D., 2001, Thermal regime of a large Midcontinent oil field (Butler County, Kansas) from
high-resolution temperature logs, in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary ba-
sins in the southern Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 151-161.
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Figure 1. Location of El Dorado oil field, Kansas. The wells logged in this study appear as black dots. The stippled area rep-
resents the sections containing wells with high-resolution temperature logs and borehole-temperature data. The dashed line
labeled X-X" is the approximate location of the cross section presented in Figure 2. One section is equal to 1 mi2. Structural

data modified from Ramondetta (1990).

unconformity is Precambrian granitic basement
(Ramondetta, 1990).

We discuss in this paper six high-resolution tem-
perature logs acquired in nonproducing wells in and
around the West and East Shumway domes along the
western margin of the El Dorado field. This project is
the initial phase of a study to investigate the thermal
regime in Midcontinent oil fields using high-resolution
temperature logs. The six logs described here were col-
lected in a period of three days in the summer of 1999.
Additional logging is planned in the future to develop a
detailed data set for comparison to the log-header—
derived BHT data that indicate a thermal anomaly of
as much as 9°C associated with the field. The geologic
features of the field and the sites of the logged wells are
shown on the map in Figure 1. A schematic cross sec-
tion (X—X") through the fault-bounded West and East
Shumway domes is shown in Figure 2 (the location of
the cross section appears as a dashed line in Fig. 1).

The approximate on-strike projected locations of five of
the wells discussed in this study along with the total
depth logged in each well also are shown. Because the
hydrocarbon reservoirs at El Dorado are characterized
by limited connectivity, isolated oil/gas pockets are
present throughout much of the field (Ramondetta,
1990). These isolated hydrocarbon pockets occur as thin
lenses situated above the fault contact between the
West and East Shumway domes (Fig. 2). Any relief
across the pre-Pennsylvanian unconformity by means
of faulting or differential erosion in this region should
juxtapose units with contrasting thermal conductivity
(i.e., the shales and sandstones of the Cherokee Group
versus carbonates of the Arbuckle Group) and thus
may generate local conductive thermal anomalies.
The effect of discrete, static, fluid bodies and con-
trasting thermal-conductivity units to the overall ther-
mal regime of the field is unknown at this stage of the
study, because of the wide spacing of the logged wells.
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However, the thermal conditions in these individual
wells will be discussed in a following section.

HIGH-RESOLUTION TEMPERATURE LOGS

The logged wells were drilled originally to target the
Arbuckle Group at ~710-760 m depth but were either
marginal or had watered out. Consequently, all the
wells have been shut-in for some time, accumulating a
column of oil in the borehole generally overlying water
and allowing thermal equilibrium to be reached in the
absence of fluid flow within the borehole. Generally,
little pressure build-up occurred in each well owing to
the paucity of natural gas throughout the field. The
temperature-depth curves for all six wells that were
logged are shown in Figure 3. The strong negative-tem-
perature shift near 80 m depth in the Paulson #111A
well (and between 80 and 120 m in three of the other
wells) is the location of the air-fluid contact (i.e., water-
table). This sort of a deflection is a general characteris-
tic of temperature logs acquired in mostly fluid-filled
wells and is due to the fact that the moving probe does
not reach thermal equilibrium in the air column part of
the well. All six wells were undisturbed for a period of

months to years prior to logging and display generally
conductive (linear by segments) temperature profiles.
The temperature log of Enyart #111, however, displays
some upflow in the borehole between 150 and 380 m
(possibly as deep as 570 m), causing the measured tem-
peratures to seem hotter for the disturbed depth inter-
val than in all of the other wells. The main effect of this
upflow within the well bore is that the upper part of the
well is hotter than projected from the temperature in-
formation at the bottom part of the well. Additionally,
because the holes are open for the last ~16 m, some
minor upflow is present in a few of the logs but is re-
stricted to the last few meters of the log. The long
production time for the field does not appear to have
changed the temperatures in the Arbuckle reservoir
except to a very minor extent.

The temperatures and the gradient patterns for five
of the six wells are nearly identical—the variation in
BHT is only about 1°C. However, thermal conditions in
Finney #2 seem to be significantly cooler than the other
wells. The temperature log BHT in Finney #2 is about
2°C less than the average temperature log BHT in
wells near the crest of the West and East Shumway
Domes. Interestingly, the next lowest temperature-
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Figure 3. High-resolution temperature logs acquired in El
Dorado field during the summer of 1999. All wells were
logged with an electric-line temperature probe at 8 m/min. No
post-processing was performed. All the logged profiles gen-
erally seem conductive with the exception of Enyart #111
well, which is disturbed in the upper part,

depth curve is that of Hull-Higgins #27, which also is
situated within the East Shumway dome block.

It is instructive to compare temperature and ther-
mal-gradient logs recorded in the Paulson #111A and
Finney #2 wells (Fig. 4A), Finney #2 and Hull-Higgins
#27 wells (Fig. 4B), and Paulson #111A and Hull-
Higgins #27 wells (Fig. 4C) directly so that the salient
features of high-resolution temperature logs are readily
apparent. In Figure 4A—C, the gradient log was formed
by simply calculating AT/AZ, where T is temperature,
and Z is depth. All the gradient logs presented in
Figure 4 have been smoothed with a 7-point (0.6 m)
moving-average window for clarity.

If conditions in a well are conductive, then the prod-
uct of the thermal gradient and thermal conductivity is
the vertical heat-flow out of the well. This is Fourier’s
Law: if the heat-flow is constant with depth, any de-
crease/increase in thermal conductivity with depth
should cause the thermal gradient to increase/decrease
(e.g., Blackwell and Steele, 1989; Blackwell and others,
1999). For example, the Finney #2 gradient log
(Fig. 4A) is much less noisy than the Paulson #111A
gradient log, and, therefore, is able to resolve small
variations in lithology. Between the top (~500 m)
and bottom (~550 m) of the Lansing Group, the Finney
#2 thermal gradient decreases from approximately
45°C/km to 25°C/km. Again, assuming that the
heat-flow does not decrease with depth, this drop in
thermal gradient implies that a corresponding increase
in thermal conductivity has occurred, perhaps

J. R. McKenna and D. D. Blackwell

from a relatively low thermal conductivity shale
(~1.5 W/m+K) to a higher conductivity “clean” lime-
stone (~3 W/m+K).

Ideally, we would like to attribute the cause of the
lower temperatures encountered in the Finney #2 well
to systematic differences in the thermal gradient and
not lithologic variability. Unfortunately, a direct com-
parison of the gradient logs is difficult because they
differ substantially. A better comparison is available in
Figure 4B, which compares the temperature measure-
ments obtained in the Finney #2 well, which is located
in the easternmost portion of the East Shumway dome
(Fig. 1), with temperature measurements made in
Hull-Higgins #27, which is situated over the East
Shumway dome, but is close to the bounding fault be-
tween the West and East domes.

Examining the temperature-depth curves it is ap-
parent that Finney #2 is somewhat cooler than Hull-
Higgins #27. The gradient logs are both smooth and
appear almost identical, with a minor (~35 m) offset
present as a result of a thicker sequence of the Toronto
Group in Finney #2. Nonetheless, it is clear that Hull-
Higgins #27 is characterized by a systematically higher
thermal gradient over the entire length of the log, de-
spite possessing a stratigraphy similar to Finney #2.
Because of this systematic variation, we interpret that
the different log characteristics are not the result of
normal variations in lithology nor are they a conse-
quence of borehole disturbances. Rather, the different
log characteristics are due to distinct thermal condi-
tions in the West and East Shumway domes. This is
one of the types of effects that can lead to variation in
high-resolution log BHTSs but cannot be uniquely deter-
mined from the BHT data alone.

Figure 4C compares the temperature measurements
obtained in Paulson #111A and Hull-Higgins #27. Even
though the two wells are located in different regions of
the field and the Paulson #111A log is somewhat noisy,
the high-resolution temperature logs yield relatively
similar temperature/depth curves. The gradient logs
for these two wells are similar, but the measurable dif-
ferences present seem to arise from the normal varia-
tions in lithology expected in sedimentary sections.

It is unclear what the contribution of lithologic
variation in each well is to the temperature data.
The Upper Pennsylvanian Lansing and Kansas City
Groups are massive, relatively clean limestone units.
Therefore, little variation in thermal gradient would be
expected. However, the unexpected offset in thermal
gradient through these units in both wells requires
modeling to explain whether these observations arise
from (1) conductive disturbances related to the complex
structure of the field or (2) hydrocarbon accumulation
and migration through the producing Arbuckle
Group. We plan to investigate these affects in future
work.

HIGH-RESOLUTION TEMPERATURE LOGS
VERSUS WELL-HEADER BHT DATA

Borehole-temperature data are generally used to
evaluate thermal history and to constrain the timing of
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Figure 4 (above and following pages). (A) A comparison of
high-resolution temperature measurements logged in the
Paulson #111A (dashed curve) and Finney #2 (solid curve)
wells, El Dorado, Kansas. Finney #2 appears cooler than
Paulson #111A. Whether this is a direct result of the two
wells being in the East and West Shumway domes, respec-
tively, is unknown. The gradient logs appear different, par-
tially because the Paulson #111 log is noisy, rendering it ditf-
ficult to assess any lithologic contribution to the observed
temperature differences. (B) Comparison of high-resolution
temperature measurements in the Hull-Higgins #27 (dashed
curve) and Finney #2 (solid curve) wells, El Dorado, Kansas.
Both gradient logs are quiet, and seem to be well correlated,
as expected, because both wells are situated over the East

Shumway dome. The Hull-Higgins #27 gradient log is sys-
tematically higher for the entire length of the log, suggesting
that the lower temperature in Finney #2 is due to a real heat-
flow difference and not a convective disturbance from past
production or upflow. (C) A comparison of high-resolution
temperature measurements logged in the Paulson #111A
(dashed curve) and Hull-Higgins #27 (solid curve) wells, El
Dorado, Kansas. The gradient logs appear similar even
though Paulson #111A is located over the West Shumway
dome, whereas Hull-Higgins #27 is located close to the con-
tact between the East and West domes. The differences in
temperatures, however, are probably the result of lithologic
variations present in the sedimentary section at the El
Dorado field.
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Figure 4 (continued).

hydrocarbon generation in key source beds in active
petroleum settings. Temperature-time histories gener-
ated by utilizing BHT data can be inaccurate, however,
simply because the BHT data themselves are inher-
ently inaccurate. Before any attempt to model the ther-
mal history of a particular source bed is made, the
present-day thermal regime of the field must be accu-
rately determined. However, because BHT data are not
equilibrium-temperature measurements, they must be
corrected for drilling disturbances prior to use. The
correction factor generally applied is empirical and
specific to a particular field or lithologic unit. Only with
additional log-header information, such as the time
since circulation of drilling fluid and the shut-in time of

the well, can an equilibrium-temperature measure-
ment be extrapolated and the “true” formation tem-
perature be determined (Bullard, 1947). A better meth-
od of constraining the present-day equilibrium thermal
regime in petroleum settings is with high-resolution
temperature logs.

Blackwell and others (1999) discuss several limita-
tions inherent in utilizing BHT data to understand and
model the thermal structure of sedimentary basins.
They argue that the relative ease and low cost of ac-
quiring high-resolution temperature logs, coupled with
their superior information content make their use pref-
erable to BHT data in almost all instances. For ex-
ample, thermal-gradient estimates obtained from log-
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Figure 4 (continued).

header BHT are rarely more accurate than +10-25%,
whereas thermal-gradient information derived from
high-resolution temperature logs are perhaps accurate
to 20.5°C/km at 1 m resolution. Furthermore, because
BHT data tend to cluster around a few depths, they
cannot provide vertical depth resolution of the thermal
gradient (e.g., Jessop, 1990).

High-resolution temperature logs, unlike BHT data,
can provide sufficient resolution to assess thermal-
gradient fluctuations with depth and provide
constraints on variations in lateral and vertical in situ
thermal conductivity because of lithologic variations.
Perhaps the most advantageous feature of high-
resolution temperature logs is that appearance of the

log itself (through the gradient log) affords a measure
of the borehole conditions. A “noisy” gradient log sug-
gests that nonequilibrium or even nonconductive well
conditions may dominate, thereby providing a semi-
qualitative indicator of the reliability of the log. BHT
data cannot be similarly assessed.

To demonstrate the inaccuracies of BHT data, we
present the temperature field atop two prominent hori-
zons present in the El Dorado field—the Upper Penn-
sylvanian Kansas City Group (limestone) and the
Upper Cambrian—-Lower Ordovician Arbuckle Group
{dominantly dolomite, but with some chert, shale, and
sandstone). Both units have been prolific producers of
hydrocarbons in Kansas and in the E]l Dorado field.
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Figure 5. High-resolution temperature log and uncorrected log-header borehole-temperature (BHT) data from the top of the
Kansas City Group (615-633 m), West Shumway dome, El Dorado, Kansas. The contour interval is 3°C. One section is equal
to 1 mi2. The high-resolution measurements suggest that the ~8°C BHT anomaly actually encompasses the entire dome in-
stead of a restricted region near the dome crest. BHT data are courtesy of Dan Merriam, Kansas Geological Survey.

Accordingly, both units have been the target of numer-
ous BHT observations (e.g., Férster and Merriam,
1999).

Shown in Figure 5 are the contoured, uncorrected
well-header BHT data sampled at the depth of
the Kansas City Group (615-633 m) within the West
Shumway dome. Also shown are the temperature
ranges from the high-resolution logs encountered in the
three wells (Paulson #128A, Paulson #111A, and
Enyart #111A) closest to the crest of the dome (where
sections 1, 2, 11, and 12 intersect) at the same depth in-
terval. The BHT data show a broad region of 29°C tem-
perature centered over the dome and two smaller re-
gions in which the temperature is in excess of 37°C.
The high-resolution temperature measurements cover-
ing approximately the same area of the dome all show
an average temperature of 36°C. Even though the wells
are isolated from one another, the limited high-resolu-
tion data suggest that the >8°C BHT anomaly, re-
stricted to two small areas on the dome, is in fact, not
anomalous, but rather is closer to the equilibrium tem-
perature of the Kansas City Group.

Figure 6 is similar to Figure 5, except that the con-
toured, uncorrected well-header BHT data here repre-
sent estimates of the temperature field at the top of the
Arbuckle Group (707-838 m). Also shown is the range
of temperatures encountered from 707 m to the total
logged-depth in the three wells closest to the crest of
the West Shumway dome. As before, the BHT data il-
lustrate a broad region roughly corresponding to the
dome of temperature of at least 32°C. In general, how-
ever, there is somewhat less complexity to the Arbuckle
Group BHT-delineated thermal structure at this depth
interval than that of the shallower Kansas City Group
(Fig. 5). The thermal structure here varies uniformly
and is seen to reach a maximum of 41°C as the crest of
the dome is approached from all sides. Although the
amplitude of the well-header BHT anomaly for the
Arbuckle Group is about 11°C, it probably is somewhat
less because the depth interval at which the BHT data
are recorded span the rather large depth range of about
130 m. The high-resolution temperature measure-
ments nearest to the dome all recorded similar observa-
tions, the mean temperature being about 39°C. Again,
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Figure 6. High-resolution temperature log and uncorrected log-header borehole-temperature (BHT) data from the top of the
Arbuckle Group (707-838 m), West Shumway dome, El Dorado, Kansas. The contour interval is 3°C. One section is equal to
1 mi2. The high-resolution temperature measurements seem to indicate a much broader and hotter region than the ~11°C
anomaly delineated by BHT data. BHT data are courtesy of Dan Merriam, Kansas Geological Survey.

the results of the high-resolution temperature mea-
surements in wells centered over the West Shumway
dome suggest a broader region of high temperature at
the top of the Arbuckle Group than delineated by the
BHT data.

To emphasize the different interpretations of the
thermal regime of the El Dorado field suggested by the
log-header BHT data and by the high-resolution tem-
perature logs, we present a composite temperature/
depth plot of all available temperature measurements
and uncorrected BHT data at the top of the Kansas
City and Arbuckle Groups (Fig. 7). The average tem-
perature/depth curve for the high-resolution logs
was constructed by sampling the temperature of all
six high-resolution logs at 250, 400, 650, and 720 m
depth (triangles) and averaging these measurements
(stars). The resulting mean thermal gradient for
the three intervals is plotted as a solid line. The indi-
vidual temperature measurements appear similar until
a depth of 650 m is reached. At this depth, one
well (Finney #2) appears to be significantly cooler than
the other wells, suggesting that distinct thermal

conditions in the deeper portion of the well prevail. Ig-
noring the individual well-temperature differences, it is
apparent that the mean thermal gradient remains rela-
tively constant from 200 to 650 m. After this depth is
reached, the thermal gradient increases by about
4°C/km, indicating that the deepest part of the wells
are maintained at a higher temperature than that of
the upper portion of the well. The cause for this re-
mains unknown.

The Kansas City and Arbuckle BHT data cannot
provide further insight into thermal conditions in the
El Dorado Field because they are not equilibrium-
temperature measurements. However, it is interesting
to compare the scatter in both types of data at the
two horizons (Fig. 7). The open and vertically striped
polygons represent the range (in both temperature
and depth) of the high-resolution temperature
measurements at the top of the Kansas City and Ar-
buckle Groups, respectively. When compared with
the log-header BHT data for these two lithologies, it
is seen that the scatter in temperature/depth space
of the high-resolution logs is less. The wide scatter
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Figure 7. High-resolution temperature log and uncorrected log-header borehole-temperature (BHT) data, El Dorado oil field,
Kansas. The small scatter in the high-resolution temperature measurements (triangles) at the top of two important producing
horizons—the Kansas City (open polygon) and Arbuckle Groups (vertically striped polygon)—illustrates the overall consistency
and reliability of the high-resolution temperature logs. The means of the log temperature at depths 250, 400, 650, and 720 m
(stars) were used to calculate the mean interval thermal gradient. BHT data are courtesy of Dan Merriam, Kansas Geologi-

cal Survey.

in the BHT data at these two horizons emphasizes
the consistency and accuracy of the high-resolution
temperature logs. The other prominent feature appar-
ent from Figure 7 is that with few exceptions, the BHT
data are colder than the high-resolution measure-
ments. This pattern of colder than normal (as defined
by the high-resolution temperature measurement as an
equivalent depth) BHT data is consistent with either
drilling disturbances (cooling at depth from circulating

drilling mud) or production effects. Either interpreta-
tion emphasizes the nonequilibrium character of BHT
data in general and these data in particular, which
have not been corrected.

CONCLUSIONS

Although the results presented in this study are pre-
liminary, a few observations are worth noting:



High-Resolution Temperature Logs, El Dorado Field, Kansas

1. High-resolution temperature logs can provide re-
liable, equilibrium-temperature measurements in
active petroleum settings.

2. High-resolution temperature logs acquired in the
producing El Dorado oil field, Kansas, illustrate
generally conductive, equilibrium-temperature
well profiles.

3. The lower temperatures measured in the Finney
#2 and Hull-Higgins #27 wells over the East
Shumway dome appear to be the result of a sig-
nificant change in thermal gradient, perhaps
from mass transport of hydrocarbons and/or in
situ thermal conductivity changes related to the
presence of hydrocarbons, and not inter-well
lithologic variability.

4. A preliminary analysis of high-resolution tem-
perature logs and log-header—derived BHT data
at the top of two productive zones (the Kansas
City and Arbuckle Groups) within the West
Shumway dome suggests that the anomalously
high BHT data present at the top of both horizons
are close to the actual formation temperature,
and encompass a much broader region of the
dome than previously believed.

One possible explanation for the apparently broad
isothermal conditions atop the Arbuckle Group in that
the pre-Pennsylvanian unconformity that separates
the Middle Ordovician Viola (dolomite) and Simpson
(sandstone) Groups and the deformed Arbuckle Group
from the younger overlying shales of the Cherokee
Group is a permeable pathway for fluid migration
(Ramondetta, 1990).

In the future, we plan to log additional wells off-axis
of the West Shumway dome and wells in the East
Shumway dome in order to develop a more complete
data set. These data then will be modeled to determine
whether the observed temperature variations are from
conductive as opposed to conductive disturbances and
are therefore related to hydrocarbon accumulation and
migration. A more complete comparison with the BHT
data, both corrected and uncorrected, also will be car-
ried out to evaluate the real errors of using such data.
This error evaluation cannot be performed using the
log-header BHTSs themselves due to the lack of “true”
data.
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AssTracT.—Heat flow is generally computed from temperature log data combined
with rock thermal conductivity measured from core or cuttings samples of the strati-
graphic units encountered in the well bore. These heat-flow values and associated
thermal conditions are important in many aspects of basin analysis, especially in the
determination of the alteration of organic matter and the generation of hydrocarbons.
Heat-flow density measurements are sparse in the Midcontinent of the United States,
however, and values are available from only seven boreholes in the Paleozoic in east-
ern and central Kansas. By contrast, tens of thousands of exploration and production
wells have been logged by electric and nuclear devices. By calibrating standard geo-
physical logs with thermal-conductivity measurements and applying these to tempera-
ture data from drill-stem tests (DSTSs), it is possible to estimate heat-flow values at lo-
cations with no recovery of core or cuttings. Although the methodology provides only
an indirect estimate of heat-flow density, the much greater availability of boreholes
with nuclear logs and DSTs suggests that reasonable values can be obtained in studies

that use multiple wells.

INTRODUCTION

In the Midcontinent of the United States, large
archives of commercial wireline logs are readily avail-
able on paper copy and are increasingly accessible
over the Internet from digital databases such as
that maintained by the Kansas Geological Survey
(www.kgs.ukans.edu). Nuclear wireline logs supply
measurements of rock mineralogy and porosity, which
can be calibrated for the prediction of thermal conduc-
tivities. Temperature measurements from drill-stem
tests (DSTs) and bottom-hole temperatures (BHTs)
provide the necessary data for temperature gradients.
Combined with the predicted thermal conductivities,
heat flow may be computed at each well. Although
high-precision temperature logs and laboratory mea-
surements of subsurface thermal conductivity are pre-
ferred in heat-flow studies, they are extremely sparse
contrasted to the number of petrophysical wireline logs.
If reasonable estimates of heat flow based on these data
can be made in the areas where dense control of oil and
gas wells exists, then the larger database can be ex-

tended to the evaluation of thermal structure over
large regions.

PREDICTIVE METHODOLOGY

In an earlier Kansas geothermal study, thermal con-
ductivity and geologic descriptions were recorded for
drill cuttings from four wells that were logged by a
high-precision temperature device (Blackwell and
Steele, 1989). These boreholes were also logged by neu-
tron, density, sonic, and gamma-ray wireline tools, so
that well-log parameters could be linked with thermal-
conductivity values measured in the laboratory on
samples from coincident depths. Although earlier stud-
ies have emphasized the dominant role of porosity on
rock thermal conductivity (e.g., Bullard, 1954), this
conclusion has been drawn for successions with moder-
ate to high porosities. Thermal conductivities in the Pa-
leozoic rocks of the Kansas subsurface are more influ-
enced by the minerals forming the rock matrix because
of the low porosities in the carbonates (average 6%).

Doveton and others (1997) developed a statistical
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predictive relationship for matrix thermal conductivity
from the relationship between laboratory measure-
ments and rock matrix descriptors derived from the
well-log response. The equation took the form:

A=8.45xp, ., —4.64xV,, —18.66

where Ais the prediction of matrix thermal conductiv-
ity; Pynaq 15 the apparent matrix density computed from
the density log and apparent porosity; and V; is the
volume of shale estimated from the gamma-ray log.
The equation was shown to be not only an effective pre-
dictor for carbonates but also an effective predictor for
thermal-conductivity values for shale. These values
show a reasonable match with subsurface estimates
(Blackwell and Steele, 1989).

When used for prediction of in situ thermal conduc-
tivity in oil or gas wells, matrix thermal conductivities
are first estimated using wireline-log data and then
converted to bulk thermal conductivities by incorpora-
tion of a porosity term, also derived from the logs. An
advantage of this indirect approach is that thermal
conductivity is calculated as a continuous function of
depth for sections of the particular rock type for which
the predictive equation was derived. Cumulative ther-
mal conductivities of subsurface successions combined
with interval temperature gradients allow heat-flow
density values to be estimated. Where a temperature
profile is available, local intervals of anomalous heat
flow in the borehole can be recognized. If a continuous
temperature profile is not available, average tempera-
ture gradients can be computed in all wells through the
use of end-member temperature anchor-points, pro-
vided by surface and corrected BHTs or temperatures
from DSTs. Additional temperature values measured
at intermediate depths in a well allow a more reliable
estimation of an average temperature gradient in the
well by regression analysis or even an estimate of an
interval gradient for a particular section or for different
formations. Generally, the more data points that are
available in a well, the better will be the estimate of a
temperature gradient used for heat-flow determina-
tion, given the uncertainties with single temperature
data from petrophysical well logging or well testing.
For problems in determining heat flow from BHTs and
DST temperatures, the reader is referred to Deming
(1989), Forster and others (1997), and Forster and
Merriam (1999) and references therein.

KANSAS CASE STUDY

Kansas boreholes penetrate a relatively thin cover of
sedimentary rocks that overlie the Precambrian crys-
talline basement. The succession consists of thick
Cambro—Ordovician dolomites and limestones overlain
by the Devonian Chattanooga Shale and a sequence of
undifferentiated Mississippian carbonates. Above the
Mississippian, the Pennsylvanian section consists pre-
dominately of alternating shale and limestone with
some sandstone and coal, overlain by Permian rocks,
which are similar in character to the Pennsylvanian
sequence. Shales, limestones, cherty limestones, dolo-
mites, and cherty dolomites dominate the sequence,
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whereas sandstones are less abundant. This situation
is typical for the Midcontinent Paleozoic

An ideal well for predictive purposes of heat flow
would be one that had a minimum of a gamma-ray,
neutron, and density wireline-log suite and, in the ab-
sence of a temperature profile, a number of DSTs that
had recovered formation fluid to provide temperature
data to supplement corrected bottom-hole and surface
temperatures. The use of temperature data from a
number of DSTs within the same well at different
depths allows several replicate estimates of heat-flow
density to be estimated for comparison and validation.
Also, estimates are generally considered more reliable
in sections dominated by carbonates with little shale,
because of the anisotropic and heterogeneous nature of
shale thermal conductivity.

Although the well Patrick Herd #1 would not be con-
sidered as ideal, it has features that make it better
than typical and worthy of a case study in the examina-
tion of the strengths and weaknesses of the indirect
estimation of heat-flow density. Located in Comanche
County in southern Kansas, close to the Oklahoma
border, the well had six DSTs run over an interval
ranging from the Pennsylvanian sequence to the Ar-
buckle Formation at the bottom of the hole. The depth
range of the tests covers a lower Paleozoic section, the
generalized lithologic composition of which is shown in
Figure 1. The generalized compositions are estimated
from density, neutron, and photoelectric logs, using
methods described by Doveton (1994).

Many authors (e.g., Férster and others, 1997) have
noted that DSTs should provide better temperature
estimates than the BHTSs, which represent the tem-
perature of the drilling mud at the bottom of the well
under nonequilibrium conditions. The relative abun-
dance of temperature data provided by these DSTs,
however, must be tempered by the realization that
their reliability is influenced by the volume and nature
of the fluid recovered. This is illustrated on Figure 2,
where a time-temperature record is plotted for all six
tests. The tests are conveniently paired into three dif-
ferent types of fluid recovery: gas (#2 and #3), mud (#4
and #5), and water (#1 and #6). The four periods of flow
and shut-in causes complex temperature records to be
measured by the sensor on the DST-valve assembly.
The two gas tests provide excellent graphic illustra-
tions of the cooling effect of gas expansion from the for-
mation. The two mud tests reflect the recovery of rela-
tively small amounts of mud-filtrate that have invaded
the formation, and, thus, a slow build-up in tempera-
ture over the test periods. Both water recoveries show
an initial rapid increase in temperature during the first
flow period, a maximum temperature reached within
the test, and a decline in temperature in the final shut-
in period.

Temperature variation within the borehole can be
studied based on measurements from the DSTs, the av-
erage surface temperature at the borehole location, and
the adjusted BHT using the correction factor proposed
by Kehle (1972). When the maximum temperature
from each test is plotted against depth (Fig. 3), the
points show a consistent and coherent pattern when
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Figure 1. Compositional profile of part of the Paleozoic section estimated from nuclear wireline logs in Patrick Herd No. 1 well,
NEVNEWNEVa sec. 4, T. 33 S., R. 19 W., Comanche County, Kansas. Depth in feet. Circled numbers on the section locate

the depths of six drill-stem tests (DSTs) in the well.

related to the temperature gradient drawn to link the
average surface temperature with the corrected bot-
tom-hole temperature recorded by the wireline log.
Temperatures from the two gas tests are cooler than
the mud-column gradient because of gas-expansion
cooling. The two mud-recovery temperatures closely
honor the mud-column gradient, presumably because
the mud filtrate of invasion is in equilibrium with the
mud column rather than with the formation tempera-

ture. Finally, the maximum temperatures recorded by
the two water recoveries are significantly higher than
the mud-column gradient and thus are interpreted to
reflect formation temperatures, which are higher than
the cooler mud column.

The temperatures from the two DSTs with water
recoveries were used to constrain a temperature gradi-
ent for this interval and the heat flow, which is consid-
ered typical for the entire well. The use of the two DST
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values has the additional advantage that the interval
between them has less shale and a higher proportion of
carbonate rocks than higher in the section. The estima-
tion of realistic shale thermal conductivities is difficult
for indirect methods such as used in this paper or for
direct measurements from core or cuttings samples,
because of anisotropy and other factors (Blackwell and
Steele, 1989). Therefore, the use of sections that are
dominated by carbonates and bounded by good DST
temperature measurements are preferable for model
estimates of heat-flow density.

The digital gamma-ray, density, and neutron logs in
Patrick Herd #1 were processed to obtain estimates of
apparent matrix density (p,,,,) and volume of shale
(Vi) and used to predict a profile of the matrix thermal
conductivity (1). Bulk thermal conductivities were then
computed by modifying the matrix values by the ther-
mal conductivity of the pore water, using porosities
estimated from the density and neutron logs. The

cumulative sum of the thermal conductivities in the
section between the two DSTs combined with the tem-
perature gradient from the DST temperature measure-
ments enabled an estimate of the heat-flow value to be
made at this location. Using these data, a simulation of
a temperature log and its derivative temperature-
gradient log generated is shown in Figure 4. The high-
frequency fluctuations of temperature gradient in the
upper part of the section reflect the interbedding of
relatively thin shales in the Pennsylvanian rocks,
which contrasts with the more massive carbonates at
deeper levels.

The application of the temperature gradient be-
tween the two water-recovery DSTSs (28.44°C per km;
1.56 °F per 100 ft) with the average bulk conductivity of
the intervening section gave a heat-flow value of 75.4
mW/m2. This value is higher than that estimated
in most Kansas geothermal wells to date. It should
be noted that the high value is caused primarily by
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Figure 3. Depth plot of drill-stem test (DST) temperatures (in
°F) versus depth (in feet) in the Patrick Herd No. 1 that links
the mean annual surface temperature with the uncorrected
and corrected borehole temperature recorded by the
wireline-logging tool. The temperature gradient constrained
by DST #1 and DST #6 is considered as a "best” value.

the high temperature gradient in this well (shown by
both DST data and corrected BHT measurement),
rather than intrinsic problems with the indirect es-
timation of thermal conductivities from the wireline
logs. Difficulties in estimating the thermal conduc-
tivities of shales in the section, however, cannot be ig-
nored as a contributing factor to uncertainties in heat-
flow estimation. In future studies, the use of multiple
estimates of heat-flow within individual wells from a
large sample of wells will allow shale thermal con-
ductivity to be calibrated from the well data as a by-
product of the solution of robust and consistent heat-
flow values.

CONCLUSIONS

If both the anomalously high temperature gradient
(1.56 °F per 100 ft) and heat-flow value (75.4 mW/m?)
calculated from logs and drill-stem tests are correct,
then this could be the result of either locally high heat
production in the Precambrian basement or the effects
of local fluid movement upward in the overlying sedi-
ments. Bodies of granitic rocks in the Precambrian
basement are known from geophysical work in the
Midcontinent. Ireland (1955) described the Osage-type
structural features (the “Tulsa Mountains™) in the sub-
surface of northeastern Oklahoma, and Cole (1976)
showed similar features in Kansas. Later, Gay (1989)
outlined “Graniteville-type” Proterozoic igneous intru-
sions in southeastern Kansas as interpreted from geo-
physical evidence. It is likely that differences exist in
radiogenic-heat production of these bodies, causing
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areal contrasts in heat-flow generation. If these paleo-
topographic features or the intrusives are radioactive,
they could account for the localized high heat-flow
values. However, localized high heat-flow values have
also been suggested to result from subsurface fluid
flow through the sedimentary cover. For example,
high heat-flow values in the vicinity of Tulsa, Okla-
homa, are attributed to regional groundwater flow
through the sedimentary cover (Cranganu and others,
1998). Forster and others (1997) noted that fluid flow
may affect subsurface temperatures locally in the
Cherokee basin.

The ambiguous conclusions of this paper are typical
of geothermal studies in the Midcontinent (e.g., Cran-
ganu and others, 1998) caused by the relative paucity
of data, poorly understood geological mechanisms, and
the struggle to distinguish systematic features from
artifacts. However, this experiment shows the feasibil-
ity of heat-flow density estimation based on wireline
logs and drill-stem tests from a single well. In future
studies, the procedure could be applied to the large
database associated with exploration and production
wells. The increase in the number of estimates would
mark a significant improvement in the recognition of
systematic heat-flow patterns. The estimation proce-
dures would give valuable insights into improved esti-
mations of temperature from DSTs with different fluid-
types and volumes of recovery. Finally, the expanded
database would allow the heat-flow estimation proce-
dure to be-fine-tuned, particularly with respect to its
weakest feature (in common with all current geother-
mal methods), which is the estimation of realistic ther-
mal conductivities of shales.

REFERENCES CITED

Blackwell, D. D.; and Steele, J. L., 1989, Heat flow and
geothermal potential of Kansas: Kansas Geological Sur-
vey Bulletin 226, p. 267-295.

Borel, R.; and Deming, D., 1993, Heat flow in north-central
Oklahoma [abstract]: American Geophysical Union
Transactions Eos, v. 74, p. 607.

Bullard, E. C., 1954, The flow of heat through the floor of
the Atlantic Ocean: Proceedings of the Royal Society of
London, ser. A, v. 222, p. 408—429.

Carter, L. S.; Kelley, S. A.; Blackwell, D. D.; and Naeser,
N. D., 1998, Heat flow and thermal history of the Ana-
darko basin, Oklahoma: American Association of Petro-
leum Geologists Bulletin, v. 82, p. 291-318.

Cole, V. B., 1976, Configuration of the top of Precambrian
rocks in Kansas: Kansas Geological Survey, Map Series
M-7, scale 1:500,000.

Cranganu, C.; Lee, Y.; and Deming, D., 1998, Heat flow in
Oklahoma and the south-central United States: Journal
of Geophysical Research, v. 103, p. 107-127.

Deming, David, 1989, Application of bottom-hole tempera-
ture corrections in geothermal studies: Geothermics, v.
18, p. 775-786.

Doveton, J. H., 1994, Geologic log analysis using computer
methods: American Association of Petroleum Geologists
Computer Applications in Geology, no. 2, 169 p.

Doveton, J. H., Forster, Andrea; and Merriam, D. F., 1997,
Predicting thermal conductivity from petrophysical



168

Temperature (°C) Gradient (°C/km)
40 80 0 80

1 Il 1 A It L 1 1 A 2 1 1 L

4500

PENNSYLVANIAN

Depth
| (feet) 1

1 - 5000 1 =

5500

VIOLA

- 6000 1

Figure 4. Model prediction of temperature (in °C) and tem-
perature-gradient log (in °C/km}) in Patrick Herd No. 1 well
based on bulk thermal conductivities estimated from wireline
log-responses and temperatures obtained during drill-stem
tests (DSTs) with water recovery.

J. H. Doveton and others

logs: a Midcontinent Paleozoic case study, in Pawlowky-
Glahn, V. (ed.), Proceedings of the International Asso-
ciation for Mathematical Geology ’97, Part 1: Interna-
tional Centre for Numerical Methods in Engineering,
Barcelona, Spain, p. 212-217.

Forster, Andrea; and Merriam, D. F., 1999, Problems and
potential of industrial temperature data from a cratonic
basin environment, in Forster, Andrea; and Merriam,
D.F. (eds.), Geothermics in basin analysis: Kluwer Aca-
demic/Plenum Publishers, New York, p. 35-59.

Forster, Andrea; Merriam, D. F.; and Davis, J. C., 1997,
Spatial analysis of temperature (BHT/DST) data and
consequences for heat-flow determination in sedimen-
tary basins: Geologische Rundschau, v. 86, p. 252—-261.

Gay, P. S,, Jr., 1989, “Graniteville-type” Proterozoic igne-
ous intrusions mapped in southeast Kansas: Kansas
Geological Survey Bulletin 226, p. 229-243.

Gosnold, W. D., Jr., 1999, Basin-scale groundwater flow
and advective heat flow: an example from the northern
Great Plains, in Forster, Andrea; and Merriam, D. F.
(eds.), Geothermics in basin analysis: Kluwer Academic/
Plenum Publishers, New York, p. 99-116.

Ireland, H. A., 1955, Precambrian surface in northeastern
Oklahoma and parts of adjacent states: American Asso-
ciation of Petroleum Geologists Bulletin, v. 39, p. 468—
483.

Kehle, R. O., 1972, Geothermal survey of North America:
American Association of Petroleum Geologists 1971
Annual Progress Report, 31 p.



Oklahoma Geological Survey Circular 106, 2001

Reservoir Characterization Using Inter-Well Seismic
in a Shallow-Shelf-Carbonate Reservoir

J. H. Justice and J. C. Woerpel

Advanced Reservoir Technologies, Inc.
Carrollton, Texas

G. P. Waits and W. H. Waddell

Oxy USA
Midland, Texas

ABsTRACT.—Reservoir characterization is a topic of considerable current interest in the
oil and gas industry. Reservoir characterization is an activity that attempts to combine
or integrate various types of reservoir data to arrive at the most accurate and detailed
model possible for the reservoir. In this study, new approaches to combining log, core,
and high-resolution, inter-well seismic data are examined in order to arrive at the
most detailed and accurate description possible for a specific shallow-shelf-carbonate
reservoir located in the Permian basin of West Texas. By utilizing certain results from
petrophysical research, the resulting reservoir characterization can include detailed
maps of reservoir porosity and permeability distributions between wells. Having done
this, a new method is then examined for estimating spatial statistics of porosity and
permeability distributions directly from the inter-well data, to be used for three-
dimensional (3-D) geostatistical extrapolation from the inter-well survey lines into the
full reservoir volume. The result is a detailed 3-D reservoir description that honors all
of the input data as well as the statistical characteristics of those data.

This work is part of an ongoing U.S. Department of Energy (DOE) Class II Oil
Project sponsored jointly by Oxy USA and the DOE. Goals of the project include the ac-
quisition of inter-well seismic data for the purposes of reservoir characterization and
to monitor the location and movement of injected CO, in this pilot CO,-injection
project. The ultimate goal of all of this work is to examine and evaluate the use of CO,
injection as a tool for improving production in marginal, shallow-shelf carbonate

reservoirs.

INTRODUCTION

As world supplies of oil and gas are drawn down,
and the probability of discovery of new reserves to re-
place these depleted resources become economically
more challenging, there is increasing interest in using
technology to reveal more information about existing
reservoirs. These efforts to increase our understanding
of the reservoir by means of the use of technology gen-
erally are categorized as reservoir description or reser-
voir characterization. These efforts ideally result in
building detailed reservoir models that are then ana-
lyzed and studied in an effort to better manage these
existing resources and to attempt to maximize produc-
tion from the reservoir before abandonment.

Geostatistical procedures for reservoir modeling and
simulation have gained wide acceptance and use in the
past few decades. One of the greatest problems faced in
building geostatistical reservoir models is the need to

identify and use both hard and soft reservoir data that
may be available to constrain the model and to provide
statistics related to spatial and azimuth variation of
model parameters.

Direct sampling of the reservoir volume is generally
limited to the well bore or to outcrops. Measurements
made on outcrops may or may not be reliable indicators
of in situ reservoir properties. As an alternative, seis-
mic data offer a potentially important means for sam-
pling the in situ reservoir volume between wells. The
problems associated with the use of seismic data for
this purpose relate to questions of spatial resolution
and to the need to relate seismic measurements to the
actual reservoir properties needed for successful mod-
eling and simulation. These properties include both
porosity and permeability variations in the reservoir
rock.

Coincident with the development of geostatistical
reservoir-characterization techniques has been the
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basins in the southern Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 169-174.
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investigation and development of seismic technology
for reservoir imaging and surveillance. We find increas-
ing numbers of references in the literature to the use of
three-dimensional (3-D) surface seismic, borehole seis-
mic, and four-dimensional (time-lapse) seismic surveys
for the purposes of reservoir management and monitor-
ing. These developments have, in turn, prompted in-
creased interest and activity in petrophysical research
aimed at relating seismic measurements to reservoir
properties. The goal of all of this work is to bring the
power of seismic imaging to the service of engineers in-
volved in reservoir management, development, and
simulation.

Surface seismic data suffer from limited bandwidth,
which typically limits spatial resolution at the reservoir
level. Borehole seismic technology has been developing
as a means of acquiring seismic data using existing
well bores, with sources and receivers at or near reser-
voir level. As a result, much broader bandwidths are
generally possible, with the consequence that resolu-
tion can be much higher than can be obtained with
surface seismic imaging. Further, because of the
unique geometries involved, borehole seismic data can
be processed as either transmission data, using tomo-
graphic imaging, or as reflection data, similar to sur-
face seismic data or vertical-seismic-profile (VSP) data.
Whereas surface seismic bandwidth is normally limited
to at most a few hundred Hertz (cycles per second),
borehole seismic data may exhibit bandwidths of sev-
eral thousand Hertz.

Surface seismic data does offer the advantage of be-
ing able to sample a full 3-D reservoir volume, whereas
borehole seismic data normally sample a vertical cross
section between two or more wells. The significantly
increased resolution and flexibility of the latter, how-
ever, makes possible more detailed studies of the reser-
voir volume and can provide a powerful new means for
deriving spatial statistics required for geostatistical
approaches to reservoir modeling and simulation. As a
result, borehole seismic imaging should be viewed as a
powerful and important new tool for reservoir studies.

Borehole seismic data can be processed as reflection
data (two-way travel path), in which case the measure-
ments with which we typically work relate to acoustic
impedance (product of acoustic-wave velocity and rock
density), amplitude, or derived attributes or character-
istics of the seismic signal (wavelet). When processed
as transmission data (one-way travel path), using to-
mographic image reconstruction algorithms, the result-
ing measurement is generally acoustic-wave velocity at
each “point” in the imaged region. Because acoustic
waves propagate in two distinct modes, namely shear
and compressional modes, we obtain a distinct finite
set of measurements, such as shear- and compres-
sional-wave velocities within the reservoir volume,
from which to derive or estimate reservoir parameters
of interest. It is fortunate that research in wave propa-
gation and rock physics is providing relationships be-
tween many rock properties and these seismic mea-
surements. When used together, we can commonly in-
fer much about the reservoir environment from indirect
seismic measurements.
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Our principal objective is to use borehole seismic
tomographic imaging between wells to derive measure-
ments, or estimates, of the compressional- and shear-
wave acoustic velocities of the reservoir rock as a func-
tion of spatial position in the reservoir. We then relate
these to reservoir porosity using log and core data to-
gether with petrophysical relationships known as the
Biot-Gassmann equations. Log and core data are used
with the inter-well data to calibrate equation param-
eters at the well. Using this calibration, we then ex-
trapolate into the inter-well volume (vertical cross
section) using the inter-well seismic data alone. From
these results, we then have enough information, ob-
tained within the reservoir itself, to extract spatial sta-
tistics needed for geostatistical reservoir modeling and
simulation in 3-D. To our knowledge, this represents
the first use of high-resolution, inter-well seismic data
for estimating spatial statistics needed for geostatis-
tical reservoir modeling.

We focus on the estimation of reservoir porosity di-
rectly from the seismic data, using the procedure out-
lined above. We then use various cross plots (as a func-
tion of rock type) to infer permeability from the derived
porosity distributions in the inter-well cross sections.
Having done this, the resulting spatial maps of poros-

Figure 1. Layout of 15 inter-well survey lines used in this
study. Lines are oriented in two patterns, north and south,
with a center seismic-source well in each. Each source well
is surrounded by multiple seismic-receiver wells. The radial
pattern permits azimuth variation of spatial statistics to be
estimated.
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ity and permeability between wells can be used to ex-
tract variograms needed for full 3-D geostatistical res-
ervoir modeling and simulation. If the inter-well survey
lines are well distributed azimuthally, then azimuth
variations in the statistics can be inferred. Figure 1
shows the actual layout of the wells and the inter-well
survey lines used in this study. The survey lines are
grouped into a north and a south pattern, each having
a central seismic-source well surrounded by a number
of seismic-receiver wells. Inter-well borehole seismic
data are acquired between each pair of wells joined by
a line in the figure.

BIOT-GASSMANN EQUATIONS

The key to relating seismic measurements to rock
properties lies in the realm of rock physics (or petro-
physics) research. An increasingly large body of litera-
ture, appearing over a relatively long time span, has
given much insight into seismic-wave propagation as a
function of the type of rock medium in which the waves
propagate. In particular, it is now known that seismic-
wave propagation in porous-rock media is influenced by
properties of the rock matrix or rock fabric itself (rock
mechanics), the characteristics of the pore space within
the rock (orientation, aspect ratio, connectivity, tortu-
osity, etc.), and the characteristics of the pore-filling
fluid (or gas), to name a few.

Fundamental research on wave propagation in po-
rous rock media was carried out by M. Biot during the
1950s. His pioneering theoretical work has been ex-
tended and modified in a number of ways as well as
supplemented and tested by laboratory investigations.
Out of this work has grown an increasingly substantial
collection of equations and relationships that can be
called into service for the type of work reported here.

One set of equations that relate shear and compres-
sional acoustic velocities to specific rock properties is of
interest to us in this work. In particular, we wish to
consider a relationship known as the Biot-Gassmann
equations, given by:

st2 = Gf

2 _ 4 (
PV, —Kf+§Gf[ Kf)i o
1-0-+- +—
/K, K,

where subscripts s and p stand for shear and compres-
sional, respectively, when associated with a seismic
velocity, V. Otherwise, subscript s refers to the solid
(mineral) phase of the rock, and subscript p refers to
the pore fluid. The subscript f refers to the dry frame of
the porous rock. Rock density is denoted by p, and po-
rosity is denoted by ¢. K stands for either the bulk
modulus of the dry porous rock frame (Kp), the bulk
modulus of the solid phase of the rock (K,), or the bulk
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modulus of the pore filling fluid (K}). Gyis the shear
modulus of the rock frame.

Density and the various moduli of the rock or pore
fluids are based on physical or mechanical properties of
the rock or fluid. The Biot-Gassmann equations relate
these properties to shear and compressional acoustic
velocities and to a reservoir parameter of particular
interest to us, porosity. Technically, for example,
the density and moduli of the rock and pore fluid could
be measured or estimated directly from core and
fluid samples. If this were done, then the acoustic
shear- and compressional-wave velocities could be ob-
tained from the inter-well tomographic imaging com-
puted from the seismic data. From these elements, the
equations could be solved directly for an estimate of
porosity at each “point” (determined by resolution)
within the reservoir.

In our case, the physical measurements of the requi-
site rock properties were not available to us. We did
know that the pore fluid is dead oil and that the basic
rock type is dolomite. We also had a complete set of
cores through the reservoir interval, and these cores
had been subjected to analysis, including measurement
of core porosity and permeability. Core analysis was
further used to partition the reservoir interval into a
sequence consisting of four specific rock types. Each
distinct rock type is characterized by unique pore ge-
ometry and/or lithologic characteristics.

USE OF BIOT-GASSMANN EQUATIONS
FOR CALIBRATION

Although we did not have direct measurements of
the various moduli and densities of rock and fluid for
use in the Biot-Gassmann equations, we realized that
we did have sufficient information at the well bore to
use these equations to infer some of the unknown
moduli. In addition, we had access to published values
for the bulk modulus of the dead-oil pore-filling fluid
and for the bulk modulus of the solid phase of the min-
eral dolomite. We also had core porosity measurements
at the well bore, and we had the shear- and compres-
sional-wave velocities from the inter-well seismic pro-
cessing at the well bore. Together, these provided
enough information to compute the bulk modulus of the
dry porous rock frame (K) for each rock layer at the
well. The shear modulus (Gy) actually can be computed
directly from the shear velocity (V) at each point in the
inter-well cross section.

With all of the bulk moduli known or computed us-
ing the Biot-Gassmann equations at the well, as
explained, these were substituted into the Biot-
Gassmann equations, along with the inter-well shear
and compressional velocities to derive the inter-well
porosity distribution in the vertical cross section be-
tween the wells. The frame modulus for each rock layer
is actually a function of pore geometry. The frame
modulus itself was not held constant within each layer
between wells, but the pore geometry was assumed not
to vary within a layer. The spatial variation of the layer
vertically and horizontally was honored between the
wells, based on the tomography and inter-well VSP
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Figure 2. Inter-well porosity (in %) derived using Biot-Gassmann equations using inter-well seismic and core data.
Wedge-shaped unit near center, right, with high porosity is an oolitic limestone that is known to exhibit high porosity and

permeability.
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Figure 3. Inter-well permeability (in millidarcies, md) from same inter-well line as Figure 2. Vertical permeability barriers are
clearly evident. High permeability of the oolitic-limestone unit is also apparent.

(reflection data). This was done to insure that the
proper frame modulus was used at each point in the
‘inter-well cross section. All of the variation in observed
compressional and shear wave velocities was therefore
assumed to arise from variations in porosity and not
from variations in pore geometry within a layer.

The calibration described above, using core porosity,
was actually carried out only at the center (seismic-
source) well in each case. In fact, these were the only
wells for which core data were available. By comparing
the computed porosities at the other well (seismic-re-
ceiver well) using neutron porosity logs, a good fit was
observed in each case, which strongly supported the ap-
proach that we had taken and gave credence to our
inter-well porosity computations. The source well is lo-
cated at the left side of both Figures 2 and 3. The re-
ceiver well is at the right side of these figures.

DERIVATION OF PERMEABILITY
FROM POROSITY

Having computed the inter-well porosity distribu-
tions, as described, it is of interest to use this informa-
tion to derive permeability distributions, if possible.
There is no known analog to the Biot-Gassmann equa-
tions for computing permeability. However, we did
have considerable porosity information available from
our previous computations, and permeability is com-
monly inferred from porosity using cross plots.

It turns out that the four rock types that had been
identified in the reservoir individually yielded good

cross plots between porosity and permeability, based on
core analysis. As a result, we identified each rock type
spatially in the inter-well cross section. Using the ap-
propriate cross plot for that rock type, we used the com-
puted porosity to obtain an estimate of permeability at
each point in the reservoir cross section.

At this point, we had obtained inter-well cross sec-
tions of porosity and permeability with useable resolu-
tion for reservoir modeling (about 1 ft vertical resolu-
tion). We then realized that two detailed data sets (po-
rosity and permeability) were available from which
spatial statistics could now be inferred for use in geo-
statistical 3-D reservoir modeling.

GEOSTATISTICAL 3-D
RESERVOIR MODELING

We believe that this is the first time that inter-well
seismic data has been used as a basis to derive the
variograms and other statistics needed for geostatis-
tical reservoir modeling. This approach offers a poten-
tially important alternative for deriving these statistics
based on data acquired in the reservoir environment
under in situ conditions. We will not go into detail
about the derivation of the spatial variograms, because
this is a standard procedure once the input data
are available. We simply derived statistics from the
inter-well porosity and permeability maps that we had
computed, as described earlier, to compute spatial
variograms. Because we had a radial pattern of inter-
well survey lines available, it is possible to derive
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Figure 4. East-west cross section from 3-D kriged, porosity-reservoir model (porosity in %). High-porosity oolitic-limestone unit
is clearly visible in the cross section. Bin size is 1 ft vertical by 50 ft lateral.
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Figure 5. East-west cross section from 3-D kriged, permeability-reservoir model (permeability in millidarcies, md). Cross
section is in the same location as the cross section in Figure 4. Bin size is 1 ft vertical by 50 ft lateral.

these statistics as a function of azimuth in each well
pattern.

Once the requisite spatial variograms are derived,
many alternatives are available for generating 3-D
geostatistical reservoir models. We began by generat-
ing one model using simple kriging. Kriging is a very
smooth and predictable procedure for interpolation,
using the derived variograms, so it provided a reservoir
model that we believed would be most useful for geo-
logic interpretation in the full 3-D reservoir volume
(cross sections, fence diagrams, etc.). A conditional
simulation model is also shown in the examples using
the derived variograms. This latter type of model is
more representative of the kind of model that might be
used for reservoir simulation.

EXAMPLES

To illustrate our results, we begin with the porosity
and permeability maps derived from one of the inter-
well survey lines. The resulting porosity map is shown
in Figure 2, and the corresponding permeability map
is shown in Figure 3. Note that a wedge-shaped zone of
very high porosity and permeability can be seen in each
figure, tapering from about the center to the right-hand
side. This is an oolitic limestone that is known to occur
in the southern part of the field and was not included in
the four original rock types because it did not occur at
either of the central wells that were cored. Because our
assumption was that all of the rocks were dolomite, the

equations possibly overshoot the actual porosity and

permeability of this rock. However, it is known to have
very high porosity and permeability, consistent with
our computations.

It was from these inter-well porosity and permeabil-
ity maps that the spatial variograms were derived that
would be used for 3-D geostatistical reservoir modeling. .
An east—west cross section from the kriged 3-D model is
shown in Figure 4. The bin size is 1 ft vertical by 50 ft
lateral. The model honors the inter-well data where the
inter-well survey lines intersect the cross sections of
the kriged 3-D model. The corresponding permeability
cross section from the kriged 3-D model is shown in
Figure 5. The kriged models are smooth and provide an
aid to geologic interpretation of the reservoir environ-
ment. The east—west slice was chosen to intersect the
oolitic-limestone body that shows up clearly delineated
in the kriged 3-D model.

Finally, an east—west cross section from a 3-D
conditional-simulation model is shown in Figure 6. Bin
size is again 1 ft vertical by 50 ft lateral in this model.
The corresponding permeability model is shown in Fig-
ure 7. The location of the east—west slice (cross section)
is the same as in Figures 4 and 5.

CONCLUSIONS

A pilot CO,-injection project in the Permian basin of
West Texas has provided the opportunity to acquire
and to study the use of inter-well (borehole) seismic
data, together with log and core data for the purposes
of building a high-resolution reservoir description of a
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Figure 6. East—west cross section of porosity (in %) from 3-D conditional-simulation reservoir model. Cross section is in
same location as cross section in Figure 4. Detailed statistical variations in this model distinguish it from the kriged model in

Figure 4.
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Figure 7. East—west cross section of permeability (in millidarcies, md) from 3-D conditional-simulation reservoir model. Cross
section is in the same location as Figure 5. Detailed statistical variations in this model distinguish it from the kriged model in

Figure 5.

shallow-shelf—carbonate reservoir. As part of this work,
we have outlined a new procedure for transforming
inter-well shear- and compressional-velocity (tomo-
graphic) images to obtain maps of inter-well porosity
and permeability distribution using the Biot-
Gassmann relations together with core and log data
and cross-plots.

We have shown further that the resulting porosity
and permeability maps can represent a viable basis for
deriving spatial statistics, such as variograms, needed
for subsequent geostatistical reservoir modeling
and simulation in 3-D. Using all of the available data,
we have developed a method for high-resolution reser-
voir characterization resulting in full 3-D models of
the reservoir that honor the available data as well
as the derived statistics of those data. The resulting
reservoir characterization provides detailed 3-D models
of both porosity and permeability distributions with-
in the reservoir. These models can then be used to
develop reservoir-management plans to include in-
fill drilling, and can be used as the basis for detailed
reservoir-simulation models to study and design fu-
ture EOR programs such as the CO,-injection pro-

gram, which is currently being evaluated for this
reservoir.
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Determination of Flow Potential from Oil Reservoirs to Aquifers
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AssTtRACT.—Recent litigation in the United States alleging contamination of ground-
water supplies through abandoned oil wells has prompted the groundwater industry
as well as the petroleum industry to look closely at two areas where potential for con-
tamination is recognized. The first involves areas where individual abandoned wells,
by themselves, may act as conduits for contamination. The second occurs in associa-
tion with injection operations in active oil fields.

A procedure involving computer generation of residual maps (head-difference maps)
has been developed to address this problem. The procedure involves the following five
processes: (1) gridding and contouring of the free-standing—water level for an aquifer;
(2) conversion of hydrocarbon reservoir-pressure data to head-equivalent data through
standard-pressure to head-gradient calculations; (3) gridding and contouring of the hy-
drocarbon reservoir-head equivalent; (4) subtraction of the two grids to create a re-
sidual grid; and (5) contouring of the residual grid.

Areas mapped as negative residuals outline areas where the potential for flow from
the hydrocarbon reservoir to the aquifer is negative, and there is no potential for con-
tamination of the aquifer through an abandoned well even if the well were open to both
horizons (assuming the well is filled with water or a brine of the appropriate gradient).
Areas mapped as positive residuals outline areas where the potential for flow is from
the oil reservoir toward the aquifer and where contamination could occur in well bores
that are not protected by other means. The procedure has been successfully used to
identify areas of low contamination potential in several areas of North America. It has
also been used to identify areas where area-of-review (AOR) variances for certain
Class II injection wells have been granted.

INTRODUCTION AND BACKGROUND

It has been recognized for many years that aban-
doned oil and gas wells represent avenues for potential
vertical migration of oil, gas, and brines from active or
abandoned hydrocarbon reservoirs to shallow aquifers
sometimes referred to as underground sources of drink-
ing water. Many people in both the petroleum industry
as well as the groundwater industry have indicated
concern about this problem. For most abandoned oil
and gas reservoirs, the reservoir pressure at abandon-
ment is generally so low that the potential for migra-
tion through the well to an aquifer is extremely low.
However, in active oilfields—particularly in oilfields
where injection operations are occurring-—the potential
is very real.

In 1980, when the underground injection control
(UIC) regulations were promulgated, all subsequent

Class Il injection wells (saltwater-disposal and second-
ary injection-recovery wells) were required to satisfy
certain area-of-review (AOR) requirements. Typically,
all abandoned wells within a certain radius (commonly
0.25 mi) were required to pass specific tests to ascertain
that no leakage of fluids could occur through that well
to underground sources of drinking water. Existing
injection wells were excluded from the AOR require-
ments. In 1992, a Federal Advisory Committee recom-
mended that AORs for existing wells, some 100,000 in
the United States, be performed within five years of
promulgation of the amended UIC regulations. The fi-
nal document recognized that, under certain circum-
stances, individual wells, whole fields, or whole basins
could be exempted from the AOR procedure through a
variance program. According to the Federal Advisory
Committee recommendations, a variance could be
granted according to any of the following criteria:

Laudon, R. C.; Warner, D. L.; Koederitz, L. F.; and Dunn-Norman, Shari, 2001, Determination of flow potential from oil
reservoirs to aquifers through abandoned wells: implications for area-of-review variances for Class II injection wells,
in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary basins in the southern Midcontinent,
2000 symposium: Oklahoma Geological Survey Circular 106, p. 175-185.
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TABLE 1. — Density (Ib/ft3) and Pressure
Gradient (psi/ft) for Selected Fluids

Fluid Density Gradient
Fresh water 62.4 0.433
Sea water 64.3 0.446
Brine 72.0 0.500

(1) the absence of an underground source of drinking
water; (2) the hydrocarbon reservoir is underpressured
relative to the underground source of drinking water;
(8) local geologic conditions preclude upward fluid
movement that could endanger an underground source
of drinking water; and (4) other compelling evidence.

This paper addresses the second criterion as a
means of granting an AOR variance to individual wells
whole fields, or whole basins.

FLUID FLOW IN THE SUBSURFACE

Fluids in the subsurface do not necessarily flow from
areas of high pressure to areas of low pressure. They
flow from areas of high head to areas of low head. Head
elevations for aquifers are relatively easy to measure
because they are represented by free-standing—water
levels in wells that are open to the aquifers. To deter-
mine whether fluids will flow vertically from an aban-
doned hydrocarbon reservoir to an aquifer through an
abandoned well, the head elevation for the aquifer
must be compared against the potential head elevation
for the hydrocarbon reservoir.

PROCEDURE TO CONVERT
PRESSURE TO HEAD

The head elevation for a hydrocarbon reservoir is
determined by three factors—elevation, reservoir pres-
sure, and fluid gradient. Elevation is the vertical dis-
tance above or below some datum, generally mean sea

level, where the pressure measurement is taken. Pres--

sure is the fluid gauge pressure as measured or calcu-
lated at the subsurface point of interest. The fluid gra-
dient is a function of the density of the fluid in the well
bore, which is typically a function of the salinity of the
fluid left in the hole. Example gradients are shown in
Table 1.

An example follows. To determine the potential head
elevation for a hydrocarbon reservoir having a reser-
voir pressure of 1,900 psi located at 4,000 ft below sea
level in a well containing sea water:

H,=H +H,
where H, is the total head, H, is the elevation of the
pressure measurement, and H is the head caused by
the pressure and gradient, where H, is the reservoir
pressure divided by the fluid gradient, and the fluid

gradient is a function of the salinity of the fluid in the
well bore. Thus:

H, = (1,900 psi)/(0.446 psi/ft) = 4,260 ft
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H, =— 4,000 ft + 4,260 ft = + 260 ft

This calculation determines that the free-standing
sea water in this well bore will rise to a head elevation

-0f 260 ft above sea level as a result of the reservoir

pressure pushing against the hydrostatic head of the
sea water in the well bore.

CONCEPT OF THE RESIDUAL

A residual is simply the difference between two head
elevations at any geographic location (Fig. 1). Thus, at
the well bore listed above, if the free-standing—water
level for an underground source of drinking water is
500 ft above sea level, then the difference between the
hydrocarbon-reservoir head elevation relative to the
aquifer head elevation is —240 ft. A negative residual,
as defined here, means that, even if the well bore were
standing open to both horizons, no potential would ex-
ist for flow from the hydrocarbon reservoir to the aqui-
fer. In fact, flow would be from the aquifer toward the
hydrocarbon reservoir, and no potential would exist for
contamination of the aquifer from the hydrocarbon res-
ervoir.

A positive residual, on the other hand, implies that
a potential for flow from the reservoir to the aquifer
does exist, and the potential for contamination is pres-
ent, provided there are no other barriers to fluid flow,
such as packers, cement plugs, or bridge plugs in the
well.

The above discussion applies to one well and one
geographic location and is two-dimensional. To get to
three dimensions, a map must be made. The computer
mapping of residuals is a multistage process that in-
volves the following seven steps. (1) Collect, post, grid
and contour the aquifer data. (2) Collect the hydrocar-
bon-reservoir pressure data. (3) Convert reservoir pres-
sures to heads. (4) Post, grid, and contour the heads
derived from reservoir pressures. (5) Subtract the two
grids to create a residual grid. (Note that the two grids

CONCEPT OF THE RESIDUAL

Wat'er Wells

Abandoned oil wells

Ground Water Table

Area of Negative
Residuals

Area of Positive

PR, Head derived from Residuals
Hydrocarbon Reservoir
Pressure
HYDROCARBON RESERVOIR
— XF\T

Figure 1. lllustration of the concept of the residual. Areas
where the free-standing—water level for the aquifer (aquifer
head) falls below heads derived from reservoir pressures
define the areas of positive residuals.
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must be created such that they are identical aerially in
terms of size, shape, and grid spacing.) (6) Contour the
residual grid. (7) Edit all of the above.

Our experience has shown that residual maps are
very sensitive to bad data on either horizon. We have
found that it is important to not skip the posting and
contouring of each of the horizons, because this is
where bad data points can commonly be identified.
Usually, but not always, a bad data point on one hori-
zon also will show up on the residual map. We have
found that it is very important to check all maps at
every stage because, if either of the original maps has
errors or bad data, then the residual map will certainly
have errors and is likely to not make sense.

We also have found that the zero line on a residual
map can be very sensitive to the fluid density assump-
tions, particularly if the hydrocarbon reservoir is deep
and the hydraulic gradient is effective over a large ver-
tical column. Additionally, edge effects can give very
erroneous residuals, especially where exponential
curve-fitting gridding algorithms are used. All edge
effects and areas of sparse data on any map should be
examined carefully.
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GRAPHICAL RESIDUAL-MAP PROCEDURE

It is possible to create residual maps without a com-
puter. In the graphical procedure, data for both hori-
zons are collected, posted, and contoured (but not
gridded) on separate maps. The two maps are overlain,
and the intersection points of all contour lines are
posted with a number representing the difference be-
tween the contour lines at the intersection points on
the different maps. These intersection points are then
contoured as in Figure 2.

EXAMPLE FROM THE SAN JUAN BASIN,
NEW MEXICO

The San Juan basin is a nearly circular basin that
covers approximately 15,000 mi? in the Four Corners
Region of New Mexico (Fig. 3). Most of the basin is lo-
cated in New Mexico, although outer margins are lo-
cated in Colorado, Utah, and Arizona. The basin is an
asymmetric depression (Fig. 3) that formed principally
during Laramide deformation (latest Cretaceous to
early Tertiary). Dips on the north flank average 8°-10°,
whereas dips on the south flank average <2°.

PRECAMBRIAN BASEMENT

o 5 10 20ml

0 510 20 30km
verlical exoggeration: X2

Figure 2. Schematic southwest—northeast cross section through the San Juan basin, northwestern New Mexico, showing major
hydrocarbon-producing units and underground sources of drinking water. Note that all underground sources of drinking wa-
ter become more saline with depth and that these units are also hydrocarbon-producing units in many cases.
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GENERALIZED STRATIGRAPHY
OF THE SAN JUAN BASIN, NEW MEXICO

GEOLOGIC PRODUCING
TIME UNITS FORMATIONS AQUIFERS HORIZONS

Quaternary Alluvium
Santa Fe Group
Galisteo Fm.
Baca Fm.
Tertiary San Jose Fm.
Animas Fm.
Nacimiento Fm.
Ojo Alamo Ss.
McDermott Fm
Kirtland-Fruitland
Pictured Cliffs
Lewis Shale
Cretaceous Cliff House Ss.
Menefee Fm.
Point Lookout Fm.
Crevasse Canyon
Mancos-Gallup
Dakota Ss.
Morrison Fm.
Bluff Sandstone
Jurassic Summerville Fm.
Todilto Fm. Oii
Entrada Fm.
Glen Canyon Group
Triassic Wingate Ss.
Chinle Fm.
Paleozoic San Andres Fm. San Andres Fm.
Undifferentiated (Paradox Fm. | Oil and Gas

Gas

Gas
Gas

Gas
Oil
Gas

""""" oil
Gas and Qil

orrisovn Aquife

Figure 3. Generalized stratigraphy of the San Juan basin, northwestern New Mexico, containing main oil- and gas-producing
horizons and underground sources of drinking water. The upper six underground sources of drinking water are the most sig-
nificant in this study. Q-T = Quaternary-Tertiary. (Modified from Stone and others, 1982; and Landes, 1970.)



Contamination of Aquifers through Abandoned Wells

TTTTes--< 500-]

g S S s g & ;
o [=
T ¥ ] ] 2 g @
;s | ! ! 200 .
7 o ! ) { '
. . H R ' ' H
' ' . 4 H ’ ‘.
; K , [ | b
' ' ] A A 1 '
‘ ' y ) ' 162 ¢
N H K ! ] ® '
. ’ 0 ] N ' :
1 . v ] ) ' ’
: ' i A ] ]
L 1] L] 1] " "
.
%8 h ' ' ! 202 !
® t [ ' ' v
L} ] 1 L} N ‘l "
' , : ' k !
. ' h ; b
r 375 ' . 237 N N
) [ ) ' ’
: ! : ! e ; S
| , , 2
' 1
' H ; H ' ! 15.1 ! H.II K
h H H ! o219 ' ' ! N
H ;
. ' ' [ ' ’ . !
3 ' [ ' N H ‘ ’
| ' ' H H ' '
7 ' ' ! 1 ! !
L | {ss ! ! ! H
: ' ' Iy : : : :
L L] +
! YA ! ¢ 1 : ! 1o,
' Ve . H : h LN
' [} 1 [ N znk ) )
1 1 . [} 1 1 1 ]
H

195 R S
o 195 P log. %2
----------- p 211 [ - 190 %., 0.+
......... + -,
135
------ +
"'i'iﬁ"‘ZW ................. 366
i . 130
s T 200
¥
________ 300 225
R 287 285 .
_________ 3 3
330 Tl T
¥ "25B -eenens 250
T Isp..... 330
__________ + 292
.............. *
) 315 310 """"" 309-
__________ 320
— e +
s e T
+ 1, T —
0., e 35¢..

Figure 4. Hypothetical graphic procedure for creation of a residual map. (A) Data points and contour map for the first horizon.
(B) Data points and contour map for the second horizon. (C) An overlay of A on B and intersection points for creation of the

residual map. (D) The resulting residual map.

The basin contains seven underground sources of
drinking water, and oil and gas production occurs
from at least 11 different stratigraphic horizons (Fig.
4). All formations dip toward the center of the basin,
and all underground sources of drinking water contain
fresh water in areas where they occur within approxi-
mately 2,000 ft of the surface. All underground sources
of drinking water become more saline toward the
center of the basin. With the exception of the Tertiary,
all underground sources of drinking water consist of
an outer doughnut-shaped area of fresh water that
grades into higher-salinity nonpotable water to-
ward the central part of the basin (Fig. 3). The Ter-
tiary underground source of drinking water contains
potable water throughout the central part of the

basin.
Because of the geometry of the basin, residuals were

prepared using differential comparisons between each
producing horizon and all overlying data for under-
ground sources of drinking water. For example, the
Mesa Verde residual map is a comparison between
Mesa Verde Group petroleum-reservoir heads mea-
sured against all head data for overlying underground
sources of drinking water combined (Upper Cretaceous
and Tertiary). The Dakota residual compares Dakota
Formation petroleum-reservoir heads measured
against the combined underground sources of drinking
water from the Gallup, Mesa Verde, Upper Cretaceous,
and Tertiary underground sources of drinking water.
For the Tertiary underground sources of drinking wa-
ter, no residual maps were prepared because (1) only
four reliable pressures were recorded in Tertiary reser-
voirs, and (2) no overlying underground sources of

drinking water are present.
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Example of an Underpressured Sink Zone

Figures 5, 6, and 7 show examples of computer-
contoured maps from the Mesa Verde Group of the San
Juan Basin. Figure 5 shows a head map for all data for
underground sources of drinking water that overlie the
Mesa Verde Group. Figure 6 shows a head map derived
from reservoir pressures in the Mesa Verde Group, and
Figure 7 shows the resulting residual map. The Mesa
Verde residual map (Fig. 7) shows a negative residual
through the east-central part of the basin. The Mesa
Verde Group has long been noted as an underpressured
geologic unit, and this residual map confirms that there
is very little potential for contamination of overlying
underground sources of drinking water by wells that
penetrate the Mesa Verde Group.

The Mesa Verde Group is a good example of a sink or
thief zone. Because it is underpressured, it protects
overlying underground sources of drinking water from
contamination by all underlying oil- and gas-producing
horizons. For example, if an abandoned well were leak-
ing some sort of contaminant such as hydrocarbons or
a brine from the underlying Gallup Formation, it is
unlikely that the contaminant would ever reach an
overlying underground source of drinking water be-
cause it would be diverted into the underpressured
Mesa Verde Group thief or sink zone.

Example of an Overpressured Zone

Figure 8 shows the residual map for all producing
horizons below the Morrison Formation. These are
mostly Paleozoic producers and many of the formations
are overpressured. A strong positive residual is shown
throughout the western part of the basin, and a poten-
tial for contamination from fluid flow exists throughout
this area. An additional part of the study was to ana-
lyze well-construction practices throughout the basin to
determine the potential for contamination through
well-bore mechanics. It is interesting to note that the
total potential for contamination (the combination of
fluid flow and mechanics) in this positive residual area
is quite low because additional precautions in the form
of extra casing strings were present in all analyzed
deep holes throughout this area.

DISCUSSION

Several observations about computer-generated
maps have been made in creating the San Juan basin
maps.

1. Edge effects should be examined very carefully.
Computer-generated maps respond to math-
ematical algorithms that are designed to extrapo-
late into sparse and no-data areas. These extrapo-
lations can result in false residuals, especially if
nonlinear extrapolations are used.

2. Residual maps are very sensitive to heads derived
from reservoir pressures. Small reservoir-
pressure errors can result in large head errors.
Reservoir pressures derived from surface shut-in
pressures were considered especially unreliable.

3. Reservoir pressures vary with time from first pro-
duction. Depleted or partially depleted oil or gas

R. C. Laudon and others

reservoirs almost always appear to be under-
pressured. Maximum reservoir pressures were
used in an attempt to identify virgin reservoir
pressures under the assumption that all reser-
voirs will eventually return to initial or near-
initial pressure conditions on abandonment.

4. All data, and especially pressure data, must be
edited carefully. Areas that look like strong posi-
tive or negative residuals commonly occur near
bad-data points or in areas where closely spaced
data points create strong gradients. Although
strong positive or negative residuals may be
caused by true anomalies, they should be ana-
lyzed critically to be certain that they make geo-
logic sense.

5. Overpressured (gradients >0.45 psi/ft) oil and gas
reservoirs almost always result in overlying posi-
tive residual conditions, and underpressured (gra-
dients <0.45 psi/ft) reservoirs generally result in
overlying negative residual conditions. This
makes intuitive sense, because most groundwater
tables are not far below the ground surface and
the “average” subsurface hydraulic gradient is
around 0.45 psi/ft. This generalization does not
hold, however, where the groundwater table is
deep in the subsurface.

6. To be done accurately, heads should be compared
for conditions at the base of the aquifer. This is
only important if there is a long fresh-water col-
umn in the aquifer and brine in the well.

CONCLUSIONS

The following six conclusions can be reached using
the methods described in this paper.

1. Although the concept of a residual is not new, the
application of determining flow potential by com-
bining groundwater data with oilfield pressure
data is, to our knowledge, new and unique.

2. The procedure has been used for recommending a
variance to the area-of-review (AOR) procedure
for Class II (salt-water—disposal and secondary-
recovery) injection wells in selected fields in the
San Juan basin and for the East Texas field.

3. A negative residual implies that (for a well filled
with the appropriate fluid) there is no potential
for flow from the petroleum reservoir to the un-
derground source of drinking water, even if the
well bore were standing open at both horizons.

4. A negative residual, by itself, does not automati-
cally qualify an area for an AOR variance. To
qualify for a variance, bottom-hole pressures dur-
ing injection must be maintained such that posi-
tive residual conditions are not created.

5. The procedure may also identify thief or pressure
sink zones that may protect aquifers from con-
tamination by upward-flowing water from petro-
leum reservoirs.

6. Areas of positive residuals also identify areas
where the potential for contamination through
abandoned wells is greatest and additional pre-
cautions are required.
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Small-Scale Inversion Feature on the Flanks of the Ardmore Basin:

Structural Study of the Milroy Field

Robert E. Harmon and Bryan Tapp

University of Tulsa
Tulsa, Oklahoma

AnsTrAaCT.—Several models have been proposed for structures in and adjoining the
Arbuckle uplift, but to date no balanced sections of these smaller features have been
presented. The purpose of this study was to prepare a balanced section from compar-
ing various structural interpretations of a cross section in the Milroy field to determine
which model best imitates the regional geology. Primary emphasis is placed on the
application of the line-length balance method to prepare a balanced cross section. The
Milroy field is a small reservoir that runs from southeastern Stephens County into
northwestern Carter County. The cross section used in this project begins in Stephens
County, sec. 23, T. 2 S., R. 4 W., continues into sec. 24, T. 2 S,, R. 4 W,, and ends in
Carter County, sec. 18, T.2S.,,R.3 W.

Two models of the same cross section were evaluated. The original cross-section
model used in this project was developed by F. P. Schweers for his paper on the Milroy
field, published in 1959. Schweers interpretation of the structural features seen was
to mold the cross section into a “rabbit-ear” anticline model. The “best-fit” model of the
cross section is a backthrust feature into the Ardmore basin as a result of inversion in

the Arbuckle Mountains.

INTRODUCTION

The Milroy field, one of many smaller fields that
make up the giant Sho-Vel-Tum field, is located in
Stephens and Carter Counties in southern Oklahoma
about halfway between the towns of Ardmore and
Duncan. Aerially, the field consists of about 2,650 acres
in northeastern Stephens County and northwestern
Carter County. The field covers the central-eastern
part of T. 2 S., R. 4 W. in Stephens County and extends
into T. 2 8., R. 3 W. in Carter County (Fig. 1). The
structure of the field is an elongate, domal anticline
that lies on the West Fox—Velma trend, with an axis of
N 65° W. Discovered in 1917, the Milroy field is one of
many fields that are found near regional, typically
northwest-southeast-trending, fault structures that
emanate from the Arbuckle Mountains (Schweers,
1959).

STATEMENT OF THE PROBLEM

This paper is primarily concerned with using balanc-
ing techniques to test the structural model for the
Milroy field. Schweers’s original cross section included
13 wells in secs. 23 and 24 of T. 2 S., R. 4 W. and sec. 18
of T.2S.,R. 3 W. Models to be evaluated were the “rab-
bit-ear” anticline model of Schweers and the inversion-
produced backthrust model (Fig. 2). Inversion is the
deformation mechanism that occurs when basin con-

trolling faults reverse the direction that a fault origi-
nally traveled.

BALANCED SECTIONS

Balancing a cross section is the process of taking a
deformed structure back to its original geometry (Mi-
tra, 1993). Steps used to develop the inversion-
produced backthrust model were regional geology and
models of backthrusts. According to Tapp (1995), posi-
tive inversion is seen in the Arbuckle region in the form
of room-accommodation backthrusts formed as a result
of rollover anticlines. Backthrusts could be shown as
faults moving through formations where a branch off of
the fault, known as a footwall shortcut, forms to relieve
stress.

Mitra (1990) has shown translation of fault propa-
gation folds along thrusts where the propagation is
through the axial plane of the syncline—apparently
what happened in the 13-well cross section. Mitra’s
drawing is done in “straight-line” form, as are the
inversion-produced backthrust figures in this report, so
as to assure better measurement for balancing and
modeling purposes.

Two basic methods that can be used to balance cross
sections are the area method and the line-length meth-
od. The area method measures areas of bed layers be-
fore and after deformation. This method is the most

Harmon, R. E.; and Tapp, Bryan, 2001, Small-scale inversion feature on the flanks of the Ardmore basin: structural study
of the Milroy field, in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary basins in the south-
ern Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 187-190.
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difficult method to use for inversion, |10t
because inversion commonly entails a -

loss of material that makes exact area
measurement difficult. The line-length
method measures lengths of beds using
a string or rolling map measure. Dis-
tances are measured from a specific
point called a “pin line.” The line length
method is the best choice for measuring
inversion in regions where areas are
unknown. Line-length balancing can be
measured from pictures, as well as from
the actual outcrop (Price and Cosgrove, 103°
1990).

36~

METHODS

Before balancing the “inversion-pro-
duced backthrust” cross section, each
cross section was measured and evalu-
ated with a rolling map measure accord-
ing to bed lengths. Both cross sections
had for identical bed lengths beneath
the unconformity. Balancing would in- MK

volve those formations beneath the un- ":\A?f

conformity or at the top of the Goddard q

Shale if no unconformity existed. The
unconformity starts nearly halfway be-
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balancing started with the Goddard ]
Shale. The cross section was then A C

drawn to extend the formations that S I

had seen erosion. These formations in-
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cluded the Goddard Shale through the T .-C l/)
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Hunton Formations (Fig. 3). Pin lines
were located on both sides of the cross A

&

section where the formations would
“flatten” horizontally. The entire cross ?‘2%
section was then reproduced hori- n
zontally to check for accuracy in balanc-
ing. Thicknesses of beds were main-
tained only as far as they could be
“visually” drawn to scale. The cross
section was considered balanced when bed lengths in
the deformed and restored (horizontal) sections were
equal within 5-10% (Rowland and Duebendorfer,
1994).

RESULTS

The results of comparing and balancing the two
cross-section models show that the inversion-model
balances and is a better geologic model for the region
than is the “rabbit-ear” anticline model. A balanced
model oftentimes is said to be a “not wrong but also not
always right” type of model. However, because the
inversion-produced backthrust model not only bal-
anced but also incorporated the regional style of geol-
ogy in its interpretation, it appears to be the best
Milroy field model produced thus far.

YR A

Figure 1. Location map of the Milroy field (modified from Schweers, 1959).

CONCLUSIONS

The balancing data supports the following two con-
clusions. (1) The inversion-produced backthrust model
balanced because of how the bed lengths in the de-
formed and restored sections were equal within 5-10%,
according to the line-length method. (2) Balancing of
the inversion-produced backthrust regional model
places this model at or near the top of structural inter-
pretation models for the Milroy field.
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ABsTRACT.—Laurentia (also known as “Proto-North
America”) first became a discrete cratonic block about
570 million years ago. Initially, it was tied to Baltica
but subsequently (from ca. 550 Ma) functioned as an
independent player that moved northward until (by the
Late Cambrian and Early Ordovician) it was centered
astride the equator between latitudes 30°N and 30°S.
At this time, the craton was oriented 70° clockwise
from its present position.

During the Early Cambrian, a general transgression
related to the opening of lapetus and recorded by basal
siliciclastics and platform carbonates inundated the
“Baltic” (i.e., the eastern) end of the craton. Subse-
quently, beginning in the Late Cambrian (Franconian),
a major transgression of similar character inundated
the entire craton. Thus, by the Late Cambrian, one of
the largest carbonate platforms that have ever existed
linked Scotland and Texas. What is now Texas and
Oklahoma were located on the western margin of this
platform between latitudes 8°-10°S. This part of the
craton was subject to a maritime equatorial climate.
More specifically, it was on the lee side of the continent
with respect to southeast trade winds. What is now
northwest Scotland was located at a similar latitude
but on the eastern or windward margin of the conti-
nent. Texas and northwest Scotland were located on
passive continental crust. In contrast, southern Okla-
homa was located astride an aulacogen and thus re-
ceived about four times more sediment.

The depositional facies encountered in the three
areas have much in common—e.g., mud-dominated
fabrics, storm-influenced facies, abundant algal bound-
stones, no major buildups, penecontemporaneous dolo-
mitization, cherts, small-scale cyclic patterns, and

no significant primary porosity. The greater abundance
of siliciclastic detritus at the western edge of the
platform can be attributed to global wind-circulation
patterns. Source-rock potential is limited to the Signal
Mountain Formation in the Arbuckle Group of
Oklahoma—a result of enhanced rates of subsidence
within the aulacogen. All three areas show the effects
of pervasive dolomitization, which appears to have
been an early rather than late diagenetic event
(although subject to later modification). Porosity
exists in this dolomite, but it is patchy and difficult to
predict.

Reservoir potential reflects four principal controls:
dolomitization, karst, fracturing, and tectonic history.
Karst events affected the entire platform. Most syndep-
ositional events were low relief and related to small-
scale regression. Of more significance in karst develop-
ment was the major Early Ordovician regression that
predated deposition of the Simpson Group and its lat-
eral equivalents. The effects of this regression have not
been detected in Scotland. By ca. 400 Ma, northwest
Scotland was involved in overthrusting related to the
Caledonian orogeny. This part of the platform subse-
quently followed an independent story line that has not
involved hydrocarbon dynamics. Oklahoma tectonics
involved redefinition of the aulacogen into high-relief
basins and uplifts during the Pennsylvanian; this led to
source rock maturation, fracturing, deeper level dolo-
mitization, and local relief-related karst in the uplifts.
Central Texas played a passive role. Karst systems
here were lined by spectacular dolomite encrustations
that were produced by warm brine migration. West
Texas provided a basement for the development of deep
Permian basins.

Callaway, Amy; Donovan, R. N.; and Zimmermann, Briann, 2001, The Arbuckle Group and its lateral equivalents: the
Texas—Oklahoma-Scotland connection, in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary
basins in the southern Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 191.
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Paleogeomorphology of the Pre-Pennsylvanian Unconformity
on the Arbuckle Group (Cambrian-Lower Ordovician)

Jason R. Cansler and Timothy R. Carr!

Kansas Geological Survey and University of Kansas
Lawrence, Kansas

ABSTRACT—The pre-Pennsylvanian unconformity is
the most important surface controlling the distribution
of oil and gas in Kansas. Understanding the paleo-
geomorphology of the erosional surface, the influence of
Precambrian topography, and the relationship of karst
landform development to preexisting structure and
stratigraphy are important components for continued
hydrocarbon exploration and production. The karst
geomorphology of the Arbuckle Group rocks (Cambrian
and Lower Ordovician) was examined at various scales,
from regional mapping to core, over the southern ex-
tent of the central Kansas uplift (Barton, Ellsworth,
Rice, and Stafford Counties). Structure contour and
interval isopach maps were produced to reconstruct the
paleotopography using abundant well information from
areas where the well density in the studied counties
exceeds 24 wells per km? (40 per mi?). Major karst
landform geometries (dolines, poljes, and blind and
half-blind valleys) were identified, and landform devel-
opment was related to the basement structure of the
area. Arbuckle karst erosional features also show the

1Present address: Chevron, Bakersfield, California.

influence of groundwater sapping processes. Scalloped-
shaped escarpment edges and U-shaped stubby chan-
nels on the downdip side of local highs are indicative of
slumping of Arbuckle carbonates by groundwater sap-
ping. In contrast, updip scarp edges are relatively
straight and form divides between drainage basins.
Removal of slump blocks by continued weathering and
fluvial processes is essential to maintain the effective-
ness of groundwater sapping and consequent scarp
retreat. Subsurface groundwater piracy appears to
be an important process resulting in significant basin
head widening. Differences in paleogeomorphic pat-
terns can be attributed to structural and stratigraphic
constraints that determine the relative effectiveness of
groundwater (sapping) processes.

Constructing cross-sections and core examination re-
fined the characterization of landforms controlled by
structure, karst, and groundwater sapping. Integration
of the core and well data provided the basis to delineate
the stratigraphic controls on the morphology of the ero-
sional surface and the distribution of reservoir facies.
Data at a wide range of scales were used to develop a
model of reservoir formation and distribution within
the Arbuckle Group of Kansas, and genesis and geomor-
phology of large-scale, early Paleozoic karst terranes.

Cansler, J. R.; and Carr, T. R., 2001, Paleogeomorphology of the Pre-Pennsylvanian unconformity on the Arbuckle Group
(Cambrian-Lower Ordovician), in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum systems of sedimentary basins
in the southern Midcontinent, 2000 symposium: Oklahoma Geological Survey Circular 106, p. 192.
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Thermal Maturation of the Woodford Shale in Eastern Oklahoma

Brian J. Cardott

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—A petroleum system contains a mature
hydrocarbon-source rock (petroleum generation and ex-
pulsion), reservoir rock (migration and accumulation),
and seal rock (retention; Magoon and Dow, 1994). Lack
of any of these rocks will not result in a hydrocarbon
accumulation.

The study area included the Cherokee platform, Ar-
koma basin, and the frontal belt of the Ouachita Moun-
tains in eastern Oklahoma. The petroleum system that
was evaluated is the Woodford/Chattanooga—Paleozoic
(.) system (source-reservoir [certainty (hypothetical)];
Magoon, 1992). The Woodford Shale (also known as the
Chattanooga Formation in eastern Oklahoma; Upper
Devonian to Lower Mississippian) is widely regarded
as an important hydrocarbon source rock, containing
oil-generative organic matter (type II kerogen). The
Arkoma basin is known as a gas province. The exclu-
sive occurrence of natural gas could be due to high ther-
mal maturity or lack of oil-generative organic matter.
High thermal maturity is the obvious conclusion based
on the occurrence of bituminous-rank coal beds at the
surface. However, the occurrence of pyrobitumen in
post-mature Woodford Shale samples indicates oil-gen-
erative organic matter was originally present.

Thermal maturity of the Woodford Shale was deter-
mined by measuring the reflectance of the vitrinite
maceral (derived from woody tissues) in well cuttings,
core, and grab samples from 60 wells and outcrops.
Mean random vitrinite reflectance (fixed stage, oil im-
mersion; % R, ) was determined from a minimum of
20 measurements. Maximum vitrinite reflectance, im-

portant for values greater than 1%, could not be mea-
sured due to small phytoclast size. Depth to top of the
Woodford Shale in wells ranged from 618 to 17,854 ft.
Thickness of the Woodford Shale ranged from 17 to
314 ft.

Thermal maturation of the Woodford Shale in-
creases from west to east and with increasing present
depth in the Arkoma basin. Mean random vitrinite re-
flectance ranged from 0.49% to 6.36%. The oil window
(main zone of oil generation) is from 0.5% to 1.3% R,
The tentative dry gas preservation limit is 5% R,.
Therefore, the Woodford Shale in the study areais
mature to postmature with respect to oil generation.

Additional estimates of thermal maturity were de-
termined from bitumen reflectance and alginite fluo-
rescence. Vitrinite-reflectance equivalent (VRE) was
estimated from a limited number (1-17) of bitumen-
reflectance values. Qualitative fluorescence of Tas-
manites alginite indicated a narrow thermal-maturity
range containing fluorescence; fluorescence is extin-
guished by 0.72% R,,.
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Temperature Analysis in the Mature Hydrocarbon Province of Kansas:
Utilizing a Large Database of Petrophysical Well Logs

Andrea Forster
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ABSTRACT.—Commercially obtained bottom-hole tem-
peratures (BHTSs) were analyzed at regional scale in
the large mature hydrocarbon province of Kansas,
which is in the Midcontinent region of the United
States, to investigate their usefulness for geothermal
studies. The large Petroleum Information Well-History
Control System (WHCS) database was used to access
the BHTSs recorded in exploration wells. BHTs were
retrieved for the Mississippian (Lower Carboniferous)
and the Cambro—Ordovician Arbuckle Group and were
plotted and contoured to create a regional temperature
pattern for each stratigraphic unit. BHTs were
assumed to be at or near the top of the units. These
patterns then were compared visually with other
geological features, such as sediment thickness and
structure.

An empirical BHT correction factor established to a

depth of 1,000 m in a subarea in southeastern Kansas
was applied to the large data set to correct for drilling
disturbance. Because of the poor resolution of the BHT
data for a given stratigraphic unit on the order of £5°C,
the corrected BHTSs of the Arbuckle and Mississippian
obtained 100400 m apart from each other are practi-
cally similar over much of the area. The application of
the empirical correction factor results in temperatures
that approximate formation temperatures in the east-
ern area but deviate slightly in central and western
Kansas. Despite those differences, the general BHT
pattern of the two sedimentary units reflects the re-
gional geological structure, which means that the
BHTS increase to the west with increasing depth of the
tops of the units..

No correlation was evident between the temperature
pattern and the type of Precambrian basement rock.

Forster, Andrea; Merriam, D. F.; and Watney, W. L., 2001, Temperature analysis in the mature hydrocarbon province of
Kansas: utilizing a large database of petrophysical well logs, in Johnson, K. S.; and Merriam, D. F. (eds.), Petroleum
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Applications of Borehole-Temperature Measurements

William D. Gosnold, Jr.
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AssTrACT—The potential applications of borehole-
temperature measurements include a large number of
basic science and engineering investigations, inter alia,
tectonics, maturation of petroleum source rocks, radio-
activity, stratigraphy, structure, confined groundwater
flow between basins, confined and unconfined ground-
water flow within a basin, geothermal resources, per-

mafrost conditions, underground coal gasification, and
climate change. The key to unlocking this information
is to understand heat flow variables, specifically ther-
mal conductivity, temperature gradient, and the three-
dimensional nature of heat conduction. This paper in-
cludes examples of temperature—depth (T-z) data with
interpretations relating to all of the above applications.

Gosnold, W. D., Jr., 2001, Applications of borehole-temperature measurements, in Johnson, K. S.; and Merriam, D. F.
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Pre-Atokan Petroleum Systems of the Arkoma and Ouachita Basins
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ABSTRACT.—Two of the least drilled and most poorly
understood hydrocarbon-bearing areas in North Ameri-
ca are: (1) the “deep” Arkoma basin (cratonic facies)
that partly underlies allochthonous thrust sheets of the
Ouachita facies, and (2) the autochthonous Quachita
trough beneath its thrusted counterpart. The struc-
tural styles of these essentially unpenetrated basins
consist of south-dipping strata broken by down-to-the-
south fault blocks of varying widths, as well as horsts
and grabens. Reservoir-quality rocks, organic-rich
source beds, and structural traps appear to be present
in both areas and, hence, are.favorable to substantial
recoverable hydrocarbon reserves.

From an interpretation of geophysical data, pub-
lished reports, and independent regional studies, the
southern edge of the Arkoma basin consists of a 25-30-
mi-wide linear “horst block” (referred to here as Black
Springs horst). The Black Springs horst extends from
beneath the Paris arch in Lamar County, Texas (pen-
etrated by the Hunt #1 Neely, Lamar County, Texas), to
the Broken Bow uplift in McCurtain County, Oklahoma
(penetrated by the Sohio #1-22 Weyerhaeuser), and to
the Benton uplift in Benton and Montgomery Counties,
Arkansas. This linear horst was locally above sea level
during the Paleozoic and apparently was eroded down
to the Precambrian igneous complex. Boulders of crys-
talline rock eroded from the horst have been emplaced
locally into the Ouachita facies, establishing the long
geologic life of this prominent structure.

Simultaneous with this discovery, the Ouachita

“trough depocenter, about 100 mi wide, received detri-
tus from the craton to the north and from the continen-
tal block on the south (Llanoira). Detrital contributions
began with clay of the Collier Shale (Arbuckle equiva-
lent). The Collier represents the oldest formation in
which a regional décollement is likely to have devel-
oped. The Collier may rest on a thick section of basinal
limestone/dolomite equivalent to the Marathon Lime-
stone in West Texas. Quartz sandstones of the Crystal
Mountain and Blakely Formations (Simpson Group
equivalents) were derived from the craton, whereas,
the fine-grained clay of the Mazarn and Womble Shales
(Ordovician) was derived from humid hilly terrain of
Llanoria. Biogenic silica and silica from Llanorian vol-
canic sources resulted in precipitation of the Bigfork

Chert (Ordovician) and Arkansas Novaculite (Devo-
nian—Mississippian). During later episodes of the Mis-
sissippian, elevated Llanorian and eastern source areas
contributed vast quantities of synorogenic detritus
from the Stanley and Jackfork Formations, which were
deposited in a variety of deltaic and marine environ-
ments. With the regional uplift of Llanoria, large seg-
ments of the Ouachita facies were thrust northward
over the subsiding Arkoma basin. The Bigfork Chert,
Arkansas Novaculite, and Stanley and Jackfork For-
mations are all locally productive of hydrocarbons in
the allochthonous Ouachita facies.

The “deep” Arkoma basin (from the Black Springs
horst to the vicinity of the Choctaw thrust) is a
northeast—southwest embayment present at depths
greater than 10,000 ft below the base of the Ouachita
allochthon. Unlike shallow parts of the Arkoma, which
experienced uplift and erosion after deposition of Simp-
son and Hunton, the “deep” Arkoma underwent more
continuous deposition, resulting in a thicker sedimen-
tary section. A recent interpretation of seismic data re-
veals that it has a structural and stratigraphic compo-
nent of an interior basin similar to that of the nearby
Ardmore basin rather than that of the Ouachitatrough.

Secondary solution and fracture porosities are prob-
able in the carbonates and cherts of the Arbuckle,
Simpson, Viola, Hunton, Woodford, Sycamore (Boone),
Pitkin, and Wapanucka sections. Craton-derived
quartz sands of the Simpson Group, however, are the
most attractive reservoirs in the “deep” Arkoma. The
quartz grains are likely to have porosity-preserving
clay coats that contrast with the porosity-plugging ce-
ments of the South Ozark platform. Much of the clay
fraction in pre-Atoka rocks of the “deep” Arkoma was
derived from the erosion of Llanoria; the amount of
which was dependent on rainfall and relief of Llanoria.
During Mississippian and Pennsylvanian time, ex-
tremely thick sections of dark-colored mudstone with
excellent sourcing capabilities as well as excellent
reservoir-quality sandstones were generated and de-
posited in the “deep” Arkoma. Therefore, substantial
hydrocarbon potential exists in the untested deep
Arkoma basin facies and in the autochthonous Ouach-
ita facies. This reinterpretation can now be used to
prospect for untested hydrocarbon traps.
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Improved Modeling of a Shallow-Shelf Carbonate Reservoir Using
3-D Seismic Attributes, Welch Field, Permian Basin, Texas
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ABSTRACT.—OXY USA, Inc., and the U.S. Department
of Energy are partners in an advanced technology dem-
onstration project (DE-FC22-93BC14990) at the West
Welch Unit in the Welch Field in Dawson County,
Texas. The project requires detailed characterization of
reservoir properties to create a three-dimensional (3-D)
geologic model to simulate fluid flow within the reser-
voir under carbon dioxide (CO,) flood. Oil production at
the Welch Field is from a stratigraphic trap in a low
permeability San Andres reservoir of Permian age.
Post-depositional diagenesis, mostly anhydritic ce-
menting, has created a high degree of variability in the
porosity and permeability distributions across the field.
The single biggest challenge for the reservoir modeling
effort is defining the reservoir properties in the inter-
well space. A modern 3-D seismic-data volume was con-
tributed by OXY to assist the effort, and a method was
developed to integrate the seismic data with the well
data at the reservoir level. This method was success-
fully applied to the San Andres reservoir in the West
Welch Unit.

The methodology uses statistical correlation of reser-
voir properties to seismic attributes to estimate reser-
voir properties in the seismic volume. Structure, ampli-

tude, and phase were used to estimate the porosity at
the seismic bin locations. These seismic-guided poros-
ity values tie to the well data accurately, provide de-
tailed variations of the reservoir in the inter-well space,
and reveal extensions of the reservoir beyond the well
control. Ten new wells were drilled since the seismic-
guided porosity map was produced. The predicted
seismic-guided porosity values tie within one porosity
unit of the log-measured porosity at the new well loca-
tions. The difference is within the accuracy of the log
measurement itself. The method has used seismic mea-
surements to shape the inter-well geologic variability.
A porosity-to-permeability conversion relationship was
developed from the core data and applied to the
seismic-guided porosity values to acquire permeability
values at each seismic bin location.

Reservoir simulation runs were applied to two ver-
sions of the reservoir characterization model: (1) well
data only, and (2) well data integrated with 3-D seismic
data. The runs with the well data required many modi-
fications in porosity and permeability across large areas
to achieve a history match. The runs using the seismic-
enhanced model required no porosity or permeability
changes to establish a relatively good history match.

Watts, G. P.; Hinterlong, G. D.; and Taylor, A. R., 2001, Improved modeling of a shallow-shelf carbonate reservoir using
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ABSTRACT.—Subaerial exposure surfaces and associ-
ated features are common components of shallow-
marine carbonate Paleozoic sequences in the Midcon-
tinent. Recognition of such surfaces is economically
important because the distribution of reservoir facies is
closely associated with subaerial exposure. Problems in
lithostratigraphic correlation at both the reservoir and
regional scales are caused by the absence of distinct
lithologic and petrographic evidence of subaerial expo-
sures in these sequences. An Upper Pennsylvanian
carbonate sequence—the Swope Formation of the
Kansas City Group (Bronson Subgroup)—in eastern
Kansas and western Missouri was investigated to un-
derstand the style of alteration associated with sub-
aerial exposure, to derive criteria to recognize distinc-
tive signatures in both the surface and subsurface,

and to better understand the sequence stratigraphy of
the carbonate sequences. Detailed field descriptions,
petrographic examination, and spectral gamma-ray
logs of outcrops and shallow cores were the bases of the
study.

A sequence stratigraphic model for the Swope Lime-
stone was developed to account for lithologic changes
and to recognize small-scale cyclicity in outcrop and
core. Radioactive anomalies were recognized at con-
tacts of the vadose and marine-phreatic zones related
to both known and previously unrecognized exposure
surfaces. These exposure surfaces and their related
paleo-water tables were used to map individual system
tracts and sequences. The study focused on under-
standing the response of depositional and postdeposi-
tional processes to changes in relative sea level.

Wilke, N. A,; and Carr, T. R., 2001, Sequence stratigraphy of the Swope Formation (Missourian Series, Pennsylvanian
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