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Rock Heterogeneity and Geostatistical Methods
Applied to Petroleum Migration in Source Rocks

Ahmad J. Sultan and John P. Heller
New Mexico Institute of Mining and Technology

This extended abstract is concerned with the
mathematical descriptions of the variability of
source-rock permeability.

Several types of rock heterogeneity may be
found at different scales of length. They are all
considered to be the result of environmental vari-
ability associated with one or more of three close-
ly related processes in source-rock development.
These processes are characterized as: sedimentary
(including composition), diagenesis (the gradual
chemical and physical changes that occurred after
deposition), and tectonic (modification caused by
large-scale changes, since deposition, of the geo-
logical environment).

The defining influences on rock properties
are the compositions of sediment and inorganic or
organic saturating fluids, and the processes in-
volved in transport and deposition. Thus, the pri-
mary causes of rock heterogeneity are the spatial
differences and temporal changes in sediment
composition and sedimentary processes.

After deposition and subsequent burial of the
source rock, many different chemical and physical
changes occur. Nonuniform diagenetic processes
are also responsible for significant spatial varia-
bility in permeability and other rock properties.
Nonuniform postdepositional influences include
spatial variations in temperature, chemical con-
tent, and flow velocity of the saturating fluid, as
well as spatial variation in mechanical stresses on
the formation.

Closely related to diagenetic changes, and some-
times difficult and/or pointless to separate from
them, are postdepositional changes of the source
rock that resulted from tectonic forces and events,
such as deformation, uplift, and the intrusion of
volcanic dikes.

A threefold classification of source-rock hetero-
geneity is given by Alpay (1972); similar ideas were
published by Bear (1972) and Haldorsen and Lake
(1984). These authors distinguished heterogeneity
at several different scales: microscopic (the scale
of only a few pores), macroscopic (the size of con-
ventional core samples), megascopic (the size of
large grid blocks in field models), and gigascopic
(total formation or regional scale). Illustrations
modeled after Haldorsen and Lake (1984) and
Bear (1972) are shown in Figure 1. A semiquantita-

tive description of heterogeneity types which may
affect various source-rock parameters has been
given by Weber (1986).

The question arises as to how spatial variabil-
ity of source rocks could be modeled. We concen-
trate on permeability, which we consider to be the
most important parameter in the fluid migration
process. Moreover, this variability occurs at many
scales. The somewhat unpredictable (or random)
nature of rock properties, including spatial distri-
bution, can be modeled by employing geostatis-
tical techniques from modern probability theory
and statistical methods. Describing these varia-
tions stochastically instead of deterministically
deals mathematically with the variability of petro-
geological parameters and with the uncertainty
arising from incomplete information about their
spatial distribution. Each parameter is treated as
a random variable with its spatial fluctuations
being the realization of a stochastic process. How-
ever, treating each parameter as a random vari-
able is not the mathematical equivalent of saying
that the parameters vary without cause or that
there is no relationship between their values at
differentlocations. We are driven to the stochastic
approach by the lack of specific information about
the values of permeability or other values. At the
same time, we can anticipate that a purely statisti-
cal description will be useful in deriving overall
properties of the formation. These techniques
have already been used with some success in char-
acterizing the variability of mineral deposits. A
good reference to these techniques is given by
Journel and Huijbregts (1978).

The geostatistical techniques are used to estab-
lish spatial correlation among the required reser-
voir rock properties. With the help of these tech-
niques, unconditioned and conditioned simula-
tions can be carried out to generate possible rep-
resentations of a source-rock property field which
has the statistically correct random behavior (as
expressed in the mean and variogram). Several
methods have been developed to generate or syn-
thesize unconditioned fields: the Source Point
Method developed by Heller (1972); the Fast
Fourier Transform Method introduced by Gutjahr
(1989); and the Turning Bands Method originated
by Matheron (1973) and further developed by
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Montoglou and Wilson (1982). A field generated by
one of these methods is called an unconditioned
simulation.

Although an unconditioned simulation has the
same statistical character as the known observed
data, the values it specifies for the field variable (at
the locations of the original data points) probably
do not coincide with the actual data at particular
points. In a conditioned simulation this defect is
remedied, at the cost of some additional calcula-

A. ]J. Sultan and J. P. Heller

tion, by using a technique called “kriging” and
generating a new unconditioned field. Kriging is
the local estimation technique which provides the
best linear unbiased estimator (often abbreviated
BLUE) of the unknown value. The estimates pro-
vided by kriging are optimal in a mean-square
sense and minimize the estimation error.

In this study, we have characterized the perme-
ability distribution of a petroleumn reservoir using
the stochastic approach. Spatially correlated con-
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Figure 1. Schematic representations of scales of rock heterogeneity.



Petroleum Migration in Source Rocks

ditioned permeability fields were generated which
could be used to further investigate the movement
of petroleum fluid in a source rock.
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Investigation of the Pyrolysis Process from Pyrolyzing
the Woodford Shale and the Excello Shale

Longjiang Wang and Colin Barker
University of Tulsa

ABSTRACT.—We have used samples of the Woodford Shale, Oklahoma, and Excello Shale,
Kansas, to study the process of source-rock pyrolysis. Bitumens in a source rock can be clas-
sified as free bitumens in pores, adsorbed bitumens on kerogen, or adsorbed bitumens on the
mineral matrix. During pyrolysis, the free bitumens in pores evolve at the lowest temperature
to form the first peak (Peak 1) on a pyrogram. The mechanism of bitumen release obeys a sec-
ond order kinetic law. The bitumens adsorbed on kerogen and the mineral matrix then
evolve, forming the intermediate peak(s). The mechanism involved here is a desorption proc-
ess. With further increasing temperature, kerogen in the source rock starts to thermally break
down, forming the second peak (Peak 2) on the pyrogram. The mechanism involved here is
thermal cracking, and the evolution of Peak 2 obeys a first order kinetic law.

Pyrolysis experiments with model systems in which nCzpalkane, dibenzothiophene, and
phenanthrene have been adsorbed onto Excello Shale samples have clarified the nature of the
rock-bitumen interactions. Surfaces appear to be coated with a monolayer first; then
multilayers develop. It is the multilayers which are released with second order kinetics. This
is very important to source-rock behavior because the temperature for the evolution of the
bitumens (i.e., expulsion) decreases with increasing bitumen content. This is in contrast to
first order kinetic behavior in which peak position does not shift with amount.

346



Oklahoma Geological Survey Circular 93, 1992

Organic Matter Content of Outcrop Samples
from the Ouachita Mountains, Oklahoma

Jane L. Weber
Oklahoma Geological Survey

The potential of a sedimentary rock to generate
hydrocarbons is determined by three criteria: the
abundance and type of organic matter present in
the rock and its level of thermal maturity. The first
two criteria must always be met, with 0.5% gener-
ally considered as the minimum quantity of or-
ganic carbon necessary to generate and expel oil
and/or gas from clastic rocks. For outcrop sam-
ples, maturity level is a less important criterion,
since at greater burial depths the same source in-
terval could be mature enough to produce hydro-
carbons.

As part of its comprehensive regional review of
the Ouachitas, the Oklahoma Geological Survey
(OGS) collected 50 samples of possible source
rocks from exposed strata in the Ouachita Moun-
tains of Oklahoma. Ranging in age from Early Or-
dovician to Early Pennsylvanian (Fig. 1), the sam-
ple set includes 37 rocks from the frontal belt (be-
tween the Choctaw and Windingstair faults); 12
from the central belt (south of the Windingstair
fault); and one from the Broken Bow uplift in the
southern Ouachitas (Fig. 2).

Geochemical data relating only to the quantity

OUACHITA MOUNTAINS, OKLAHOMA
SERIES
FRONTAL BELT CENTRAL & SOUTHERN
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Figure 1. Stratigraphic chart for the Ouachita Mountains, Oklahoma. Dots () indicate units sampled.
Modified from Johnson (1988) and Suneson (1988).
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TABLE 1. — SAMPLE LoCATION AND GEOCHEMICAL DATA

Total Organic Extractable
Sample Location Carbon (%) Org. Matter (ppm)
Atoka Formation

1* Sec. 32, T3N, R15E 0.95 167
2* Sec. 21, T2N, R15E 0.66 87
3 Sec. 35, T4N, R16E 0.22 10
4 Sec. 23, T4N, R18E 0.41 20
5 Sec. 28, T4N, R19E 0.51 14
6 Sec. 32, T5N, R20E 0.32 10
7* Sec. 29, TSN, R19E 0.89 160
8 Sec. 23, TSN, R21E 0.62 16
9 Sec. 5, T4N, R22E 0.59 10
10 Sec. 21, T5N, R22E 0.78 10
11* Sec. 21, TSN, R23E 1.2 63
12 Sec. 30, TSN, R24E 0.49 10
13* Sec. 2, T4N, R17E 1.0 116
14 Sec. 34, TSN, R18E 0.42 42
15* Sec. 5, T4N, R18E 0.50 134
16* Sec. 24, T4N, R17E 1.5 168
17* Sec. 28, T4N, R18E 1.2 146
18 Sec. 21, T4N, R18E 0.74 30
19* Sec. 4, T4N, R23E 1.8 1212
Range: 0.22-1.8 10-1212

Average: 0.78 128

Johns Valley Shale

20 Sec. 9, T1S, R16E 0.34 65
21 Sec. 3, T3N, R19E 0.30 10
22 Sec. 26, T4N, R20E 0.77 38
23 Sec. 24, T4N, R22E 0.45 15
24+ Sec. 2, T3N, R17E 3.0 356
25* Sec. 12, T3N, R18E 2.4 573
Range: 0.30-3.0 10-573

Average: 1.21 176

Springer Formation

26 Sec. 1, TIN, R12E 0.52 50
27 Sec. 5, T4N, R18E 0.30 75
Range: 0.30-0.52 50-75
Average: 0.41 62
Jackfork Group
28* Sec. 19, TIN, R15E 2.0 310
29 Sec. 34, T4N, R23E 0.82 22
30 Sec. 25, T2N, R21E 0.29 10
31 Sec. 31, T4N, R23E 0.49 52
Range: 0.29-2.0 10-310

Average: 0.90 98
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TABLE 1. — Continued

Total Organic Extractable
Sample Location Carbon (%) Org. Matter (ppm)
Caney Shale
32* Sec. 4, T1S, R16E 5.4 1570
33* Sec. 11, T4N, R21E 4.6 6294
34* Sec. 6, T4AN, R21E 4.4 2816
Range: 4.4-5.4 1570-6294
Average: 4.8 3560
Stanley Shale
35 Sec. 9, T1S, R14E 0.39 120
36* Sec. 26, T2N, R25E 0.94 170
37 Sec. 16, T3N, R20E 0.32 46
38 Sec. 2, T3N, R21E 0.19 32
39 Sec. 1, T2N, R21E 0.24 49
40 Sec. 2, T2N, R21E 0.17 12
41 Sec. 7, T2N, R23E 0.23 41
42 Sec. 33, T3N, R23E 0.22 44
Range: 0.17-0.94 12-170
Average: 0.34 64
Woodford Shale
43* Sec. 5, T2N, R15E 33 1153
44* Sec. 11, T4N, R21E 3.6 2436
45* Sec. 15, T4N, R20E 2.0 514
46* Sec. 6, TAN, R21E 8.5 3342
47* Sec. 4, T2N, R15E 53 2248
Range: 2.0-8.5 514-3342
Average: 4.5 1939

Arkansas Novaculite

48* Sec. 13, T2S, R11E 12.5 3300
Polk Creek Shale
49* Sec. 14, T2S, R11E 6.1 980
Collier Shale
50 Sec. 17, TSS, R24E 0.29 50

*Merits further evaluation as a potential source rock.
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of organic matter found in these samples is pre-
sented here. Investigations concerning the quality
and maturity level of contained organic matter are
currently underway at the OGS and will be re-
ported later. Organic matter content was deter-
mined for each sample by measuring total organic
carbon (TOC) with a Leco WR-12 Carbon Deter-
minator and extractable organic matter (EOM) by
soxhlet-extracting crushed rock for 24 hours with
methylene chloride (Table 1).

The hydrocarbon-generating potential of each
sample is estimated with a log-log plot of EOM
vs. TOC (Fig. 3). This plot functions primarily as a
screen, indicating samples that have essentially no
capacity for producing (or having produced) sig-
nificant hydrocarbons. It also indicates whether a
potential source rock is more likely to produce oil
or gas. :

Roughly one-half the samples in this study, in-
cluding the lone Collier and two Springer samples,
lack sufficient organic matter (TOC 20.5% and
EOM =60 ppm) to qualify them as potential source
rocks. Four samples, including one Woodford, two
Caney, and one Atoka collected from T.4 N., R. 21—
23 E. in the Ouachita frontal belt, fall in the “fair
oil-source” area on the plots in Figure 3. Nineteen

4

J. L. Weber

other samples, including representatives from
all sampled formations except the Collier and
Springer and taken from locations throughout the
Ouachitas, contain sufficient organic carbon and
extractable organic compounds to warrant further
examination as potential source rocks for gas.
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