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[1] Millimeter-thick strain localization structures in porous sandstones, known as
deformation bands, are reported to perturb the permeability structure of petroleum
reservoirs and aquifers. However, the internal permeability structure of deformation bands
is difficult to assess by means of classical methods. We have used spatial correlation
functions to estimate the porosity and specific surface area in deformed sandstones from
high-resolution backscatter images. This work demonstrates the use of a modified version
of the Kozeny-Carman relation to calculate permeability based on the information
obtained from image processing. We have identified anisotropy with regard to
petrophysical properties in deformed sandstones, and demonstrated variations in
microstructure and properties across and along the deformation bands. Our results show
that properties outside the deformation bands (in the host rock) differ significantly
from those inside the band (up to three orders of magnitude). Moreover permeability
varies by up to two orders of magnitude along a single band. Furthermore, our porosity
and permeability estimates are lower than those obtained from plug measurements. While
plug measurements measure the effective permeability across a 2.54 cm (inch) long
sample, the method demonstrated here provides a means to estimate porosity and
permeability on the microscale, and to map out the variations in these properties both
along and across deformation bands and similar structures.
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1. Introduction

[2] Much attention has recently been devoted to faulted
sandstones and their porosity and permeability structure
[Ogilvie and Glover, 2001; Bense et al., 2003; Sternlof et al.,
2004; Kwon et al., 2005]. Deformation is localized in highly
porous sandstones and sediments (i.e., unconsolidated)
owing to the formation of deformation bands [Aydin et
al., 2006; Fossen et al., 2007], which are millimeter thick
zones of deformation. Deformation bands range from com-
pactional through simple shear to dilational, and involve
particulate flow, cataclasis and/or dissolution. In most cases,
porosity and permeability are altered within deformation
bands during formation and growth. In particular, many
deformation bands have been found to have considerably
lower permeability than their host rocks [Pittman, 1981;
Jamison and Stearns, 1982; Antonellini and Aydin, 1994;
Knipe et al., 1997; Gibson, 1998; Fisher and Knipe, 2001;
Lothe et al., 2002; Shipton et al., 2002], although dilation
and permeability increase can occur in some cases [e.g., Du
Bernard et al., 2002]. Deformation bands are common
constituents of clastic petroleum reservoirs, where they

occur as single structures, as clusters and in fault damage
zones [e.g., Hesthammer and Fossen, 2001]. Thus, predict-
ing the role of deformation bands in a petroleum reservoir
relies on a sound understanding of their permeability
structure.
[3] Permeability is traditionally measured using a mini-

permeameter in the field or by drilling inch-size cores for
laboratory testing. In our experience, miniperm measure-
ments have large uncertainties, and plug measurements are
hampered by sampling difficulties, weathering effects and
high cost, and require advanced laboratory facilities. More-
over, the resolution of plug measurements is constrained by
the plug length (usually 2.54 cm/1 inch) while deformation
structures such as single deformation bands in porous
sandstones are only around 1 mm thick.
[4] As an alternative approach, image processing meth-

ods can be used to characterize the microstructure of the
rocks and to provide a quantitative means for understanding
the dependence of physical properties on the pore structure
[Blair et al., 1996]. During the past decades, different
approaches have been used to relate microstructural infor-
mation to physical, mechanical and transport properties of
rocks [Ehrlich et al., 1984; Koplik et al., 1984; Wissler,
1987; Doyen, 1988; Blair et al., 1996; Bakke and Øren,
1997; Keehm et al., 2004, 2006; White et al., 2006;
Prodanovic et al., 2007]. For instance, Bakke and Øren
[1997] presented a process-based model for sandstone that
accounts for physical processes such as sedimentation,
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compaction and diagenesis. Their model is suitable only for
undeformed sandstone with a limited range of grain sizes.
Keehm et al. [2004, 2006] predicted permeability from thin
sections. They reconstructed 3D porous media from 2D thin
section using a stochastic method and the Lattice Boltzmann
technique for 3D flow simulation. High resolution X-ray
microtomography can be used to characterize the 3D micro-
geometry of deformation bands if the resolution is sufficient
for capturing the complex microgeometry of deformation
bands.
[5] We have applied the method of Blair et al. [1996] to

the high resolution Backscattered Electron images (BSE) of
deformation bands. Moreover, employing high resolution
images allows us to capture complex microgeometry in
deformation bands. In this study we use spatial correlation
functions to characterize the microgeometry of small-scale
deformation structures in a statistical way and to estimate
their physical properties such as porosity and specific
surface area.
[6] Few attempts have been made to apply the spatial

correlation functions to obtain the microgeometry of aniso-
tropic porous media. Berge et al. [1997] applied correlation
functions for anisotropic porous media on 2D images of
tuff. Berryman [1998] has developed the fundamental
formulation for stationary anisotropic porous materials,
but his concept has not been tested on real anisotropic rock
samples.
[7] In the present study, we show how deformation bands

induce anisotropy (both across and along the band) to
sandstone at the microscale and for the first time apply
the concept of Berryman [1998] to a natural anisotropic and
heterogeneous medium. Under the Fault Facies research
project at the Centre for Integrated Petroleum Research at
the University of Bergen, we have investigated many
faulted sandstones from different sedimentary basins to
explore the effects of deformation bands on the physical
properties of sandstone. Understanding the nature of the
anisotropy introduced by deformation bands is crucial in
estimating three-dimensional properties of deformed sand-
stones from two-dimensional images. Porosity values have
been extracted from low magnification images by applying
a one-point correlation function to the binary BSE images of
both bands and their undeformed host rock. Specific surface
area of the pore-grain interface has been estimated using a
two-point correlation function and employing images with
different magnifications. The details of three different
approaches for calculating specific surface area will be
described in the results section. Finally, specific surface
area and porosity values were used to estimate the perme-
ability using empirical relations such as the Kozeny-Carman
relation. The estimated permeability values are compared to
plug measurements.

2. Theoretical Framework

[8] Rocks are usually considered as composite materials
composed of at least two phases; solids and pores. The
properties of composite materials depend on the properties,
amount and spatial distribution of each phase. Some prop-
erties, such as the elastic modulus and permeability, are
functions of pore phase microstructure. The statistical

distribution of the relative locations of the microstructural
features of interest characterizes their spatial arrangement.
[9] N-point correlation functions are important statistical

descriptors that are useful for characterizing the spatial
arrangement and heterogeneity of microstructural geometry
[e.g., Debye et al., 1957; Corson, 1974; Gokhale, 2004;
Cule and Torquato, 1999]:

S ið Þ
n r1; r2; . . . rnð Þ ¼ h f ið Þ r1ð Þ f ið Þ r2ð Þ . . . f ið Þ rnð Þ

� �
i ð1Þ

[10] Equation (1) describes the volume average over the
spatial positions of r. N-point correlation functions contain
statistical information about the arrangement of the constit-
uents in a composite material by measuring the probability of
certain simple geometrical arrangements of the constituents.
[11] The basic information on volume composition and

interfacial surface area is contained in the lowest-order
correlation functions [Cule and Torquato, 1999]. The one-
point (S1) and two-point (S2) pore-pore correlation functions
are given by

S1 rð Þ ¼ h f rð Þi ð2Þ

S2 rð Þ ¼ h f r þ xð Þf r þ yð Þi ð3Þ

[12] Two properties of the two-point correlation function
can be derived from equations (4) and (5):

S2 rð Þ ¼ S1 rð Þ ¼ f

r ! 0

ð4Þ

lim S2 rð Þ ¼ f2

r ! 1
ð5Þ

[13] S2 (r) has a characteristic asymptotic behavior [e.g.,
Cule and Torquato, 1999]. Grain and pore phases of
deformed sandstone occupy different spatial positions. In
such a two-phase (grain-pore) system of volume v each
phase occupies a subvolume vg (for grains) and subvolume
vp (for pores), and a characteristic or indicator function can
be defined as follows:

f rð Þ
!
¼

0 r 2 vg

1 r 2 vp

:

8<
: ð6Þ

[14] The pore one-point correlation function, S1, gives
information about the volume fraction of the two phases
represented by an image consisting of M by N pixels
[Garboczi et al., 1999]

S1 ¼ f ¼ hf i;jð Þi ¼
1

MxN

X
ij
f i;jð Þ

i ¼ 1; 2; 3; . . .M and j ¼ 1; 2; 3; . . .N

ð7Þ
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[15] The pore-pore two-point correlation function, S2(x, y),
describes the probability that two points with a specified
distance apart (a line) are both in pore phase. It is defined
by

S2 x; yð Þ ¼ h f i;jð Þf iþx;jþyð Þi ¼
1

MxN

X
f i;jð Þ f iþx;jþyð Þ ð8Þ

[16] We assume that the system is translationally invariant
so only the difference between the two pixels is important,
not their absolute positions. Furthermore, S2(x, y) can be
calculated using Fourier transform methods. We have used
the following equation [Garboczi et al., 1999] to calculate
the two-point correlation function:

S2 x; yð Þ ¼
XM
x

i¼1

XN
y

j¼1

f i;jð Þ f iþx;jþyð Þ

M 
 xð Þ N 
 yð Þ ð9Þ

[17] The equation shows the two-point correlation func-
tion for an M � N matrix (for example a 2D image of
faulted sandstone) in a Cartesian coordinate system.

2.1. Deformation Band Induced Anisotropy

[18] Characterization of the microstructure of anisotropic
porous media has not been explored in much detail and is an
important new area within the field of rock physics. The
development of more accurate methods that relate anisotro-
py to rock properties such as permeability is of great
importance. Although such applications are more difficult
in general, correlation functions may also be applied to
anisotropic random media [Berge et al., 1997].
[19] 2D images of thin sections from deformed sandstone

have been used in this study. Figure 1 shows typical
deformation bands at three different scales: outcrop scale,
plug sample scale, and at the microscale represented by a
photomicrograph. It is obvious from these pictures that the
strain localization represented by the deformation bands
adds anisotropy to the sandstone. An anisotropic spatial
correlation function of a random porous medium could be

used to compute the specific surface area. This can be done
by first performing a three-dimensional average over a
certain distance (r) and then taking the first derivative with
respect to the distance at r = 0. However, by using 2D
images and an understanding of the nature of anisotropy, a
planar radial average can be calculated instead [Berryman,
1998]. Therefore we first calculated the two-point correla-
tion function in a Cartesian coordinate system using equa-
tion (9). Then we calculated the planar radial average using
2D bilinear interpolation method and the following equation
to convert the Cartesian coordinate system to a polar
coordinate system.

S2 rð Þ ¼ 1

2r þ 1

X2r
l¼0

S2 r;
pl
4r

� �
ð10Þ

[20] Understanding the nature of anisotropy with regard
to petrophysical properties (porosity, permeability) induced
by deformation is crucial in estimating three-dimensional
properties of deformed sandstones from two-dimensional
images. There are both macro- and microscopic aspects of
the permeability-related anisotropy caused by deformation
bands. Macroscopically, individual deformation bands are
only around one millimeter thick and up to a hundred
meters long. Fluid flow is reduced across the bands because
of the permeability contrast between the bands and their
host rock. This aspect has been investigated using plug
measurements in the laboratory and mini-permeameter in
the field [e.g., Antonellini and Aydin, 1994; Sigda et al.,
1999; Shipton et al., 2002]. In addition to these variations
across the band, i.e., in the z direction in Figure 2,
microscopic variations within the band may occur in the
xy-plane. In order to investigate these microscale variations
we have prepared thin sections from two perpendicular
sections (xz and yz planes) through a deformation band
(Figure 2).
[21] Berryman [1998] assumes that if the random varia-

tions of the properties occur only along the z axis, the
surface normal vector is uniformly distributed and lies in
the same plane as r. Therefore, the specific surface area (i.e.,

Figure 1. Deformation bands in outcrop (a) plug (b) and
under the optical microscope (c).

Figure 2. Photomicrographs from two perpendicular thin
sections from a deformation band in sample LD-6 showing
variation of microstructure along the band in the xz and yz
planes. The symbols on the Figure correspond to the
symbols in Figure 7, which show the approximate location
of measured data.
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the total area of the pores divided by total volume of the
porous media) can be calculated using:

S02zx 0ð Þ ¼ 
 s

p
ð11Þ

[22] However, this assumption is not always valid since
both microstructure and physical properties may vary along
deformation bands (Figure 2).
[23] If we consider the deformed sandstone to be aniso-

tropic in three dimensions, then the normal vector does not
necessarily lie in the plane of r. In this case the specific
surface area is given by [Berryman, 1998]:

S02 0ð Þ ¼ 
 s

4
ð12Þ

[24] Since we have identified variations in microstructural
features such as grain size and pore space distribution along
the band (as discussed in more detail in the results section),
equation (12) provides a better estimate of the specific
surface area from two point correlation functions than
equation (11).

2.2. Image Processing and Spatial
Correlation Functions

[25] The selected BSE images are imported as unsigned
8-bit integer with a gray-scale intensity range from 0 to 255.
The spatial resolution of the image indicates the size of the
pixels, with high resolution implying a small pixel size.
Both resolution and magnification of the image are impor-
tant in capturing the microstructural properties of the rocks,
as discussed in the results section.
[26] Each image includes a matrix of M by N pixels. If

there is noise in the data, isolated pixels can be removed by
filters such as a median filter. In order to be able to use the
indicator function (equation (6)) to characterize the micro-
geometry of the samples, the color intensity range should be
limited to two pixel values representing the two phases of
the medium. The intermediate pixels between white and
black pixel values in the gray-scale images have proportions
of black and white in their areas. When a threshold shade of

gray is chosen, all pixels with grays above this threshold are
white (grains) and all below are black (pores). Two methods
have been used to calculate the threshold value to generate
the binary image. The resulting binary image is evaluated
by visual inspection and compared to the original BSE
image to get the best estimate of the threshold. The two
methods are listed below.
[27] (1) MATLAB built-in function (imhist): The function

uses the method of Otsu [1979], which chooses the thresh-
old to minimize the intraclass variance of the black and
white pixels.
[28] (2) Manual selection: The histogram of intensity

range (0 to 255) versus frequency of each intensity value
has been used to select the threshold value manually.
[29] The binary image has pixel value ‘‘0’’ in the pore

space and ‘‘1’’ in the grain space. Since we are interested in
void correlation functions, the binary image has been
reversed to have ‘‘1’’ for voids and ‘‘0’’ for grains. Then
we define a function f(i, j) that is zero for grains and one for
pores, and (i, j) indicates the position of pixels in the image.
Figures 3a and 3b show an original gray-scale image and its
reversed binary image (pores white and grains black). The
one-point correlation function has been calculated for the
reverse binary image using equation (7).
[30] In this work, equations (7), (9) and (10) have been

used in a function that is written in MATLAB to calculate
the one- and two-point correlation functions for the reversed
binary image respectively. Finally equation (12) has also
been used to estimate the specific surface area from two-point
correlation functions. Figure 4 shows the anisotropic two-
point correlation function variations versus r. The two prop-
erties of the two-point correlation function (equations (4)
and (5)) and its asymptotic behavior are also shown in
Figure 4. The slope of the planar radial average two-point
correlation function at r = 0 (straight line in Figure 4)
provides an estimate of specific surface area (equation (12)).

2.3. Permeability and Kozeny-Carman Relation

[31] In order to estimate permeability we use a modified
version of the Kozeny-Carman relation developed by
Paterson [1983] and Walsh and Brace [1984]. Here, pores

Figure 3. BSE image from the undeformed host rock of sample Wk-01; (a) gray scale image and
(b) reversed binary image obtained from the image shown in Figure 3a with pore space shown in
white.

B08208 TORABI ET AL.: PERMEABILITY OF DEFORMATION BANDS

4 of 10

B08208



in porous media are considered to be tabular. We then
have that

k ¼ f2=cFs2 ð13Þ

where f is the porosity, c is a constant related to pore
geometry that is equal to 2 for materials possessing pores of
circular cross-section, and F is the formation factor and has
an exponential relationship with porosity [Archie, 1942];

F ¼ f
m ð14Þ

[32] Furthermore, s is the specific surface area of the
tubes. Archie [1942] defined an empirical relationship
between electrical properties and formation factor for rocks.
Later Wyllie [1953] developed the relationship between
formation factor and other properties of rocks, such as

porosity. In this relation the exponent m is a cementation
factor and it varies between 1.5 for poorly consolidated
sandstones and 2 for well consolidated sandstones [Brace,
1977; Sen et al., 1981;Wong et al., 1984; Blair et al., 1996].
Our host rock samples are poorly consolidated with a very
low degree of cementation. Therefore we have chosen 1.6 for
the exponent m. As results of cataclasis, pressure dissolution,
and low degree of cementation, the deformed samples have
becomemoderately consolidated. Hence, we have chosen 1.8
for the deformation bands. The computed porosities and
specific surface areas from spatial correlation functions are
used to calculate permeability using equation (13).

3. Results

3.1. Image-Based Analyses

[33] The size range resolvable from backscatter images
depends on the magnification and resolution of the image.
We have used BSE images (1024 � 768) with variety of
magnifications, i.e., from 155� up to 2580�. It is important
to consider the effect of magnification on the calculated
one- and two-point correlation functions. On the basis of
previous studies [e.g., Blair et al., 1996], low magnification
images (images which include 10–100 grains) seem to be
appropriate for calculating one-point correlation functions
(porosity), since they cover a larger area of the sample than
high magnification images and therefore are more represen-
tative. It has also been verified that laboratory measured
porosity values are in agreement with the estimated values
from low magnification images. On the other hand, high
magnification images are more suitable for obtaining a two-
point correlation function and hence specific surface area of
the pore-grain interface [e.g., Blair et al., 1996].
[34] Having accepted the concept of Blair et al. [1996],

we use low magnification images that cover the whole area
of interest for porosity estimates from both inside and
outside the band (in the host rock). To calculate specific
surface area in the host rock by means of the two-point
correlation function, we use a high magnification image.
Cataclastic deformation bands have a wide range of grain
size and pore geometry. Therefore it is a challenge to pick
the appropriate magnification to assess the accurate specific
surface area of the pores in these bands. This challenge will
be addressed later in the paper.

Figure 4. Solid line illustrates calculated planar radial
average two-point correlation function versus distance. The
straight line shows the slope of the two-point correlation
function at the origin (r = 0). For comparison, calculated
two-point correlation function versus distance (dashed line)
at x = 1 and y = 1 (equation (9)) before taking the average is
shown. Note the properties that can be obtained from two-
point correlation function. The maximum value at the origin is
equal to porosity and the asymptotic value corresponds to 82.

Table 1. Description of the Samples of the Thin Sections Used in this Study

Sample Grain Size Mineralogy Type of Band Formation Location UTM Coordinates

UT fine quartz arenite cataclastic band with
quartz dissolution

Entrada Sst. San Rafael Desert,
Utah, USA

0525998-4271679

CNM fine quartz arenite cataclastic band with
quartz dissolution

Navajo Sst. Colorado Nat’l
Mon., USA

4332902-695343

V fine to medium quartz arenite cataclastic band with
some quartz
dissolution

Moab Mbr. Hidden Canyon
Utah, USA

4285800-605825

Wk-01 medium quartz arenite cataclastic band Nubian Sst. Sinai, Egypt 0523668-3219513
Wk-08 medium quartz arenite cataclastic band Nubian Sst. Sinai, Egypt 0523668-3219513
I medium quartz arenite cataclastic band with

some iron oxide
cement

Nubian Sst. Sinai, Egypt 

LD-6A, B medium quartz arenite cataclastic bands with
some iron oxide

cement

Nubian Sst. Sinai, Egypt 
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[35] Table 1 shows the information related to the samples
that have been used in this study. Figure 5 shows five BSE
images from sample Wk-01 from Sinai, Egypt at different
magnifications as examples. Figure 5a illustrates an over-
view of the whole thin section from sample Wk-01, which
has a deformation band in the middle. By increasing the
magnification (Figures 5c, 5d, and 5e, which have been
used for calculation of specific surface area) only a small
part of a deformation band is perceptible and hence the
calculated specific surface area is not representative. Our
research shows that in order to capture the complex micro-
geometry of deformation bands we need several high-
resolution and magnification BSE images across the band.
In order to verify this idea and examine the two-point void
correlation function sensitivity to the magnification of the
images, a database from our measurements for deformation
bands, using images with different magnifications from
deformed sandstone is provided (Table 2 and Figure 6).
We applied three different approaches.
[36] (1) First we calculated the specific surface area of the

pores from an image with a low magnification that covers
the entire thickness of the band. We have also used this
image for porosity estimation since it includes the wide
variety of the grain and pore size in the deformation bands
(squares in Figure 6 show the calculated permeability using
this approach).
[37] (2) In a second approach, we followed the concept of

Blair et al. [1996] and used one high magnification image
from a small part of the band to calculate specific surface
area of the pores. Triangles (samples from the deformation
bands) and stars (samples from the host rocks) in Figure 6
show the calculated permeability using this approach.
[38] (3) In a third approach, several high magnification

images were taken across the band to cover the entire
thickness of the band. Then the average specific area for

the entire band was calculated using specific surface areas
obtained for the different images (diamonds in Figure 6
show the calculated permeability using this method).
[39] The permeability values calculated by using the first

approach are always higher than those from the next two
approaches. We can classify our results into two different
groups.
[40] (1) In samples ‘‘Wk-01’’, ‘‘Wk-08’’ and ‘‘I’’ from

Sinai, the permeability values obtained from averaging the

Figure 5. (a) BSE image from deformed sandstone with a central deformation band. (b) Low
magnification BSE image from the band that covers the entire width of the band and has been used for
porosity estimation of the band. (c), (d), (e) High-magnification BSE images taken across the band that
cover the entire width of the band and have been used for calculation of two point correlation functions
and hence average of the specific surface area. Although the high magnification images overlap, the non-
overlapping parts have been selected for calculation of two-point correlation functions.

Table 2. Calculated Porosity, Specific Surface Area, and Perme-

ability Using the Three Different Approaches Discussed in the Text

Sample Approach
Specific Surface

Area, m
1
Porosity,

%

Calculated
permeability,

mD

UT-host 2 0.039 31 5049
Wk-01-host 2 0.037 21 1300
Wk-08-host 2 0.022 23 5731
V-host 2 0.048 29 1632
CNM-host 2 0.054 24 1006
I-host 2 0.059 24 833
UT-band 1 0.084 9 11
UT-band 2 0.091 9 9
UT-band 3 0.124 9 4
Wk-01-band 1 0.13 14 16
Wk-01-band 2 0.405 14 1.7
Wk-01-band 3 0.349 14 3
Wk-08-band 1 0.178 17 17
Wk-08-band 2 0.31 17 5
Wk-08-band 3 0.386 17 6
V-band 1 0.054 7 20
V-band 2 0.07 7 13
V-band 3 0.1 7 2
CNM-band 1 0.15 11 6.9
CNM-band 2 0.17 11 5
CNM-band 3 0.217 11 2
I-band 1 0.16 15 18
I-band 2 0.6 15 1.7
I-band 3 0.585 15 2.2
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specific surface area (approach 3) are lower than the results
from the first approach but higher than the values from the
second approach.
[41] (2) In sample ‘‘UT’’, ‘‘CNM’’ and ‘‘V’’ from Utah,

the permeability values from approach 3 are lower than
values obtained from approaches 1 and 2.
[42] Figure 6 also illustrates that both porosity and

permeability have been reduced within the bands. The
highest porosity reduction was found for sample UT, where
porosity is reduced from �30% outside the band to �10%
within the band and permeability is decreased by up to three
orders of magnitude. This variation comes from the first
source of anisotropy (macroscopic aspect) associated with
the deformation band, as discussed in section 2.1. To
quantify the microscopic aspect of anisotropy along defor-
mation bands, we have estimated porosity and permeability
along a single deformation band (Sample LD-6 from Sinai,
Egypt) in two perpendicular thin sections (Figures 2 and 7).
In this sample, we have applied our third approach for the
deformation band and second approach for outside the band

to calculate permeability. Porosities in the xz-plane (dia-
monds in Figure 7) are smaller than porosities in the yz-
plane (about 15% differences). While, permeability values
in the xz-plane are up to two orders of magnitude lower than
those in the yz-plane.

3.2. Laboratory Measurements and Their Comparison
With the Calculated Data

[43] In the present study, core plugs of 2.54 cm (1 inch) in
diameter and length have been used for porosity and
permeability laboratory measurements. The core-plugs were
taken perpendicular to the deformation bands. A gas-trans-
fer technique has been used for both porosity and perme-
ability measurements, and a Helium porosimeter was used
for the porosity measurements. The instrument works based
on the principle of Boyle’s law (PV = constant, where P is
the pressure and V the volume). Gas permeability was
determined by flowing gas through the samples. At steady-
state conditions, the gas flow rate, the pressure drop over the
plug sample and the upstream pressure were recorded. The
confining pressure applied during the measurement was
20 bar. The gas permeability Kg was then calculated using
Darcy’s law [Darcy, 1856]. The Klinkenberg corrected
permeability value, Kl, was determined empirically, based
on the measured Kg and the corresponding average pore
pressure, Pm [Klinkenberg, 1941].
[44] We compared our estimated porosities and perme-

abilities to laboratory measured data obtained from plugs of
the same samples. Most of our calculated permeability for
deformation bands is slightly lower than the laboratory data,
regardless of the choice of image processing approach
(Figure 8). The maximum difference between the estimated
and lab-measured porosity is 9% that is for the sample with
the lowest porosity (Figure 8). The calculated permeabilities
from the third approach are up to two orders of magnitude
less than the laboratory measurements.

4. Discussion and Conclusions

[45] Since deformation bands are small-scale structures
with about 1 millimeter thickness it is a challenge to obtain
their internal properties precisely. Both field and laboratory

Figure 6. Permeability versus porosity as estimated by
using the image processing method described in the text.
For permeability estimation, specific surface area was
calculated through three different approaches: Approach 1
(squares): A low magnification image that covers the entire
thickness of the band has been used to calculate specific
surface area. All the porosity measurements were calculated
by applying this approach. Approach 2 (triangles): An
image with higher magnification was used to calculate
specific surface area. This image covers a part of the band.
Approach 3 (diamonds): An average specific surface area
has been calculated using several high magnification
images. Note the contrast in porosity and permeability
within the bands and host rocks (stars) and also the
classification of data for deformation bands into two groups.
Group 1 includes the samples from Sinai, where cataclasis is
the main deformation mechanism and group 2 includes
samples from Utah, where both cataclasis and some
pressure dissolution are involved. For more detail see
Figure 5 and Table 2.

Figure 7. Porosity and permeability obtained from two
perpendicular thin sections (xz and yz, see Figure 2) from
sample LD-6 (Sinai, Egypt). Note the variations along the
band.
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approaches have their limitations and uncertainties. The
thin-section based image analysis technique presented here
makes it possible to estimate the properties of the bands
themselves. The practical importance of this technique has
been demonstrated by combining the measured values of
porosity and specific surface area with a Kozeny-Carman
relation to obtain estimates of fluid permeability. The main
cause of the errors in image processing methods is the
discrepancy between thin sections and the actual rock
samples; that is, a thin section is only a small part of the
rock and can give slightly different statistical parameters
[Keehm et al., 2004]. However, this is not the case for
deformation bands because of their small thickness. There-
fore, image processing techniques through thin section
analysis are suitable for extracting microstructural informa-
tion from deformation bands.

[46] Using image analysis techniques, the effect of mag-
nification and resolution of the images on the calculated
specific surface areas has been investigated. We have
resolved the sensitivity of the image processing method to
the resolution of the image by using high-resolution images
that provide insight into more complex microgeometries. In
order to calculate specific surface area, Blair et al. [1996]
used only one high magnification image from the unde-
formed sample. Our study shows that a high magnification
image is not appropriate for estimating the properties of
deformation bands with a relatively wide range of grain and
pore sizes. Because of cataclasis and other deformation
processes, the microgeometry of most deformation bands
is complex. Hence the use of a single high-magnification
image that captures only a small area of the anisotropic
medium is inappropriate. Permeability values obtained from
the third approach are different from the values calculated
from first and second approaches (Figure 6).
[47] The difference between the two groups of data in

Figure 6 can be ascribed to the deformation mechanisms
involved during the initiation and development of the bands.
In the first group (samples from Sinai), only cataclasis is
observed, while in the second group (samples from Utah),
both cataclasis and pressure chemical dissolution are present.
[48] We have tested the concept of Berryman [1998] on

stationary and anisotropic random porous media for de-
formed sandstones to quantify the permeability variations
along the deformation band using 2D images from thin
sections with different orientations. We show that the
anisotropic deformation bands are not two-dimensional,
i.e., the random variations occur both in the xz and yz
planes (Figure 2). The main purpose of using 2D images
with different orientations is to investigate porosity and
permeability variations in different directions and conse-
quently quantify the porosity and permeability anisotropy
induced by deformation bands. We have identified defor-
mation-induced anisotropy in properties such as porosity
and permeability in deformed sandstones. This anisotropy
occurs at both macro- and microscopic scales in the defor-
mation bands. In this study we point out the microscopic
aspect of anisotropy along deformation bands. On the basis
of the presented results (Figure 7), the permeability changes
along the band are substantial and the difference is almost
two orders of magnitude in the two directions. The perme-
ability values form two different clusters, with higher
porosity and permeability in the yz plane. Since deforma-
tion bands are long and introduce discontinuities and
compartmentalization to fluid reservoirs, studying their
microstructure and variations along the bands is significant.
[49] We have used a modified version of the Kozeny-

Carman relation to calculate permeability. In order to
calculate the formation factor, the exponential relationship
between formation factor and porosity obtained from an
empirical relationship introduced by Archie [1942] was
used. On the basis of the previous studies on the formation
factor of sandstones, we have assumed the exponent m in
equation (14) to be equal to 1.8 for our moderately consol-
idated sandstones in the deformation bands. Our investiga-
tion reveals that varying the exponent m within the range of
1.5 to 2 for deformation bands, which is the range proposed
for the poorly consolidated to well consolidated sandstone
[Brace, 1977; Sen et al., 1981;Wong et al., 1984; Blair et al.,

Figure 8. Comparison of laboratory measurements with
(a) calculated permeability and (b) calculated porosity. The
plugs are prepared perpendicular to the deformation bands.
The calculated porosity is seen to be slightly lower, whereas
the calculated permeability values from the third approach
are up to two orders of magnitude lower than the laboratory
measurements. The three approaches used for these
measurements are addressed in Figure 6 and the results
section in the text.
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1996], does not affect the calculated permeability signifi-
cantly (only a fewmilli-Darcy).We think the results would be
more accurate if we use the lab-measured formation factor for
the deformed sandstones in this equation. Our results show
that both porosity and permeability decrease as a result of
cataclasis and quartz dissolution in the band, but permeability
changes are higher by up to three orders of magnitude. This
can be explained by the increased specific surface area in the
band due to the presence of the crushed grains.
[50] Considering the results obtained from application of

our third approach for calculating permeability, the differ-
ence between calculated and measured permeability are
substantial (up to two orders of magnitude, see Figure 8).
For the porosity, the calculated porosity is to some extent
less than the laboratory measurements (Figure 8). In order to
quantify the overestimation of the laboratory measured
porosity, we need to analyze more data. The difference
between plug measurements and our calculated permeability
and porosity can be explained by the sample-size limitation
inherent to the plug measurements, in which it is difficult or
impossible to get the properties of a millimeter-thick defor-
mation band. The laboratory-measured data represent the
average properties of the band and its host rock. The method
demonstrated here represents a means of finding and map-
ping variations in permeability along as well as across
narrow zones such as deformation bands. This opens new
opportunities for research on how deformation bands and
similar features affect fluid flow in three dimensions.

Notation

Sn n = 1, 2,. . . N-point correlation function
r spatial positions in 2D images

f(r) characteristics or indicator function equal to 1 or 0
depending on the position r

f porosity
S2 (x, y) two-point correlation function for distance in

Cartesian coordinates
S2 (r, q) two-point correlation function for a distance in

polar coordinates
i, j pixel positions in 2D BSE images
k permeability
c constant related to pore geometry
F formation factor
s specific surface area
m Archie’s cementation factor
vg grain volume
vp pore volume
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