Spatial variation of
microstructure and
petrophysical properties
along deformation bands
in reservoir sandstones

Anita Torabi and Haakon Fossen

ABSTRACT

A series of deformation bands from various reservoir sand-
stones deformed at different burial depths have been studied
with respect to microstructural and petrophysical variations.
In many of the examples explored, the internal microstruc-
ture, porosity, and permeability vary along the bands at the
centimeter or even millimeter scale, changing and in most
cases reducing the ability of the bands to act as barriers to fluid
flow. Porosity varies by up to 18% and permeability by up to
two orders of magnitude. Such petrophysical variations are
found along different types of deformation bands, but the
range depends upon the deformation mechanisms, in particu-
lar on the degree of cataclasis and dissolution in cataclastic and
dissolution bands, and on the phyllosilicate content in disag-
gregation bands. For cataclastic bands, the grain-size distribu-
tion changes along the bands with regard to the degree of cat-
aclasis. Furthermore, the increased specific surface area of the
pore-grain interface as a result of cataclasis causes higher perme-
ability reduction in cataclastic bands than in other types of de-
formation bands. Phyllosilicate content can influence the thick-
ness of phyllosilicate bands. However, no apparent correlation
between thickness and intensity of cataclasis in the studied cata-
clastic deformation bands is observed.
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INTRODUCTION

Deformation bands are localized deformation
structures that form in highly porous rocks and
sediments. They are commonly found in faulted
sand and reservoir-quality sandstone (e.g., Aydin,
1978; Pittman, 1981; Jamison and Stearns, 1982;
Underhill and Woodcock, 1987; Knipe etal., 1997;
Fossen et al., 2007), and their internal characteris-
tics have the potential to greatly change the petro-
physical properties of reservoirs and thus affect the
choice of production strategy of oil and gas fields
(Fisher and Knipe, 2001; Hesthammer and Fossen,
2001; Ogilvie and Glover, 2001).

Deformation bands form by different defor-
mation mechanisms (Fossen et al., 2007). Disag-
gregation bands result from granular flow that in-
volves rolling, sliding, and rotation of sand grains.
These bands do not commonly affect the petro-
physical properties of sandstone reservoirs signifi-
cantly (e.g., Fossen et al., 2007) unless the phyllo-
silicate content exceeds 10-15%. In this case, the
phyllosilicate minerals align along the band, and the
term phyllosilicate band is applied (Knipe et al.,
1997). Phyllosilicate bands can cause up to several
orders of reduction in permeability according to
plug measurements reported by Fisher and Knipe
(2001). Cataclastic bands are characterized by grain
fracture, crushing, and abrasion (cataclasis). Indi-
vidual cataclastic bands are typically reported to
reduce porosity of the deformed sandstone by
one and permeability by three orders of magnitude
as compared to their host rock (e.g., Antonellini
and Aydin, 1994). Dissolution and cementation
bands form where dissolution or cementation is
the dominant deformation mechanism. A dissolu-
tion band typically consists of tightly packed quartz
grains with little or no indication of grain fracture
(Gibson, 1998). Quartz dissolution and cementa-
tion have been invoked to explain poor reservoir
performance in North Sea reservoirs located at
greater than 3-km (1.8-mi) depth (Hesthammer
et al., 2002).

Single deformation bands in the outcrop are
typically about 1 mm (0.03 in.) thick and up to
100 m (328 ft) long but can form clusters in which
faults (slip surfaces) can initiate, as envisaged by
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Aydin and Johnson (1978). Clusters of bands can
accumulate several hundred bands over a zone less
than a meter wide (Johansen and Fossen, 2008), in
which case the zone can be several hundred meters
long. They can also form and grow in the damage
zone of an existing fault, for instance as a response
to geometric complications during fault slippage
(e.g., Rykkelid and Fossen, 2002).

Because deformation bands and deformation
band zones are long enough to compartmentalize
reservoirs, several previous workers (e.g., Aydin,
1978; Pittman, 1981; Jamison and Stearns, 1982;
Underhill and Woodcock, 1987; Knipe etal., 1997,
Gibson, 1998; Fisher and Knipe, 2001) devoted
attention to their physical properties. However,
variations in porosity and permeability, related
to microstructural variations within deformation
bands, have been given little or no attention in the
existing literature (cf. Fossen and Bale, 2007). The
typical reported cataclastic deformation bands of
the Colorado Plateau, as described by Aydin,
(1978), Aydin and Johnson (1978, 1983), and
Davis (1999), form where mechanical grain frac-
ture is the dominant deformation mechanism.
These authors described deformation bands as
consisting of a central cataclastic core within a vol-
ume of compacted rock, and the variation of micro-
structure across the band has also been studied
through experimental work (e.g., Agung et al.,
2004). Sharp boundary shear zones produced at
a high level of stress in ring-shear experiments
(Torabi et al., 2007) show zonation comparable
to the microstructural variation reported by Aydin
(1978). In these experiments, porosity across the
bands ranged from about 24% in the host rock
down to about 17% in the margin and to about
12% within the central part of the shear zone
(Torabi et al., 2007). However, variations in micro-
structure along deformation bands have not been
addressed before. Whether such variations gen-
erate changes in petrophysical properties along
the bands and how they affect fluid flow in petro-
leum reservoirs are topics that will be assessed in
this article.

Although microstructural variations along as
well as across deformation bands are easily studied
under a microscope, their internal permeability



structure is difficult to assess by means of classical
methods. In general, image processing methods
can be used to characterize the microstructure
of rocks and provide a quantitative means for un-
derstanding the dependence of physical proper-
ties on pore structure (Ehrlich et al., 1984; Koplik
and Vermette, 1984; Wissler, 1987; Doyen, 1988;
Blair et al., 1996; Bakke and @ren, 1997; Keehm
etal., 2004, 2006; White et al., 2006). In this study,
we use an image processing method especially de-
signed for the purpose of estimating porosity and
permeability within deformation bands (Torabi
et al., 2008). To see the effect of grain size on the
microstructure of the bands, we describe the grain-
size distributions in the measured locations in the
host rock and within the bands. We first exemplify
different types of deformation bands with respect
to their deformation mechanism from different
localities around the world (formed at different
burial depth and tectonic setting) that show varia-
tions in thickness and microstructure along the
band, and then present a case study from the Entrada
Sandstone (Utah) to show variations along defor-
mation bands as they cross layers of different grain
size and porosity.

METHODOLOGY

Traditional permeability measurements using an
inch-size plug for laboratory testing and miniper-
meameter in the field are hampered by large un-
certainties and difficulties related to both sampling
and measurements. Moreover, the resolution of
plug measurements is constrained by the plug
length and diameter (commonly 2.54 cm [1 in.]),
whereas deformation structures such as single de-
formation bands in porous sandstones are only
around 1 mm (0.03 in.) thick (Torabi et al., 2008).
Therefore, laboratory-based plug measurements rep-
resent the effective permeability across a 2.54-cm
(1-in.)-long sample, which includes a deformation
band and its host rock. However, the image process-
ing method applied here provides a means to esti-
mate the porosity and permeability of deformation
bands on the microscale and to map out the varia-

tions in properties along as well as across deforma-
tion bands. By using this method, we eliminate the
size limitation on the porosity and permeability es-
timations of deformation bands imposed by tradi-
tional approaches. In this project, we have studied
polished thin sections of faulted sandstones using
optical and scanning electron microscopy. The sam-
ples are oriented perpendicular to deformation
bands in the outcrop. High-resolution photomicro-
graphs from optical microscope and backscattered
electron (BSE) images of thin sections have been
used for processing and estimating the porosity
and permeability of the selected locations (small
areas, see the specification in the following) of thin
sections.

The locations selected for this study are repre-
sented schematically by points on the photomi-
crographs of the thin sections in the figures. Po-
rosity and permeability have been estimated using
spatial correlation functions and a modified ver-
sion of the Kozeny-Carman relation (Torabi et al.,
2008). To estimate porosity, low-magnification
photomicrographs (1x and 2x) that cover the
whole area of interest of both deformation bands
and host rock have been used. Low-magnification
images (images covering 10-100 grains) can cover
an area over which measurements can be made
that will yield a representative of the whole, and
the estimated porosity values from these images
are in agreement with porosity measured in the
laboratory (Blair et al., 1996). For the process of
permeability calculation, higher magnification
(from 155x to 2580x) and resolution (1024 x
768) BSE images have been used. The choice of
magnification for the images depends on the grain
size; hence, the area of the used images varies from
sample to sample. The procedure of the applied
image-based processing, which has been developed
in a function in MATLAB, is presented below.

First, a binary image from the selected high-
resolution gray-scale image is made by choosing an
appropriate threshold. The binary image f(; ; is
represented by an M x N matrix and is reversed
to have O pixel value in the grain space and 1 in the
pore space. The one-point correlation function
(S1, equation 1) (Garboczi et al., 1999), which gives
information about the volume fraction of the

TORABI AND FOSSEN 921



two phases (pore and grain), is applied to the bi-
nary image

1
S1=¢=< f(i,j) >= M <N sz(i,j)
ij
i=1,2,...M,;

(1)
i=1,2,...N

This function gives the porosity (¢). The next
step is to calculate the pore-pore two-point corre-
lation function S, (x, y) for a selected binary image
using equation 2, which is the probability that two
points with a specified distance apart (a line) are both
in pore phase (e.g., Berryman, 1985). The calculated
two-point correlation function in the Cartesian coor-
dinate system is then used to calculate the planar ra-
dial average in the polar coordinate system using a
two-dimensional bilinear interpolation method.

Sa(x,y) =< f(il,j)f(i+x,j+y) >

The specific surface area (s, i.e., the total area
of the pores divided by the total volume of the
porous media, equation 3) of the pore-grain inter-
face is calculated from the two-point correlation
function (Berryman, 1998). High-magnification
images that contain only a few grains are suitable
for calculating a two-point correlation function and
hence the estimated specific surface area (Blair
et al., 1996). To capture the complex microgeom-
etry of the deformation bands and its wide range of
grain size, several high-magnification images need
to be taken across the band to cover the entire width
of the band. The average specific area is then calcu-
lated using specific surface areas obtained from the
processing of these images (Torabi et al., 2008).

We calculated permeability using a modified ver-
sion of the Kozeny-Carman relation (equation 4),
where k is the permeability, ¢ is the porosity, ¢ is
a constant related to pore geometry that is equal to
2 for porous materials assuming circular cross sec-
tion for pores, and F is the formation factor and has
an exponential relationship with porosity (Archie,
1942, equation 5). In this relation, the exponent m
is a cementation factor and it ranges between 1.5
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for poorly consolidated sandstones and 2 for well
consolidated sandstones (Brace, 1977; Sen et al.,
1981; Wong et al., 1984, Blair et al., 1996). We have
assumed exponent m to be equal to 1.8 for our
moderately consolidated sandstones.

$,(0) = —s/4 (3)
k = * /cEs* (4)
F=o¢™ (5)

Grain-size distributions have been analyzed
from the binary version of high-resolution BSE
images using ImageJ software. The obtained grain-
size areas (GSA on the plots of grain-size distribu-
tion) were calibrated in square micrometers by set-
ting the real scale on the images. The grain-size
distributions are presented as exceedance frequency
(EF) plots for all the thin sections. The EF of a par-
ticular value of a measured variable is defined as
the number of data with values greater than that
value, divided by the total number of the values
(e.g., Torabi et al., 2007).

RESULTS FROM THE THIN-SECTION STUDY

In this section, we quantify the spatial variation of
grain size, porosity, and permeability within de-
formation bands through a microstructural study.
Our samples consist of different types of deforma-
tion bands associated with different deformation
mechanisms from different localities around the
world. Special attention has been devoted to defor-
mation bands from the Entrada Sandstone, Utah,
to study the effect of initial grain size and porosity
on the properties of the bands where they cross dif-
ferent lithologic layers (Table 1).

Deformation Bands and
Deformation Mechanisms

Deformation mechanisms in porous sand and
sandstones depend on factors such as mineralogy,
grain size, shape, sorting, cementation, porosity,



Table 1. Description of the Samples Used in this Study

Diagenetic Features

Formation

Location

Sample Mineralogy Type of Band
3701 - Phyllosilicate and
disaggregation band
UT-A Quartz arenite Dissolution band
LD-6A1 Quartz arenite Cataclastic band
LD-6A2 Quartz arenite Cataclastic band
WK-13 Quartz arenite Cataclastic band
MC-1-9 Litharenite Cataclastic bands

Quartz dissolution
Some iron oxide
Some iron oxide
Some iron oxide in
McC-6, MC-7

Brent Group

Entrada Sandstone
Nubian Sandstone
Nubian Sandstone
Nubian Sandstone
Entrada Sandstone

North Sea, Huldra field

San Rafael Desert, Utah
Sinai, Egypt
Sinai, Egypt
Sinai, Egypt
San Rafael Desert, Utah

and state of stress and strain (Fossen et al., 2007).
Different mechanisms produce bands with dif-
ferent petrophysical properties, and the primary
mechanisms are (1) granular flow, (2) cataclasis,
and (3) dissolution and cementation. In general,
granular flow characterizes the deformation of
sand and sandstone at shallow depths.

Figure 1a shows a deformation band formed by
granular flow, characterized as a phyllosilicate band
on the right side of the image (sample 3701). The
sandstone sample was taken from the Brent Group
in the North Sea Huldra field (Fossen et al., 2003).
The sample is from 3701-m (12,142-ft) depth but
formed at less than a few hundred meters burial
during Late Jurassic North Sea rifting. Changes in
porosity and permeability are observed both along
and across the band as its phyllosilicate (mica) con-
tent varies (Figure 1a); the phyllosilicate content is
so low in the left half of the band that the band is
difficult to trace. Apparently, the band is thicker in
the right part where the phyllosilicate content is
high.

The highest porosity and permeability values
(21% and 210 md, respectively) were obtained in
the host rock where the phyllosilicate content is
low and within the left (nonphyllosilicate) part of
the band (22% and 133 md). Hence, little or no po-
rosity and permeability contrast exists between the
band and the host rock in the left part of sample
3701 in Figure la. This stands in stark contrast to
the phyllosilicate-rich right part of the band (11%
and 0.46 md) where permeability has been reduced
by almost three orders of magnitude (Figures 1a, 2).
Grain-size distributions for the host rock and from

within the phyllosilicate-poor left part of the band
are almost identical, suggesting that this part of the
band is a (noncataclastic) disaggregation structure
(Figure 1b). We have not analyzed the grain size in
the phyllosilicate-rich part of the band (Figure 1b),
but no evidence of cataclasis is observed in this
part of the band either.

The second example is from the Entrada Sand-
stone of the San Rafael Desert, Utah. The approx-
imate burial depth at the time of deformation was
around 3 km (1.8 mi) (Aydin, 1978; Davatzes et al.,
2003). The sampled sandstone is fine grained, well
sorted, and exhibits dissolution at quartz grain-
contact points within the band (sample UT-A in
Figure 1a). However, thin-section studies have
not revealed any quartz overgrowth in this sam-
ple. Furthermore, the microstructure of the band
is different from the classical deformation bands
studied by Aydin, (1978) at the same locality. Be-
cause of the dissolution and mild cataclasis in the
band, the grain size as well as porosity and perme-
ability have been reduced (Figures 1a, b; 2).

The grain-size distributions along the band are
almost identical, except for location number 2,
which belongs to the thickest part of the band and
has the lowest porosity (Figure 1a, b). Also, the es-
timated permeability changes along this band. The
permeability contrast to the adjacent host rock
ranges from one order (minimum reduction) to
three orders of magnitude, as shown in Figures 1a
and 2. Apart from location number 2 in the band,
the porosity and permeability changes do not corre-
late with variations in band thickness; e.g., location
numbers 5 and 6 show approximately the same
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Figure 1. (a) Photomicrographs of thin sections of deformation bands; epoxy saturating the pore space is blue, and porosity and
permeability values for measured locations are presented on the top of each picture. On each photograph, the locations are noted
by numbers and circles. The numbers on the thin-section images correspond to the numbers used in the presentation of the porosity
and permeability data and grain-size distributions. Porosity and permeability were calculated by processing of high-resolution BSE
images of the selected locations presented schematically by points on the photomicrographs. Sample 3701 shows a disaggregation
or phyllosilicate band; sample UT-A shows a dissolution band; samples LD-6A1 and LD-6A2 and WK-13 show cataclastic bands. Note
the selected locations in the beginning and end of band WK-13 (locations 1 and 7), which show similar thickness, but the grain-size
distribution, porosity and, permeability values are different. High-magnification BSE images (small pictures attached to this image) reveal
different microstructures and grain-size distributions for these two parts, implying different degrees of cataclasis. (b) Exceedance fre-
quency (EF) plot of the grain-size area (GSA) for all of the presented samples in panel a.

thickness whereas location 5 has a porosity value grained and poorly sorted Nubian Sandstone (Wadi
twice that of number 6 and a permeability that is Khaboba, Sinai, Egypt). The maximum burial depth

higher by two orders of magnitude (Figure 1a). at the time of faulting was about 1.5 km (0.9 mi)
The third and fourth thin-section examples (sam- (Du Bernard et al., 2002; Rotevatn et al., 2008). Both
ples LD-6A1 and LD-6A2) are from medium- thin sections were prepared perpendicular to each
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Figure 2. Plot of calculated 10,000
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mation bands versus host-rock
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other from the same sample. They show variation
in microstructure along the band in both directions,
related to the intensity of cataclasis and amount of
iron oxide cement. This affects the grain-size distri-
butions, porosity, and permeability (Figure 1a).

For the host rock, differences in grain-size dis-
tributions between LD-6A1 and LD-6A2 are ob-
served (Figure 1b). The estimated host-rock po-
rosity and permeability in LD-6A1 are 30% and
8945 md, respectively, whereas the corresponding
values for LD-6A2 are lower (26% and 4864 md,
respectively). Minimum porosity and permeability
are found in a part of band LD-6A1 characterized
by intense cataclasis and iron oxide cement (6%
porosity and 1.7 md permeability). In the rest of
the band (LD-6A1), porosity does not change,
and permeability changes are small. Overall poros-
ity and permeability inside the band are lower in
LD-6A1 than in LD-6A2, which is likely related
to more intense cataclasis in LD-6A1 (Figure 2).
Both porosity and permeability change along the
band in LD-6A2, but permeability changes are
higher, ranging from 14 to 1238 md, i.e., a varia-
tion of two orders of magnitude (Figures 1a, 2). In
contrast to petrophysical properties, band thick-
ness remains almost constant for the LD-6A2 sam-
ple. Moreover, the changes in thickness of the band
in LD-6A1 do not correspond to the degree of cata-
clasis and petrophysical properties measured along

the band.
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Host rock permeability (md)

The fifth and last example is from a medium-
to coarse-grained and poorly sorted version of the
Nubian Sandstone from Sinai, Egypt (sample WK-13
in Figure 1a). This sample is from the same locality
as samples LD-6A1 and LD-6A2 in Figure 1a but
shows intensive cataclasis and grain-size reduction
that vary along the band (Figure 1a, b). The per-
meability has been reduced by up to four orders
of magnitude (Wk-13) from a very high permeabil-
ity in the host rock (19,157 md) down to 4 md
within the band (Figure 2). The porosity changes
from a maximum of 30% in the host rock to 17%
within the band (Figure 1a). Porosity and perme-
ability measurements also show variations along
the band with ranges from 28 to 17% and from
673 md down to 4 md, respectively (Figure 1a).

The grain-size analyses show a reduction of the
grain-size area in the band compared to the host
rock (Figure 1b), although the grain-size area varies
also along the band. Again, the thickness variation
does not correlate with the change in microstruc-
ture and petrophysical properties (Figure 1a). This
is shown by the fact that the selected locations in the
beginning and end of the band (locations 1 and 7)
show similar thickness, but the grain-size distribu-
tion, porosity, and permeability values are differ-
ent. High-magnification BSE images (Figure 1a)
reveal different microstructures and grain-size dis-
tributions for these two parts, implying a different
degree of cataclasis.



[ Quaternary (Q)

(@)

38°35.5'N

[ IMorrison Formation (Jm) [_]Lower Mbr, Carmel Formation (Jcl)
[ summerville Formation (Js)

[ Curtis Formation (Jct)

[]Entrada Formation (Je) -a_ Normal fault

] Upper Mbr, Carmel Formation (Jcu)

vy | |
z
15 0
70 :
° ™ State Park
Colorado : )
! To p4rking
Plateau Jct‘ arba

(b)

Striatedfslipfsurface)

Figure 3. (a) Geologic map showing the studied locality (MC) in the San Rafael Desert, Utah, and the location for sample UT-A. Modified
from Doelling (2001). (b) A picture from the locality where the MC samples were taken.

Effect of Initial Grain Size and Porosity

The influence of initial grain size and porosity of the
host rock on the development of deformation band
microstructure and properties was explored through
a study of deformation bands that cross nine defin-
able layers at the base of an eolian sand unit in the
Entrada Sandstone in the San Rafael Desert, Utah

(Figure 3). The burial depth is estimated to be about
3 km (1.8 mi) at the time of deformation (Aydin,
1978; Davatzes et al., 2003). The grain size is gener-
ally fining upward through these layers, but detailed
analyses show the grain size and porosity to change at
the scale of a single thin section (Figures 4, 5).

In the upper layer (MC-1 in Figures 3, 4a), the
sandstone is medium grained and well sorted. The
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Figure 4. (a) Photomicrographs of MC-1-5 thin sections; epoxy saturating the pore space is blue, and porosity and permeability values
for measured locations are presented on the top of each picture. On each photograph, the locations are noted by numbers and circles.
The numbers on the thin-section images correspond to the numbers used in the presentation of the porosity and permeability data and
grain-size distributions. (b) Exceedance frequency (EF) plot of the grain-size area (GSA) for all of the presented samples in panel a.
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Figure 4. Continued.

grain-size distribution is almost constant in the
host rock but somewhat reduced within the band
because of mild cataclasis (Figure 4b). The thick-
ness of the band varies, especially on the right side
(Figure 4a) where the band is hard to define. Po-
rosity changes from 25% in the host rock to 20%
inside the band, whereas permeability decreases
from 2517 to 384 md, i.e., about one order of
magnitude (Figure 2).

In the thin section from the next layer down
(MC-2 in Figures 3, 4a), the host-rock sandstone
is very poorly sorted and has several fine-grained
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laminae. Cataclasis is the main deformation mech-
anism in this band. Moreover, the presence of the
fine-grained host-rock laminae locally reduces the
grain-size area of the band and affects porosity
and permeability (Figure 4a, b). Porosity and per-
meability do not change significantly from the
fine-grained laminae in the host rock to the parts
of the band containing the fine-grained laminae
(Figure 4a). In contrast, the permeability of the
coarse-grained host rock outside the band is one
order of magnitude higher than the corresponding
part of the band (Figures 2, 4a). Tracing the band
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Figure 5. Same as Figure 4, but for samples MC-6-9. EF = exceedance frequency; GSA = grain-size area.

on the right side of the section in Figure 4a is not
easy, where it seems to appear as a zone of defor-
mation with a somewhat lower porosity and per-
meability than its surroundings (Figure 4a).

In layer MC-3 (Figure 3), the thin section only
shows the deformed sandstone, and therefore,
comparing the grain-size area, porosity, and per-
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meability within and outside the band is difficult
(Figure 4a). The grain-size distribution is bimodal
in that it contains a considerable amount of both
fine and coarse grains (Figure 4b). Porosity and
permeability are lower than the estimated values
from layers MC-1 and MC-2 (Figures 2, 4a), sug-
gesting a higher degree of cataclasis in this sample.
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Figure 5. Continued.

The sandstone in the fourth layer (MC-4 in
Figure 3) is poorly sorted, and the grain-size distri-
bution both outside and inside the deformation
band is bimodal (Figure 4b). Porosity is slightly
decreased, whereas permeability is reduced by
up to two orders of magnitude within the band,
mainly as a result of cataclasis (Figures 2, 4a).
The band has a fairly constant thickness.

The thin section from the fifth layer (MC-5 in
Figure 3) shows the sandstone to be poorly sorted
(Figure 4a). The host rock consists of both coarse-
and fine-grained sandstone (see locations 2 and 3).
Porosity is slightly higher in the coarse-grained
host rock, but permeability is significantly higher
in location 3. The band shows a fairly constant
thickness, and the grain-size analysis reveals a bi-
modal distribution and also grain-size reduction in
the band (Figure 4b). This reduction is related to
the low to moderate amount of cataclasis. Similar
to the previous bands, small porosity changes are
observed, whereas permeability varies up to three
orders of magnitude (Figures 2, 4a).

In the thin section from layer MC-6 (Figure 5a),
two branching bands in the left part exist. The thin
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section shows a very poorly sorted sandstone with
finer grain-size areas around two bands. However,
the grain-size distributions along these bands are
identical (Figure 5b). The highest permeability re-
duction in these bands is one order of magnitude
(Figure 2). Porosity decreases from 20% down to
13 and 14% within the bands (Figure 5a). The
bands in this layer also show evidence of cataclasis.

The thin section from layer MC-7 (Figure 5a)
portrays a poorly sorted sandstone with a high
content of iron oxide cement. The grain size has
obviously been reduced by cataclasis in this band
(Figure 5b). Furthermore, porosity is reduced
slightly, and permeability is reduced by one order
of magnitude compared to the host rock (Figure 2).

In the sample from layer MC-8 (Figure 3), the
sandstone is seen to be poorly sorted (Figure 5a).
The boundaries of the band are sharp and well de-
fined in the BSE images, which can be related to
the intense cataclasis in this band. The grain-size
analysis (Figure 5b) shows two different grain-size
distributions in the host rock. The one obtained
from location 4 is finer than that from location 3
in Figure 5a. As expected, porosity and permeability
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are higher in the coarse host rock than in the fine
one. Two measured locations in the band show al-
most similar thickness, grain-size distribution,
and porosity, whereas permeability is one order
of magnitude lower in location 2 than location 1
(Figures 2; 5a, b).

In the section from layer MC-9, two bands
merge to form a single thin band (Figure 5a). The
sandstone is fine grained and poorly sorted. The
grain-size area is finer in the merged bands than
in the individual branches (Figure 5b). Porosity de-
creases by up to 12% in the band as compared to
the host rock (Figure 5a). Permeability decreases
by up to two orders of magnitude into the band
(Figures 2, 5a).

DISCUSSION

Most previous workers address deformation bands
and the reduction in permeability across them
through plug and minipermeameter measure-
ments. In this work, we have demonstrated very
significant spatial variations in porosity and per-
meability along deformation bands by using back-
scatter image processing and microtextural investi-
gations. We also demonstrated that these variations
occur in several types of deformation bands, i.e.,
bands dominated by various types of brittle and
ductile deformation mechanisms. Hence, the rea-
sons for these variations may be different for differ-
ent types of deformation bands.

Band Thickness

Experimental and numerical studies show that the
thickness of shear deformation bands depends on
grain size, grain angularity, initial density, and con-
fining pressure (Haied et al., 2000; Bésuelle, 2001,
El Bied et al., 2002; Alsaleh et al., 2006; Alshibli
etal., 2006). The presence of coarse, nonfractured
grains in the bands, e.g., the intact coarse grain in
each of the bands in Figure 1a, affects the thickness
of the bands. The presence of intact coarse grains
in the middle of cataclastic bands can be explained
by the fact that selective fracturing of relatively
large grains is favored at high confining pressures
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during shearing (Blenkinsop, 1991). For the exam-
ples presented here, the confining pressure may
not be sufficient to cause the fracturing of the
largest grains. In other words, the grain commi-
nution within cataclastic bands has not reached the
steady-state particle-size distribution (Sammis
et al., 1987; Torabi et al., 2007). Our observa-
tions also show that the band is thicker where the
mica content is high in the phyllosilicate band
(Figure 1a).

Numerical modeling of strain localization in
granular material shows that shear band thickness
tends to decrease as a result of increasing confining
pressure (Alsaleh et al., 2006; Alshibli et al., 2006).
Furthermore, the results from ring-shear experi-
ments reveal that increasing the level of normal
stress (corresponding to confining pressure) can
change shear-zone boundaries from diffuse to
sharp, implying a reduction in their thickness
(Torabi et al., 2007). In this light, the natural de-
formation bands studied here may be expected to
have formed at different confining pressures.
However, for each band, the confining pressure
and bulk strain are basically constant at the scale
of observation during the formation of the defor-
mation bands. Hence, the variations in microtex-
ture and degree of cataclasis along the bands can
be better ascribed to variations in strain within
the bands; i.e., stronger strain localization implies
more cataclasis. The inherent mineralogical and
physical weaknesses of the grains that are targeted
to strain localization control their modes of frac-
turing and might influence the local variation in
thickness along deformation bands. For example,
at shallow to medium burial depth, the relative
grain strength of rock fragment and feldspar is
lower than quartz (Rawling and Goodwin, 2003),
which results in transgranular fracturing of the for-
mers. This increases strain softening (localization)
and consequently decreases the thickness of the
band. However, in some of the studied samples,
the level of strain localization is not simply re-
lated to the thickness of the band. For instance, the
two selected parts of the band in sample WK-13
in Figure 1a have almost the same thickness but
show different degrees of cataclasis and hence dif-
ferent grain-size and petrophysical properties.



Deformation Mechanism

Initial porosity and grain size are important factors
influencing the deformation mechanism (Wong
et al., 1997; Flodin et al., 2003). The MC Entrada
samples all show clear evidence of cataclasis, but
the grain-size analyses indicate that the degree
of cataclasis changes from one layer to the next.
This change can be related to different initial po-
rosity and grain size in the different host-rock layers
(Figures 4, 5).

The effect of phyllosilicate and cement con-
tent on deformation mechanism during the defor-
mation of granular material has received some at-
tention (e.g., Trent, 1989; Yin and Dvorkin, 1994;
Flodin et al., 2003). As phyllosilicate deforms in a
ductile instead of a brittle manner, no evidence of
cataclasis in the studied phyllosilicate band is seen
(sample 3701 in Figure 1a). The porosity and per-
meability reduction found in the phyllosilicate
band in Figure 1a depends on the local phyllosili-
cate content of the band and hence the variations
in phyllosilicate in the host rock: the porosity and
permeability values are lower where the band has
higher phyllosilicate content. This is well illus-
trated by location number 7 in Figure 1a, which
has 11% porosity and 0.4 md permeability. This
example agrees with previous findings that phyllo-
silicate content controls the permeability across
disaggregation bands (e.g., Fisher and Knipe,
2001).

Cemented granular material is found to be
more resistant to grain crushing as compared to
the same uncemented material for the same load-
ing and confining pressure (e.g., Trent, 1989; Yin
and Dvorkin, 1994). Quartz dissolution and iron
oxide cement in deformation bands hinder cata-
clasis by increasing the bounding surface of the
grains and hence distributing the contact forces
over a larger area (e.g., bands UT-A, LD-6A1,
LD-6A2, and WK-13 in Figure 1a). However, iron
oxide also can reduce the friction between grains,
promoting grain-boundary sliding (Underhill and
Woodcock, 1987).

The timing of deformation relative to any chem-
ical dissolution and cementation is also impor-
tant. Dissolution and cementation decrease poros-

ity and permeability in the band (Figures 1, 4, 5),
and postdeformational dissolution can clearly vary
along the band. Our observations of sample UT-A
(Figure 1a) show that dissolution hinders cata-
clasis, and thereby, the mild cataclasis in the stud-
ied dissolution bands makes its microstructure dif-
ferent from classical deformation bands reported
from the same area in the San Rafael Desert, Utah,
provided that the dissolution is not postkinematic.

We have investigated the relationship between
porosity and permeability in the cataclastic defor-
mation bands and their host rock. Comparing the
porosity-permeability data for the cataclastic de-
formation bands investigated in this study (regard-
less of the effect of mineralogical differences in the
host rocks, Figure 6a) shows a clear relationship
between the two. The relationship between poros-
ity and permeability is less well defined for host-
rock data (Figure 6a), but a comparison indicates
that host-rock permeability is higher than the de-
formation band permeability for the same porosity
value. Although more data would be needed to
quantify this difference, it can be explained in terms
of the different processes involved: the microstruc-
ture of the host rock is controlled by sedimentary
processes and compaction, whereas that of the cata-
clastic bands is very much the result of grain crushing,
which results in more angular grains and a differ-
ent grain-size distribution (Figures 1, 4, 5). As a
consequence of cataclasis, the specific surface area
of pore-grain interface increases (s, specific sur-
face area is calculated from equation 3 in the Meth-
odology section, see Figure 6b). Therefore, the
increase in specific surface area causes more reduc-
tion in permeability.

Our study opens new horizons into a detailed
understanding of the permeability structure of de-
formation bands. To understand the relationship
between deformation mechanisms within defor-
mation bands on one hand and their microstruc-
ture and petrophysical properties on the other,
we need to study appropriate experimental and nu-
merical analogs. Studies of other types of deforma-
tion bands, such as dilation and compaction bands,
have to be performed to be able to estimate or pre-
dict variations in petrophysical properties along de-
formation bands in a variety of settings.
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Comparison of Laboratory and In-Situ
Measurements of Permeability to
Image-Based Calculated Data

We have compared our calculated permeability
data to both laboratory measurements on core
plugs and in-situ measurements by minipermea-
meter. Gas permeability was measured on the
plugs perpendicular to deformation bands. The
minipermeameter data have been mostly mea-
sured parallel to the bands because of difficulties
in the field. Figure 7 illustrates the permeability
data obtained from three different approaches for
cataclastic bands near Goblin Valley, Utah. The re-
sults show that image-based data lie between mini-
permeameter and plug-measured values. The dif-
ference is higher for the deformation bands than
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Permeability (md)

their host rocks because deformation bands show
more heterogeneity in their microstructure and
because the details of this heterogeneity are not
captured by minipermeameter and plug measure-
ments. However, we have derived permeability
data from plug measurements from clusters of
cataclastic bands in the same locality in Utah that
are lower than any other measurements shown
in Figure 7. The reason for these low values is that
a cluster of deformation bands contains several
deformation bands such that their cumulative
properties contribute to the obtained permeability
value.

The difference between plug and minipermea-
meter data and our calculated permeability can be
explained by the sample-size limitation inherent
to the plug and uncertainties associated with the
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in-situ minipermeameter measurements, which
makes it difficult or impossible to get the accurate
properties of a millimeter-thick deformation band.
The plug and minipermeameter data represent
the combined properties of the band and its host
rock. Although using image processing methods,
we are able to select the area of interest on an im-
age of the thin section and make more precise
measurements of porosity and permeability. In
the results presented in Figure 2, we show that de-
formation bands can decrease permeability by up
to four orders of magnitude, meanwhile, within a
single band, this value can change greatly in a short
distance.

Implications for Fluid Flow in
Petroleum Reservoirs

Variations in petrophysical properties along de-
formation bands determine their function in a pe-
troleum reservoir setting. Deformation bands can
act as both conduits and barriers on microscopic
scale, although the assessment is based on the lat-
ter. The rapid variations in properties along bands
even on millimeter and centimeter scale make

them leaky, which reduces their contribution to
the sealing capacity of faults. However, the defor-
mation bands still represent heterogeneities that
increase the sinuosity and tortuosity of fluids run-
ning through deformed sandstone in a petroleum
reservoir and consequently decrease the total ef-
fective permeability of the reservoir. In reservoirs
containing abundant deformation bands, such as
the Jurassic sandstones of the Colorado Plateau,
this may have consequences for well planning and
field developments.

The influence of deformation bands on pro-
ductivity strongly depends on the number of de-
formation bands (i.e., the cumulative thickness
and properties of the bands) and on the pattern
of permeability variation along the deformation
bands. For instance, the relatively low densities
of deformation bands mapped in North Sea reser-
voirs make them unlikely to be of general concern
(Fossen and Bale, 2007). The variation in perme-
ability along deformation bands, and therefore
their sealing properties, has not been studied sys-
tematically before, and we do not know much about
their periodicity and frequency. However, plug
permeability measurements across deformation
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bands show a large variation in reduction from
none to several orders of magnitude even within
a single reservoir (Fossen and Bale, 2007, and refer-
ences therein). We suggest that the lateral varia-
tions in porosity and permeability documented
through the image analyses in the current work
could explain at least some of this scatter, indicat-
ing that such variations are common.

Disaggregation bands are effective baffles to
fluid flow only if the phyllosilicate content is high
and evenly distributed throughout the host rock,
which is not generally the case. Hence, the variation
in permeability values related to the phyllosilicate
content in the band, as exemplified by Figure 1a,
can explain the wide variation in reported perme-
ability values for this type of bands (e.g., Fisher and
Knipe, 2001). Thus, different types of deforma-
tion bands (cataclastic and noncataclastic) show
spatial variations in petrophysical properties even
at the centimeter scale, suggesting that different
factors control these variations in each case. We
have demonstrated how variations in mineralogy,
notably phyllosilicate content, can cause signifi-
cant spatial changes in permeability along disag-
gregation bands. Secondary cementation can also
be variably developed, for instance, as a function
of clay mineral distribution. The variations docu-
mented in cataclastic bands are enigmatic, and
more research is required to understand and pre-
dict these variations.

CONCLUSIONS

1. Deformation bands in deformed reservoir sand-
stones can show rapid variations in microstruc-
ture that cause variations in porosity and per-
meability along the bands.

2. These variations occur in disaggregation bands,
dissolution or cementation bands, and cataclastic
bands. In particular, the local phyllosilicate con-
tent controls properties of disaggregation bands
in phyllosilicate-bearing sandstones.

3. Our results show that the estimated permeabil-
ity variation can change from zero to two or
three orders of magnitude over a short (milli-
meter scale) distance within a single band.
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4. Phyllosilicate content influences the thickness
of the band; i.e., higher phyllosilicate content
correlates to thicker bands.

5. No simple relationship between thicknesses
and intensity of cataclasis can be detected in
the studied cataclastic deformation bands.

6. The porosity-permeability relationship in the
cataclastic bands is affected by cataclasis and the
resulting reduction in size, sorting, and round-
ness of the grains caused by this mechanism.
Statistically, this results in lower permeability
in the band than in undeformed sandstone of
identical porosity.

7. The widely scattered distribution of previously
reported porosity and permeability data for
both phyllosilicate and cataclastic bands is likely
caused by the observed lateral variation in petro-
physical properties of individual bands. Perme-
ability variations along deformation bands may
result in the restricted contribution of the bands
to the sealing properties of faults. Therefore, we
predict that they have alittle influence on hydro-
carbon production in most cases.

REFERENCES CITED

Agung, M. W, K. Sassa, H. Fukuoka, and G. Wang, 2004,
Evolution of shear zone structure in undrained ring-
shear tests: Landslides, v. 1, p. 101-112.

Alsaleh, M. I, K. A. Alshibi, and G. Z. Voyiadjis, 2006, In-
fluence of micromaterial heterogeneity on strain locali-
zation in granular materials: International Journal of
Geomechanics, v. 6, p. 248-259, doi:10.1061/(ASCE)
1532-3641(2006)6:4(248).

Alshibli, K. A., M. J. Alsaleh, and G. Z. Voyiadjis, 2006,
Modeling strain localization in granular materials using
micropolar theory, numerical implementation and veri-
fication: International Journal for Numerical and Analyt-
ical Methods in Geomechanics, v. 30, p. 1525-1544,
doi:10.1002/nag.534.

Antonellini, M., and A. Aydin, 1994, Effect of faulting on
fluid flow in porous sandstones: Petrophysical proper-
ties: AAPG Bulletin, v. 78, p. 355-377.

Archie, G. E., 1942, The electrical resistivity log as an aid in
determining some reservoir characteristics: Transactions
of the American Institute of Mining, Metallurgical and
Petroleum Engineers, v. 146, p. 54-62.

Aydin, A., 1978, Small faults formed as deformation bands in
sandstone: Pure and Applied Geophysics, v. 116,
p. 913-930, doi:10.1007/BF00876546.

Aydin, A., and A. M. Johnson, 1978, Development of faults


http://dx.doi.org/10.1061/(ASCE)1532-3641(2006)6:4(248)
http://dx.doi.org/10.1061/(ASCE)1532-3641(2006)6:4(248)
http://dx.doi.org/10.1002/nag.534
http://dx.doi.org/10.1007/BF00876546

as zones of deformation bands and slip surfaces in sand-
stone: Pure and Applied Geophysics, v. 116, p. 931-
942, doi:10.1007/BF00876547.

Aydin, A., and A. M. Johnson, 1983, Analysis of faulting in
porous sandstones: Journal of Structural Geology, v. 5,
p. 19-31, doi:10.1016/0191-8141(83)90004-4.

Bakke, S., and P. E. @ren, 1997, 3-D pore-scale modeling of
sandstones and flow simulations in the pore networks: So-
ciety of Petroleum Engineers Journal, v. 2, p. 136-149.

Berryman, J. G., 1985, Measurement of spatial correlation func-
tions using image processing techniques: Journal of Applied
Physics, v. 57, p. 2374-2384, doi:10.1063/1.334346.

Berryman, J. G., 1998, Planar spatial correlations, anisotropy,
and specific surface area of stationary random porous
media: Journal of Applied Physics, v. 83, p. 1685—
1693, doi:10.1063/1.366885.

Bésuelle, P., 2001, Evolution of strain localization with stress
in sandstone: Brittle and semi-brittle regimes: Physics and
Chemistry of the Earth, v. 26, p. 101-106, doi:10.1016
/S1464-1895(01)00032-1.

Blair, S. C., P. A. Berge, and J. G. Berryman, 1996, Using
two-point correlation functions to characterize micro-
geometry and estimate permeabilities of sandstones and
porous glass: Journal of Geophysical Research, v. 101,
p. 20,359-20,375.

Blenkinsop, T. G., 1991, Cataclasis and process of particle
size reduction: Pure and Applied Geophysics, v. 136,
p. 59-86, doi:10.1007/BFO0878888.

Brace, W. E., 1977, Permeability from resistivity and pore
shape: Journal of Geophysical Research, v. 82, p. 3343-
3349, doi:10.1029/JB082i023p03343.

Davatzes, N. C., A. Aydin, and P. Eichhubl, 2003, Over-
printing faulting mechanisms during the development
of multiple fault sets in sandstone, Chimney Rock fault
array: Tectonophysics, v. 363, p. 1-18, doi:10.1016
/S0040-1951(02)00647-9.

Davis, G. H., 1999, Structural geology of the Colorado Pla-
teau region of southern Utah, with special emphasis on
deformation bands: Geological Society of America Spe-
cial Papers, v. 342, p. 1-155.

Doelling, H. H., 2001, Geologic map of the Moab and eastern
part of the San Rafael Desert, 300 600 quadrangles, Grand
and Emery Counties, Utah, and Mesa County, Colorado:
Salt Lake City, Utah, Utah Geological Survey, Geologic
Map 180, scale 1:100,000, 1 sheet.

Doyen, P. M., 1988, Permeability, conductivity, and pore
geometry of sandstone: Journal of Geophysical Research,
v. 93, p. 7729-7740, doi:10.1029/JB093iB07p07729.

Du Bernard, X. D., P. Eichhubl, and A. Aydin, 2002, Dilation
bands: A new form of localized failure in granular media:
Geophysical Research Letters, v. 29, p. 2176-2179.

Ehrlich, R., S. K. Kennedy, S. J. Crabtree, and R. L. Cannon,
1984, Petrographic image analysis: I. Analysis of reser-
voir pore complexes: Journal of Sedimentary Petrology,
v. 54, p. 1515-1522.

ElBied, A.,J. Sulem, and F. Martineau, 2002, Microstructure
of shear zones in Fontainebleau Sandstone: International
Journal of Rock Mechanics and Mining Sciences, v. 39,
p. 917-932, doi:10.1016/S1365-1609(02)00068-0.

Fisher, Q. J., and R. J. Knipe, 2001, The permeability of

faults within siliciclastic petroleum reservoirs of the
North Sea and Norwegian Continental Shelf: Marine
and Petroleum Geology, v. 18, p. 1063-1081, doi:10
.1016/50264-8172(01)00042-3.

Flodin, E., M. Prasad, and A. Aydin, 2003, Petrophysical con-
straints on deformation styles in Aztec Sandstone, south-
ern Nevada, U.S.A.: Pure and Applied Geophysics,
v. 160, p. 1589-1610.

Fossen, H., and A. Bale, 2007, Deformation bands and their
influence on fluid flow: AAPG Bulletin, v. 91, p. 1685-
1700, doi:10.1306/07300706146.

Fossen, H., J. Hesthammer, T. E. S. Johansen, and T. O.
Sygnabere, 2003, Structural geology of the Huldra fault
block (Huldra field), northern North Sea: Marine and
Petroleum Geology, v. 20, p. 1105-1118, doi:10.1016
/j.marpetgeo.2003.07.003.

Fossen, H., R. A. Schultz, K. Mair, and Z. Shipton, 2007, De-
formation bands in sandstones—A review: Journal of
Geological Society (London), v. 164, p. 755-769,
doi:10.1144/0016-76492006-036.

Garboczi, E. J., D. P. Bentz, and N. S. Martys, 1999, Digital
images and computer modeling, in P. Wong, ed., Meth-
ods in the physics of porous media: San Diego, Aca-
demic Press, Experimental Methods in the Physical
Sciences, v. 35, p. 1-41.

Gibson, R. G., 1998, Physical character and fluid-flow prop-
erties of sandstone-derived fault zone: Geological So-
ciety (London) Special Publication 127, p. 83-97.

Haied, A., D. Kondo, andJ. P. Henry, 2000, Strain localization
in Fontainebleau Sandstone: Mechanics of Cohesive-
Frictional Materials, v. 5, p. 239-253, doi:10.1002/(SICI)
1099-1484(200004)5:3<239::AID-CFM97>3.0.CO;2-J.

Hesthammer, J., and H. Fossen, 2001, Structural core analy-
sis from the Gullfaks area, northern North Sea: Marine
and Petroleum Geology, v. 18, p. 411-439, doi:10.1016
/S0264-8172(00)00068-4.

Hesthammer, J., P. A. Bjerkum, and L. Watts, 2002, The effect
of temperature on sealing capacity of faults in sandstone
reservoirs: Examples from the Gullfaks and Gullfaks Ser
fields, North Sea: AAPG Bulletin, v. 86, p. 1733-1751.

Jamison, W. R., and D. W. Stearns, 1982, Tectonic deforma-
tion of Wingate Sandstone, Colorado National Monu-
ment: AAPG Bulletin, v. 66, p. 2584-2608.

Johansen, T. E. S., and H. Fossen, 2008, Internal deformation
of fault damage zones in interbedded siliciclastic rocks,
in C. A.J. Wibberley, W. Kurtz, J. Imber, R. E. Holdworth,
and C. Collettini, eds., The internal structure of fault
zones: Implications for mechanical and fluid-flow proper-
ties: Geological Society (London) Special Publica-
tion 299, p. 35-56.

Keehm, Y., T. Mukerji, and A. Nur, 2004, Permeability pre-
diction from thin sections: 3-D reconstruction and Lattice-
Boltzmann flow simulation: Geophysical Research Letters,
v. 31, p. 1-4.

Keehm, Y., K. Sternlof, and T. Mukerji, 2006, Computa-
tional estimation of compaction band permeability in
sandstone: Geosciences Journal, v. 10, no. 4, p. 499—
505, doi:10.1007/BF02910443.

Knipe, R. J., Q. J. Fisher, M. R. Clennell, A. B. Farmer, A.
Harrison, B. Kidd, E. McAllister, J. R. Porter, and

TORABI AND FOSSEN 937


http://dx.doi.org/10.1007/BF00876547
http://dx.doi.org/10.1016/0191-8141(83)90004-4
http://dx.doi.org/10.1063/1.334346
http://dx.doi.org/10.1063/1.366885
http://dx.doi.org/10.1016/S1464-1895(01)00032-1
http://dx.doi.org/10.1016/S1464-1895(01)00032-1
http://dx.doi.org/10.1007/BF00878888
http://dx.doi.org/10.1029/JB082i023p03343
http://dx.doi.org/10.1016/S0040-1951(02)00647-9
http://dx.doi.org/10.1016/S0040-1951(02)00647-9
http://dx.doi.org/10.1029/JB093iB07p07729
http://dx.doi.org/10.1016/S1365-1609(02)00068-0
http://dx.doi.org/10.1016/S0264-8172(01)00042-3
http://dx.doi.org/10.1016/S0264-8172(01)00042-3
http://dx.doi.org/10.1306/07300706146
http://dx.doi.org/10.1016/j.marpetgeo.2003.07.003
http://dx.doi.org/10.1016/j.marpetgeo.2003.07.003
http://dx.doi.org/10.1144/0016-76492006-036
http://dx.doi.org/10.1002/(SICI)1099-1484(200004)5:3<239::AID-CFM97>3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1099-1484(200004)5:3<239::AID-CFM97>3.0.CO;2-J
http://dx.doi.org/10.1016/S0264-8172(00)00068-4
http://dx.doi.org/10.1016/S0264-8172(00)00068-4
http://dx.doi.org/10.1007/BF02910443

E. A. White, 1997, Fault seal analysis: Successful meth-
odologies, application and future directions, in P. Meller-
Pedersen and A. G. Koestler, eds., Hydrocarbon seals:
Importance for exploration and production: Norwegian
Petroleum Society Special Publication 7, p. 15-40.

Koplik, J. C., and L. M. Vermette, 1984, Conductivity and
permeability from microgeometry: Journal of Applied
Physics, v. 56, p. 3127-3131, doi:10.1063/1.333872.

Ogilvie, S. R., and P. W. J. Glover, 2001, The petrophysical
properties of deformation bands in relation to their micro-
structure: Earth and Planetary Science Letters, v. 193,
p. 129-142, doi:10.1016/S0012-821X(01)00492-7.

Pittman, E. D., 1981, Effect of fault-related granulation on
porosity and permeability of quartz sandstones, Simpson
Group (Ordovician) Oklahoma: AAPG Bulletin, v. 65,
p- 2381-2387.

Rawling, G. C., and L. B. Goodwin, 2003, Cataclasis and par-
ticulate flow in faulted, poorly lithified sediments: Jour-
nal of Structural Geology, v. 25, p. 317-331, doi:10
.1016/S0191-8141(02)00041-X.

Rotevatn, A., A. Torabi, H. Fossen, and A. Braathen, 2008,
Slipped deformation bands: A new type of cataclastic
deformation bands in western Sinai, Suez Rift, Egypt:
Journal of Structural Geology, v. 30, p. 1317-1331,
doi:10.1016j.sg.2008.06.010.

Rykkelid, E., and H. Fossen, 2002, Layer rotation around ver-
tical fault overlap zones: Observations from seismic
data, field examples and physical experiments: Marine
and Petroleum Geology, v. 19, p. 181-192, doi:10
.1016/S0264-8172(02)00007-7.

Sammis, C., G. King, and R. Biegel, 1987, The kinematics of
gouge deformation: Pure and Applied Geophysics,
v. 125, p. 777-812, doi:10.1007/BF00878033.

Sen, P. N., C. Scala, and M. H. Cohen, 1981, A self-similar
model for sedimentary rocks with application to the di-
electric constant of fused glass beads: Geophysics, v. 46,
p. 781-795, doi:10.1190/1.1441215.

938 Spatial Variation along Deformation Bands

Torabi, A., A. Braathen, F. Cuisiat, and H. Fossen, 2007,
Shear zones in porous sand: Insights from ring-shear ex-
periments and naturally deformed sandstones: Tectono-
physics, v. 437, p. 37-50, doi:10.1016/j.tecto.2007.02.018.

Torabi, A., H. Fossen, and B. Alaei, 2008, Application of spa-
tial correlation functions in permeability estimation of
deformation bands in porous rocks: Journal of Geophys-
ical Research, v. 113, p. 1-10.

Trent, B. C., 1989, Numerical simulation of wave propagation
through cemented granular material, in D. Karamanlidis
and R. B. Stout, eds., AMD-101, Wave propagation in
granular media: Proceedings of the Winter Annual Meet-
ing of ASME, p. 9-15.

Underhill, J. R., and N. H. Woodcock, 1987, Faulting mech-
anisms in high porosity sandstones: New Red Sandstone,
Arran, Scotland, in M. E. Jones and R. M. F. Preston, eds.,
Deformation of sediments and sedimentary rocks: Geo-
logical Society Special Publication 29, p. 91-105,
doi:10.1144/GSL.SP.1987.029.01.09.

White, J. A., R. 1. Borja, and J. T. Fredrich, 2006, Calculat-
ing the effective permeability of sandstone with multi-
scale lattice Boltzmann/finite element simulations: Acta
Geotechnica, v. 1, p. 195-209, doi:10.1007/s11440-
006-0018-4.

Wissler, T. M., 1987, Sandstone pore structure: A quantita-
tive analysis of digital SEM images: Ph.D. thesis, Massa-
chusetts Institute of Technology, Cambridge, 564 p.

Wong, P. Z.,J. Koplik, and J. P. Tomanic,1984, Conductiv-
ity and permeability of rocks: Physics Review, v. 30,
p. 6606-6614.

Wong, T.-F., C. David, and W. Zhu, 1997, The transition
from brittle faulting to cataclastic flow in porous sand-
stones: Mechanical deformation: Journal of Geophysical
Research, v. 102, p. 3009-3025, doi:10.1029/96JB0328]1.

Yin, H., and J. Dvorkin, 1994, Strength of cemented grains:
Geophysical Research Letters, v. 21, p. 903-906, doi:10
.1029/93GL03535.


http://dx.doi.org/10.1063/1.333872
http://dx.doi.org/10.1016/S0012-821X(01)00492-7
http://dx.doi.org/10.1016/S0191-8141(02)00041-X
http://dx.doi.org/10.1016/S0191-8141(02)00041-X
http://dx.doi.org/10.1016/j.jsg.2008.06.010
http://dx.doi.org/10.1016/S0264-8172(02)00007-7
http://dx.doi.org/10.1016/S0264-8172(02)00007-7
http://dx.doi.org/10.1007/BF00878033
http://dx.doi.org/10.1190/1.1441215
http://dx.doi.org/10.1016/j.tecto.2007.02.018
http://dx.doi.org/10.1144/GSL.SP.1987.029.01.09
http://dx.doi.org/10.1007/s11440-006-0018-4
http://dx.doi.org/10.1007/s11440-006-0018-4
http://dx.doi.org/10.1029/96JB03281
http://dx.doi.org/10.1029/93GL03535
http://dx.doi.org/10.1029/93GL03535

