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ABSTRACT

We use samples from undeformed and deformed sandstones
(single deformation band, deformation band cluster, slip-surface
cataclasite, and fault core slip zone) to characterize their petro-
physical properties (porosity, permeability, and capillary pres-
sure). Relationships between permeability and porosity are
described by power-law regressions where the power-law ex-
ponent (D) decreases with the increasing degree of deforma-
tion (strain) experienced by the sample from host rock (D, ~9)
to fault core (D, ~5). The approaches introduced in this work
will allow geologists to use permeability and/or porosity mea-
surements to estimate the capillary pressures and sealing ca-
pacity of different fault-related rocks without requiring direct
laboratory measurements of capillary pressure. Results show
that fault core slip zones have the highest theoretical sealing
capacity (>140-m [459-ft] oil column in extreme cases), al-
though our calculations suggest that deformation bands can
locally act as efficiently as fault core slip zones in sealing non-
wetting fluids (in this study, oil and CO,). Higher interfacial
tension between brine and CO, (because of the sensitivity of
CO; to temperature and pressure) results in higher capillary
pressure and sealing capacity in a brine and CO, system than a
brine and oil system for the same samples.

INTRODUCTION

The petrophysical properties of highly porous sandstone res-
ervoirs undergo significant changes as a result of deformation.
Knowledge of the petrophysical properties of deformed sand-
stone and its undeformed host rock is essential for predicting
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fluid flow through such reservoirs. Faults are heterogeneous
structures whose geologic and petrophysical properties may
show abrupt lateral variations that can make faults act as bar-
riers, baffles, or conduits to fluid flow (Smith, 1966; Gibson,
1994; Fisher and Knipe, 2001; Torabi and Fossen, 2009). Faults
can control fluid flow by juxtaposing reservoir rocks against
nonreservoir rocks or by making barriers to fluid flow through
seals or fault rocks (Fisher and Knipe, 2001). This may reduce
production rates in a petroleum reservoir and, in case of CO,
storage, may affect the injection rate and the total capacity of
the reservoir. Consequently, faults may have considerable ef-
fects on hydrocarbon field production and CO, storage man-
agement alike. One of the objectives of this article is to explore
the petrophysical characteristics (e.g., porosity, permeability,
and capillary pressure) of fault-related rocks found in porous
sandstones, using different methods for estimation of these
properties, such as in-situ, laboratory, and image-processed—
based (Torabi et al., 2008) methods. These results are used in
analyzing statistical and empirical relationships between the
petrophysical properties.

A common approach to fault seal analysis is to use simple
algorithms for seal capacity by clay smear, as reviewed by
Yielding et al. (1997). An alternate approach, which will be
used in this study, considers faults (and stratigraphic seals) as
tabular zones whose sealing capacity is controlled by fault-
intrinsic properties such as porosity and permeability. This
approach offers a possible assessment of capillary seal where
the sealing capacity of the zone or layer relies on the size of
pore throats and capillary forces between wetting and non-
wetting phases. The capillary seal model allows for partially
sealing faults, where the sealing capacity is governed by a
critical pressure difference across the fault induced by the
capillary forces, that s, an equilibrium situation acquired over
geologic time in petroleum reservoirs that may be altered
during production or injection (Fisher et al., 2001; Jolley et al.,
2007). When the critical pressure is overcome for the liquid
or vapor in question, flow is controlled by the relative per-
meability of fluids (e.g., Manzocchi et al., 2010).

The fluid-flow behavior of faults in a petroleum reservoir
is a function of their capillary entry pressure, porosity, per-
meability, and spatial continuity (e.g., Gibson, 1994; Knipe,
1997). The permeability of a fault zone is a function of its ar-
chitecture (e.g., fault zone components and their geometry)
and the flow properties of fault-related rocks and fractures
(Caine et al., 1996; Fisher and Knipe, 1998; Gibson, 1998;
Wibberley et al., 2008; Braathen et al., 2009). Major faults are
generally surrounded by an enveloping volume of structures



of different scales exhibiting smaller faults, defor-
mation bands, and fractures, defined by most au-
thors as the damage zone (Figure 1A; e.g., Chester
and Logan, 1986; Peacock et al., 2000; Schultz
and Fossen, 2008; Braathen et al., 2009; Torabi
and Berg, 2011). Damage zones in highly porous
sandstones tend to be dominated by deformation
bands (Fossen et al., 2007). Deformation bands can
be classified into different types based on defor-
mation mechanisms (Fossen et al., 2007), and cata-
clastic bands, that is, bands involving significant
grain crushing, generally have a higher impact on
the petrophysical properties (e.g., porosity, per-
meability, and capillary pressure) of the damage
zone than noncataclastic bands. Damage zones are
believed to form during fault-tip propagation and
grow during continued slip accumulation on the
main fault surface of the fault core (Shipton and
Cowie, 2003). Most of the displacement is accom-
modated within the fault core, which, in nearly
all cases, is found to be substantially thinner than
the damage zone. Previous workers have provided
some data on the petrophysical properties of faults
(e.g., Antonellini and Aydin, 1994; Fisher and
Knipe, 1998, 2001; Gibson, 1998; Sternlofetal.,
2004), their sealing capacity (e.g., Gibson, 1994;
Yielding et al., 1997; Fisher and Knipe, 2001;
Ferseth, 2006), and the distribution of fault rock
types (e.g., Knipe, 1997; Childs et al., 2007). As
outlined in Braathen et al. (2009), fault cores in
sandstone are made up of several elements such
as membranes (fault-parallel layers) of fault rocks
(fault gouge), host and fault-rock lenses, slip sur-
face(s) bounding significantly crushed sandstone
(slip-surface cataclasites), fractures, and deforma-
tion bands (Figure 1). The slip surface with its de-
formed walls have been termed “slip zones” (Foxford
etal., 1996), whereas the crushed slip-surface wall
rocks in porous sandstone have been labeled slip-
surface cataclasites (Tueckmantel et al., 2010). Their
appearance is similar to cataclastic deformation
bands, but the porosity and, especially, the perme-
ability tend to be lower for slip-surface cataclasites
(Tueckmantel et al., 2010).

The internal distribution of fault core elements
remains poorly understood, limiting predictions
around fault core architecture. Therefore, knowl-

Major Slip
Surface

Fault Deformation
Core Band
Cluster

Zone with
Deformation
Bands

Figure 1. (A) Schematic illustration of fault core and damage
zone in sandstone (not to scale); fault core can include the main
slip surface, intensively broken and deformed rocks, and lenses
of undeformed rocks (host rock). Note the presence of defor-
mation bands in the fault damage zone. (B) Single deformation
band (Entrada Sandstone, Utah). (C) Cluster of deformation bands
(Entrada Sandstone, Utah). (D) Fault core slip zone (Nubian Sand-
stone, Sinai). (E) Slip-surface cataclasite (Entrada Sandstone, Utah);
see knife for the scale.
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edge of the sealing properties of faults, especially in
massive sandstones, remains uncertain and neces-
sitates further analyses.

In this study, we use samples from undeformed
and deformed sandstones to characterize their
petrophysical properties. The results allow for new
statistical ways of calculating capillary pressure in
a sandstone reservoir with two-phase fluids (e.g.,
brine [wetting phase] and 0il-CO; [nonwetting
phase]), which are used to calculate the maximum
nonwetting-fluid column height that can be sealed
as a function of the effective pore-throat radius in
the reservoir. Through this study, we validate and
expand the empirical relations of Pittman (1992)
by applying them on our large fault-related rock
data set to very different rock types and by introduc-
ing new relations from laboratory measurements.

The approaches introduced in this work will
allow geologists to use permeability and/or poros-
ity measurements to estimate the capillary pres-
sures and sealing capacity of different fault-related
rocks without requiring direct laboratory measure-
ments of capillary pressure.

DESCRIPTION OF DATA SET

Our samples come from the Entrada Sandstone
(Slick Rock and Moab Members) of Utah (United
States) and the Nubian sandstones (Malha Forma-
tion) of Sinai (Egypt)—two extensive sandstone
units that together form a representative range of
continental reservoir sandstones. The data sets con-
tain measurements from fault cores (slip zones and
slip-surface cataclasite) and damage zone (mainly
cataclastic deformation bands). The Slick Rock
Member of the Entrada Sandstone (Middle Juras-
sic) is a subarkose (Table 1) and is composed of thin
and laterally discontinuous eolian dune sandstones
interbedded with muddy to sandy sabkha and in-
terdune siltstones and sandstones (Foxford et al.,
1996). The sandstone is predominantly fine to me-
dium grained and moderately to well sorted. The
Moab Member of the Entrada Sandstone (Middle to
Upper Jurassic) is a quartz arenite (Table 1) domi-
nated by eolian dunes and is generally better sorted
than the Slick Rock Member as it contains fewer
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Table 1. X-Ray Diffraction Analyses (X-Ray Diffraction Measured on Powder of Rock Samples in Percent) of the Sandstones Used in This Study*

Sandstone Type

lllite+Mica Kaolinite Chlorite Quartz x-Feldspar Plagioclase Calcite Dolomite Siderite Pyrite Hematite Total

lllite/Smectite

Sample

100  Quartz arenite

0.5

0.0
0.0
0.0

TR

0.0
TR
0.0
TR

0.0
0.0
0.0
TR

23
TR
0.0
5.4

TR

0.0
0.0

97.2

0.0
0.0
0.0
0.7

0.0
1.6
0.0
0.0

0.0
0.0
0.0
39

0.0

Malha Formation
Malha Formation
Moab Member

100  Quartz arenite

0.0
0.0
TR

0.0
0.0
TR

98.4

0.0

Quartz arenite
Subarkose

100

1.5
103

98.5

0.0

100

79.7

Slick Rock Member

*Note the interpretations of sandstone types from the x-ray diffraction analyses based on the sandstone classification by Folk (1974).

**TR = trace.



fine grains (Foxford et al., 1996). The maximum
burial depth of the Entrada Formation is estimated
to be 2.2 km (1.4 mi) by reconstructing the burial
and thermal histories of the Paradox Basin (Nuccio
and Condon, 1996; Ellingsen, 2011). The latest
activity of the Moab fault was reported to be of the
early Paleocene based on the age of clay minerals in
the damage zone of this fault (Solum et al., 2005).
The sandstone of the Malha Formation is a quartz
arenite (Table 1) and makes up the uppermost unit
of the Nubian Sandstone sequence (Lower Creta-
ceous, a prerift sequence). This formation consists of
fluvial sandstones with gravel lenses and mudstone
and kaolinite beds (Moustafa, 2003; Tueckmantel
et al., 2010). The Malha Sandstone is moderately
sorted and medium to coarse grained. The maxi-
mum burial depth of Nubian sandstones at the
time of faulting was approximately 1.5 km (0.9 mi)
(Du Bernard et al., 2002; Torabi and Fossen, 2009).

In this contribution, we distinguish between
deformation bands, dense deformation band clus-
ters (decimeter-wide zones or swarms packed with
deformation bands), fault core slip zones, and slip-
surface cataclasites, as shown in Figure 1B, C, D,
and E. Our distinction of the latter two is based on
the slip-surface cataclasites (in walls of well-striated
and polished principal slip surfaces) that can be
found in the studied units of both Utah and Sinai. In
contrast, fault core slip zones have not been de-
scribed before. Fault core slip zones are encountered
in faults with 1- to 10-m offset in some of the Nu-
bian Sandstone units and consist of multiple slip
surfaces hosted in variably crushed sandstone. On
microscale, the crushed sandstone appears as a
poorly sorted mixture of crushed grains envelop-
ing nearly undeformed but slightly rounded host
sandstone grains (survivor grains) and mildly de-
formed sandstone lenses.

SCIENTIFIC APPROACH

Porosity and permeability are two widely used
petrophysical properties that can be measured
through different approaches and at different sam-
ple sizes. In contrast, capillary pressure data are

not so commonly found in the geologic literature,
mostly because of cost and practicalities. Capillary
pressure is the pressure difference between two
immiscible fluids that are in contact in a porous
media and can be measured by two types of pro-
cesses: drainage (a nonwetting phase displaces a
wetting phase) and imbibition (a wetting phase
displaces a nonwetting phase) (Dandekar, 2006).
Pittman (1992) presented an inverse approach to
empirically calculate capillary pressure for sand-
stone reservoirs from laboratory-measured poros-
ity and permeability. This method has the potential
of providing abundant amounts of inferred capil-
lary pressure data, for example, from cored inter-
vals in a reservoir. In this study, we have imple-
mented the inverse method of Pittman (1992) and,
furthermore, used additional approaches to calcu-
late the sealing capacity of our faulted sandstone
reservoirs (for details, see approaches A, B, and C
in the next section). We use data derived from
different methods, including laboratory-measured
porosity, absolute permeability, and mercury cap-
illary pressure; in-situ measurements of perme-
ability by minipermeameter (TinyPerm II); and es-
timated porosity and absolute permeability through
image processing of backscatter images of thin
sections (Torabi et al., 2008; Torabi and Fossen,
2009).

Capillary Pressure and its Relation to Porosity
and Permeability Data

Capillary properties control the magnitude of the
differential hydrocarbon buoyancy pressure ex-
erted by a hydrocarbon column, which can be
maintained across a lithologic or structural bound-
ary within a reservoir. Thus, capillary pressure and
pore-throat size control the ability of a fault to act
as a barrier or conduit to hydrocarbon flow on a
long-term (geologic) time frame, whereas the per-
meability of rocks will influence the short (produc-
tion or injection)-time fluid-flow pattern within a
reservoir (Schowalter, 1979; Gibson, 1998). In the
inverse method implemented in this study, abso-
lute permeability is used to calculate the capillary
pressures of the samples. Among different types of
laboratory capillary pressure analyses, the mercury
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Figure 2. Semilog plot of mercury injection-capillary pressure
data for a fault core slip zone sample from the Nubian Sand-
stone. The threshold pressure corresponds to the inflection point
at which the curve becomes convex upward. This is the pressure
at which mercury forms a connected pathway through the pores
across the sample. 1 psi = 6.9 x 10~ mPa.

injection method is particularly interesting because
it can provide insight into the pore-structure and
pore-size distributions in a porous medium. Many
physical properties of porous rocks are related to
their pore characteristics, and hence, their flow
characteristics can be evaluated through mercury
capillary pressure analysis. In a mercury drainage or
injection plot, the pressure at which mercury forms
a connected pathway through the pores across the
sample is called “threshold pressure,” which cor-
responds to the inflection point (where the curve
becomes convex upward) on the plot (Figure 2;
Katz and Thompson, 1987; Pittman, 1992). How-
ever, the threshold pressure is sometimes difficult
to measure (Pittman, 1992).

Some researchers have argued that, in log-log
plots of drainage or injection curves, the apex point
of the hyperbola (the intersection points of the two
asymptotes on the hyperbola) presents an impor-
tant capillary pressure value, in which the mercury
makes a connected pathway (Figure 3A; Thomeer,
1960; Swanson, 1981). Nevertheless, Pittman (1992)
commented that not all drainage curves show such
an apex point and suggested another way of plot-
ting data for determining the apex point graphi-
cally, which he claims to be more accurate than the
previously mentioned approaches. He plotted mer-
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cury saturation normalized by mercury saturation
pressure (v axis) against mercury saturation (x axis),
as shown in Figure 3B. In this study, Pittman’s
(1992) method has been used to find apex points
on the capillary pressure data from 12 samples of
deformed and undeformed sandstones (Table 2).
Capillary pressure data were obtained through mer-
cury injection into samples performed by Reslab
(now Weatherford; for a detailed description of
the method, see the Appendix). The analyses were
performed on eight samples from fault core slip

A
100,000
Fault Core Sample

~ 10,000{ Nubian Sandstone
g
g
§ 1000
o
o
2 100
=
=
©
© 10

1

0.1 1 10 100

Bulk Volume Saturated Hg (%)

B
e 04 XX
2 x)?o‘x xxxxxxx
[l
N R
= 0.2-5‘(
S !
8 "
E o
g 0.1 X
) [ ::\

0 T T T i

0 20 40 60 80 100

Hg Saturation (%)

Porosity = 12.5%
Permeability = 0.345 md

Figure 3. Two different ways to illustrate the apex point for the
capillary pressure data of a fault core (slip zone) sample from the
Nubian Sandstone. The apex point presents an important capil-
lary pressure, in which the mercury (Hg) makes a connected
pathway through the sample. (A) lllustration of the apex point in
a log-log plot of drainage or injection curve; the apex point in the
resulted hyperbola is the intersection point of the two asymp-
totes on the hyperbola. (B) Apex point in a plot of normalized
mercury saturation versus mercury saturation. The latter illus-
tration has been used to obtain the apex points for all of the
samples in this study. 1 psi = 6.9 x 10~ mPa.



Table 2. Laboratory Measurements of Porosity, Permeability, Capillary Pressure, and Pore-Throat Radii and Calculated Values of

Capillary Pressure and Pore-Throat Radi*

Laboratory Calculated Laboratory Calculated
Porosity ~ Permeability Capillary Capillary Pore-Throat ~ Pore-Throat Calculated h

Sample (%) (md) Pressure (psi)  Pressure (psi)  Radius (um)  Radius (um) A (cm) (cm)

A 14 23.6 32.50 34.16 2.77 2.64 292.31 307.23
F 18 147 15.16 14.71 5.96 6.14 340.87 132.33
| 16 114 4.88 16.40 18.50 5.50 109.73 147.55
J 12 243 58.94 98.84 1.53 0.91 1325.28 888.96
K 11 0.5 70.23 207.34 1.28 0.43 1579.14 1864.87
L 16 125 9.64 15.70 9.38 5.75 216.76 141.25
M 12 31.8 9.64 29.21 9.38 3.08 216.76 262.69
N 15 393 6.14 9.06 14.73 9.97 138.06 81.54
0 17 390 6.86 9.21 13.17 9.81 154.25 82.86
R 14 4.52 70.41 74.77 1.28 1.20 1583.18 672.55
U 29 2465 5.99 4.05 15.08 22.35 134.68 36.44

*The sealing capacity (presented by h in the table) of the samples has been calculated through approach A and has been compared to the calculated h values through

approach B (presented in the last column of this table).

zones of normal faults in the Nubian Sandstone
(Malha Formation, Sinai, Egypt; samples [, J, K, L,
M, N, R, and T [not listed] in Table 2), two sam-
ples from single deformation bands in the Slick
Rock Member (samples A and F in Table 2) and
one single deformation band sample in the Moab
Member (sample O in Table 2) in the damage
zone of the Moab fault, and one host rock sample
from the Moab fault footwall (Moab Member,
Utah, United States; sample U in Table 2). During
subsequent quality control of the data, one of the
fault core samples (sample T) was excluded because
of the poor quality of the laboratory data. Prepara-
tion of the samples includes cutting the samples
into small pieces (as much as 1.0 cm [0.4 in.]) to
keep only the deformed parts of the sample (fault
core slip zone or deformation band) and then in-
jecting mercury into the samples. The measured
mercury capillary pressure data and the calculated
apex points for the different samples were used in
the study of empirical relationships between dif-
ferent parameters (see approaches A, B, and C).

Approach A
For the samples with laboratory measurements of
mercury capillary pressure and porosity and per-

meability (Table 2), the following approach has
been used:

1. The capillary pressure data are plotted as mer-
cury saturation/capillary pressure versus mer-
cury saturation, and the plot is used to deter-
mine the apex of Pittman’s (1992) hyperbola
(Figure 3B).

. Then, mercury pressure data are plotted against
mercury saturation data, and the capillary pres-
sure at the apex point is identified from the plot.
Before using the mercury capillary pressure fur-
ther, the pressure data have been converted to a
reservoir condition for crude oil (<30° API, non-
wetting phase) and brine (wetting phase), using
the following empirical relationships (Vavra
etal., 1992), where o is the two-phase fluid in-
terfacial tension in millinewtons per meter:

Oil/brine
P c = P air 1
O Hg/air Hey ( )
31
Pc - @PHg/air (2)

3. Based on the Young-Laplace equation for a cy-
lindrical tube model, capillary pressure can be

TORABI ET AL. 625



calculated from the following relationship (Purcell,
1949; Schowalter, 1979):

p. — 20(cos 0) 3)

r

where P. is the capillary pressure at the apex
point (dyn/cm?), r is the effective pore-throat
radius, 6 is the contact angle between two-phase
fluids and solid, and o is the two-phase fluid inter-
facial tension (Purcell, 1949; Schowalter, 1979).

The capillary pressure equation can be rewrit-
ten in the following form (Schowalter, 1979;
Vavra et al., 1992):

~ 20(cos )

2(4p) *)
where h (cm) is the maximum hydrocarbon
fluid column height that can be sealed as a
function of the effective pore-throat radius
(1), 4p (g/cm?) is the difference between the
density of the two-phase fluids in contact with-
in rock pore throats (in this study, brine and oil),
and g is the acceleration of gravity (980 cm/s”
[386 in./s?]).

From combining equations 3 and 4, we get

P.
g(4p)

h= (5)

where & (the fluid column height) can be easily
calculated by having capillary pressure at the
apex point as the main variable.

Approach B

For other samples (core-plug samples and other
measurements obtained through image processing
of backscatter images of thin sections) from which
only porosity and permeability data were avail-
able, the following approach has been used:

1. The empirical relationship between porosity
(¢), permeability (k), and pore-throat radius at
apex point (7,pey, effective pore throat) found
by Pittman (1992) was used (equation 6; R? is
the coefficient of determination). This empirical
relationship is based on measurements (core-plug
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Figure 4. Correlation between capillary pressures at apex points
and their related pore throats for mercury-injected samples.

porosity and permeability and capillary mer-
cury injection) on more than 200 undeformed
sandstone samples from 14 different formations
(Pittman, 1992):

lograpex = —0.117 +0.475logk
—0.099l0gp R*=091 (6)

2. From the previous capillary pressure data (Table 2),
Tapex data were plotted against capillary pressure
data at apex points, and the statistical relation-
ship between the two (equation 7) is used for
calculation of capillary pressure at apex points
for pore-throat radii obtained by equation 6
(Figure 4). The calculated capillary pressure data
are then converted to a reservoir condition (brine
and oil) using equation 2.

P. = 90.018(r) %% RP=1 (7)

3. The maximum nonwetting-fluid column height
(h, the height of sealed hydrocarbon) that can
be stored in the samples can be calculated from
equation 5, assuming a two-phase fluid in a
reservoir condition (e.g., brine and oil).

Approach C

For samples from outcrops that only offered per-
meability measurements from minipermeameter
data, the following approach was used:

1. The porosity term has been found to be with-
out significance in equation 6 (Pittman, 1992).
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Figure 5. Pore throat radius at apex
points (r,p,) have been calculated by in-
cluding porosity (x axis) and removing
porosity (y axis) for core-plug data. The
plot shows that porosity is not significant
in the calculation.
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To further test this finding, we have examined
the significance of porosity in our calculations
and found that the differences are small and of
little significance (Figure 5). Therefore, a regres-
sion (equation 8) that does not include porosity
as a variable has been used to calculate pore-
throat radius at apex points. This regression was
made by correlating our laboratory-measured
permeability and pore-throat radii at apex points.
However, Pittman (1992) has suggested a dif-
ferent relationship between these two param-
eters (equation 9), which, when applied to our
data, results in a slightly higher pore throat than
what we get from equation 8.

R*=0.80
(8)

lograpx = 0.123 +0.37logk

R? = 0.90
9)

lograpx = —0.226 +0.466logk

. Equation 7 has been used to calculate the cap-

illary pressures at the apex points. The calculated
capillary pressures are then converted to a res-
ervoir condition (brine and oil) using equation 2.

50 60

3. The maximum nonwetting-fluid column height
(h) that can be stored in the samples can be cal-
culated from equation 5 assuming a two-phase
fluid in a reservoir condition (brine and oil).

RESULTS
Permeability-Porosity Relationships

In addition to the porosity and permeability data of
the samples used in mercury injection experiments
(Table 2), we make use of an extensive porosity-
permeability database based on other types of mea-
surements (core plug and image processing of thin
sections), as shown in Figure 6. The rocks used
for these measurements include the sandstones
from the same or similar units as those presented
in Table 1. The relationship between porosity and
permeability data from core-plug measurements of
a host rock, a single deformation band, a cluster of
deformation bands, and fault core slip zones have
been studied (Figure 6A). The results show that,
for all of the samples, this relationship fits a robust
power law but that the power-law exponent (D)
depends on the degree of deformation experienced
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Figure 6. Permeability-porosity relation- A
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by the samples. More specifically, D ranges from Furthermore, for a given porosity, host rock sam-
approximately 9 for the host rock samples to ap- ples have higher permeability than deformed rocks,
proximately 5 for the fault core samples (Figure 6A). and the permeability at a given porosity decreases
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with the amount of deformation (Figure 6A). A sim-
ilar relationship can be obtained from permeability-
porosity data estimated through image processing
of the thin sections (Figure 6B), although the ex-
ponents are slightly different from those obtained
for core-plug samples and are also less well defined.
This is because the measured sample size was smaller
than that of the core plugs. This is particularly true
for deformation bands, where we measured only
the properties of the bands with no part of the host
rock included (Torabi et al., 2008). Therefore, the
deformation band porosity and permeability val-
ues estimated from image processing are slightly
lower than the values that are obtained from core
plugs (Figure 6B).

0.8 0.9 1

Capillary Pressure Measurements

Detailed information on the properties of the sam-
ples used in mercury injection experiments are pro-
vided in Table 2. The laboratory mercury capil-
lary pressure and pore-throat radii of the samples
(approach A) are compared to the calculated ca-
pillary pressure and pore-throat radii (approach B)
of the same samples in Table 2. A comparison of
the semilog drainage (injection) plots (Figure 7A,
B) for our mercury capillary pressure measure-
ments reveals that the drainage curves for fault
core slip zone samples are different from those of
deformation band and host rock samples. The
deformation band and host rock samples closely
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Figure 9. Correlation between calculated
fluid column height (h) values through
approach B and calculated h values di-
rectly for mercury injection data (x axis,
approach A) for the same samples (in
Table 2). The resulting equation has been
used to calibrate the data calculated
through approaches B and C.
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follow a standard drainage curve after the inflec-
tion points, with some slight changes in high capil-
lary pressures (Figure 7B). In contrast, the drainage
curve for fault core slip zone samples has more than
one inflection point (Figure 7A) for most of the
samples. This is also evident from Figure 8, where
the pore-size distributions for fault core slip zone
samples show a bimodal pattern (Figure 8A). This
pattern reflects poorly sorted grain size, with crushed
grains enveloping undeformed host rock grains and
mildly deformed lenses (Figure 8C, D).

The maximum nonwetting fluid (oil in our
studied samples) column height (k) that can be
stored in the samples because of their induced
capillary pressure has been calculated for all the
samples using equation 5, assuming minimum den-
sities for oil and brine in the reservoir based on the
typical range of oil-field fluids (i.e., poj = 0.51 g/cm?®
and ppyine = 1 g/em®; Vavra et al., 1992). For the
same samples (samples in Table 2), the h values that
have been calculated through approach B in the
methodology section have been correlated with the
h values calculated directly from the laboratory data
(approach A in the approach section) in Figure 9.
The resulting equation (Figure 9) was further used
to calibrate all the h values calculated through ap-
proaches B and C. The plotted calibrated h values

10000

in Figure 10A suggest that even a single deformation
band can, from a theoretical point of view, withhold
more than 60 m (197 ft) of oil column in the ex-
treme case. The sealing capacity of deformation
bands increases (they can theoretically withhold
more than 80 m [262 ft] of 0il column) when they
form clusters of bands (Slick Rock Member data in
Figure 10A) because their influence on fluid flow is
related to the accumulated properties of the bands.
Although the average estimated seal capacity of fault
core slip zone samples (Nubian Malha Formation)
is higher than any other sample on the graph (>140 m
[459 ft] in the extreme case; Figure 10A), the data
suggest that a cluster of deformation bands can lo-
cally affect fluid flow to the same extent as a fault
core slip zone. The host rock and single deformation
band data from image processing of thin sections
are in the range of the data obtained from fault
core plugs, although they exhibit slightly lower
values of h (Figure 10A). The single deformation
bands (image processing) can obviously seal higher
amounts of fluid than their corresponding host
rocks (Figure 10A). The comparison of h values
obtained from minipermeameter data (Figure 10B;
approach C in the methodology) with the other
data in Figure 10 is not straightforward because
the range of permeability values measured in situ

Figure 8. Distribution of pore-throat size in the mercury-injected samples (Table 2): for fault core slip zone samples at which most of
them show bimodal distribution (A) and for deformation bands and host rock (B). (C and D) Examples of microstructure of fault core slip
zone samples (samples | and L, respectively, in backscatter images), which reflect the heterogeneous (bimodal) grain-size distribution
(@ mixture of crushed grains and nearly undeformed host rock grains [survivor grains] and mildly deformed lenses trapped between

the mostly crushed grains) within these samples.
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Figure 11. Comparison
of the permeability-porosity
relationship between the
fault rock data from this
study and the published
data of sandstones with
different grain sizes (very
coarse- to coarse-grained,
coarse- to medium-grained,
fine-grained, silty, and clayey
sandstones; the original
data are from Chilingarian,
1963); both types of data
show similar trends, al-
though the permeability
values are higher in the
published data (undeformed
sandstone). Note the in-
creasing D values (power-
law exponent) from fault-
related rocks to host rock
implying increasing per-
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in the field almost doubles laboratory measure-
ments of the same rocks (Fossen et al., 2011). This
deviation is especially seen as the minipermeameter
approaches its lower threshold in range (minimum
of 10 md for instrument). In general, the h values
calculated from minipermeameter data (Figure 10B)
are substantially less than the h values obtained
for the same type of fault rocks in core-plug sam-
ples (almost one-tenth of the & values in Figure 10A).
In Figure 10B, fault core slip zones and single
deformation bands from the Nubian Sandstone
(Malha Formation) show a higher sealing capacity
than their corresponding host rocks. For Moab
Member samples, the sealing capacity of a cluster of
deformation bands and the single data from slip-
surface cataclasite is higher than that of single de-
formation band and host rock samples (Figure 10B).
The comparison of & values for Slick Rock Mem-
ber samples shows a very clear increase from host

meability toward the host
rock. DB = deformation
band.

25 30 35

ip Zone

rock to single band and to the slip-surface cata-
clasite data, although we have only one data point
for the slip surface (Figure 10B). Hence, the two
data sources give quantitatively similar results over-
all. In Figure 10C and D, the averaged h values for
the samples that show a range of h values for each
specific fault-related rock in Figure 10A and B are
presented, respectively. The comparison of these
plots confirms that the fault core slip zone presents
the highest sealing capacity among the different
fault rocks presented in Figure 10.

DISCUSSION

Establishing a global quantitative relationship be-
tween the porosity and permeability data of sand-
stones is challenging because the grain size and
grain-size distribution of sandstones affect this
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relationship (Chilingarian, 1963). Previous studies
of sandstones with different grain sizes (Chilingarian,
1963; Tiab and Donaldson, 2004; Figure 11) show
that very coarse— to coarse-grained, coarse- to
medium-grained, fine-grained, silty, and clayey sand-
stones show parallel trends in the permeability-
porosity relationship, although no regression has
been made on the data. However, the modified
version of the Kozeny-Carman relationship (Walsh
and Brace, 1984) that is used for porous media (un-
deformed rocks) is based on the dependence of per-
meability (k) on porosity (¢), the specific surface
area of the pore-grain interface (s, as an indicator of
grain size), and the formation factor (F), which again
is related to porosity and to ¢, which is a constant
related to pore geometry that is equal to 2 for ma-
terials possessing pores of circular cross section.

k = ¢?/cFs~2

The new regressions that we have applied to
our data involve only permeability and porosity as
variables and therefore allow for a straightforward
prediction of either of these two parameters from
the other, depending on the type of fault-related
rocks. The comparison of our results (the power-
law regressions drawn on the data) with previously
published data (Tiab and Donaldson, 2004) shows
some agreement in the permeability-porosity re-
lationships, although the permeability values are,
in general, higher in the previously published data
from undeformed sandstones (Figure 11). An in-
crease in permeability from fine- to coarse-grained
sandstone is observed. Similarly, our data show an
increase in permeability from fault-related rocks
(fault core slip zone and deformation bands) to the
host rock, which is shown by an increase in the D
value from approximately 5 to approximately 9,
respectively.

In general, the trend of published data is similar
to the regressions made on our data (Figure 11). For
a given porosity, permeability is higher in host rock
samples and decreases with deformation (Figure 6).
This is so because the microstructure of the host
rock and cataclastic bands is controlled by different
processes. Within cataclastic bands, grain crushing
results in more angular grains and a different grain-
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size distribution compared to the compacted host
sandstone. As a result, the specific surface area at
pore-grain contacts increases, which in turn causes
more reduction in permeability than in porosity
(Torabi and Fossen, 2009). Our results show that
fault core slip zones are the most efficient barriers
to flow in comparison to the other fault rocks stud-
ied in this work, with a calculated sealing capacity
exceeding 140 m (459 ft) of oil in the extreme case
(Figure 10). However, deformation bands can lo-
cally offer capillary pressures comparable to fault
core slip zones and slip surfaces (Figure 10). Note
that both single deformation band and clusters of
bands are heterogeneous in the sense that their
thickness and microtexture and hence their petro-
physical properties can substantially change over
a short distance (Torabi and Fossen, 2009). Be-
cause the current estimates are based on measure-
ments at the millimeter-to-centimeter scale, the
effective sealing effects of such structures in a res-
ervoir setting may be considerably lower. Note
that the latter depends strongly on the arrange-
ment and connectivity of deformation bands and
cluster zones. Hence, deformation bands or clus-
ters that do not form completely continuous struc-
tures or zones across fault blocks in a hydrocarbon
reservoir will, of course, not have sealing properties
close to the theoretical values presented here.

Regarding the fault core slip zones in general,
the presented method is not directly dependent on
fault rock thickness, although it is expected that the
thicker the core, the better the chance for continuity
of the seal. When it comes to the microstructural
details of the fault core, different fault features could
have different effects on the properties of faults. For
example, sandstone fault lenses in otherwise highly
cataclastic sandstone commonly have less impact on
the petrophysical properties of faults in comparison
to the surrounding fault rocks, because they contain
remnants of undeformed or mildly deformed rocks.
In contrast, fluid flow perpendicular to slip surfaces
can be substantially hindered because of consider-
able permeability reduction (Figure 10A, B).

In this study, we have converted mercury cap-
illary pressures to a reservoir condition (brine and
oil). If we consider brine and CO; as two phases in
an aquifer, the interfacial tension between CO; and



brine (in the range of 20-40 mNm™) will control
the resulting capillary pressure because the in-
terfacial tension has shown a pronounced depen-
dence on pressure and temperatures in the ex-
periments run on brine and CO, (e.g., Kvamme
et al., 2007; Angeli et al., 2009). Depending on the
selected interfacial tension (o) for brine and CO,
(Cumin = 20mNm™" and 6pa = 40 mNm™!; Angeli
et al., 2009), the corresponding capillary pres-
sure changes. A higher interfacial tension results in
higher capillary pressure values in the brine and
CO; system for the same samples. This in turn will
affect the maximum height of the CO, column that
can be stored through capillary forces.

Among the different trapping mechanisms in-
volved in the sequestration process of CO,, the
capillary trapping mechanism could be the most
effective (Wildenschild et al., 2011). In contrast to
the mercury capillary experiments discussed in this
study, capillary trapping of CO, commonly occurs
during the imbibition of brine, when CO, is mi-
grating upward and brine imbibes back into the
formation because of density difference (buoyancy
forces), after the injection of CO5 has stopped. At
the imbibition process, the capillary pressure (re-
sidual or minimum capillary pressure) locks CO,
at the pore scale and hence inhibits large-scale
movement of CO» within the aquifer (Wildenschild
etal., 2011).

CONCLUSIONS

This study focuses mainly on the properties of
fault-related rocks in clean sandstones, that is, with-
out significant clay minerals. We have studied sam-
ples of host rock, deformation bands, fault core slip
zones, and slip-surface cataclasite from the Entrada
Sandstone (Slick Rock and Moab Members) and
Nubian sandstones (Malha Formation). Our results
show the following:

1. Power-law regressions can be fitted to the porosity-
permeability data obtained through laboratory
measurements. The D has a reduction from host
rock (D, ~9) to fault core (D, ~5) in accordance
with the increasing strain experienced by the

samples. For a given porosity, permeability is
higher in host rock samples than in deformed
samples and will decrease with the degree of de-
formation in the samples.

2. The approaches introduced in this work will
allow geologists to use in-situ (field), core-plug,
and thin section (image processing) measure-
ments of permeability and/or porosity to esti-
mate the capillary pressures and sealing capacity
of different fault-related rocks without requir-
ing direct laboratory measurements of capillary
pressure.

3. The sealing capacity of fault core slip zone was
found to be higher than that of single deforma-
tion bands and clusters of bands. Our calcula-
tions suggest that a fault core slip zone offers
more than 140-m (459-ft) height of hydrocar-
bon in extreme cases. A cluster of deformation
bands can locally act as efficiently as a fault core
slip zone or slip-surface cataclasite in increasing
capillary pressure and sealing the nonwetting
fluid.

4. A higher interfacial tension between brine and
CO; in a brine and CO, system will result in a
higher capillary pressure and sealing capacity for
the same samples when compared to a brine and
oil system.

APPENDIX: MERCURY INJECTION METHOD

The main components of the mercury injection apparatus are
a mercury pump for injection, a chamber to house the sam-
ple, pressure gauges, and devices for volume measurements.
A sample with a known porosity and permeability is placed
into the selected penetrometers in the mercury chamber and
is completely evacuated before the mercury is injected into
it. The injected mercury represents the nonwetting phase,
the volume of which increases with increasing pressure until
the sample is saturated by mercury (Dandekar, 2006). In the
instrument used for the mercury injection at Reslab (Au-
topore IV 9520), initially, several pressure steps are defined
in a pressure table over a range from vacuum to 60,000 psi
(414 mPa). The Autopore software automatically takes
readings between points on the pressure table until the
maximum level of intrusion is detected. This maximum in-
trusion is also predetermined based on the petrophysical
parameters of the sample and is presented in milliliters of
mercury per gram of the sample. The pressures and satura-
tions measured during the experiments make the drainage
capillary pressure-saturation curve. The volume of mercury
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in the penetrometer stem is measured by determining the
penetrometer’s electrical capacitance. The data are further
analyzed using the Young-Laplace equation.
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