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Petrophysical Propertiesl

'Marco Antonellini and Atilla Aydin?

Effect of Faulting on Fluid Flow in Porous Sandstones:

Fault conc peruicability in outcrop is quantificd
by detailed geologic mapping and by measutements
sing a minipermeameter. Deformation bands,
zones of deformation bands, and slip planes are
structural elements associated with successive
ages in the evolution of a fault zone in porous sand-
stones. Deformation bands have a porosity about
‘onc ordcr of magnitude less than the surrounding
host rock and, on average, a permeability three
orders of magnitude less than the surrounding host
rock. The intensity of cataclasis and the clay content
‘control the amount of permeability reduction as
easured perpendicular to a band. The wall rock in
‘proximity to slip planes can have permeabilities
ore than seven orders of magnitude less than the
pristine sandstone. Capillary pressure within defor-
mation bands is estimated to be 10-100 times larger
an that in the surrounding host rock. Thus, defor-
mation bands and slip planes can substantially modi-
fluid flow properties of a reservoir and have
potential sealing capabilities with respect to a non-
wetting phase, as evident in outcrap exposure.

Faulting in granular materials generally causes cata-
clasis and changes in porosity. These processes may
affect the quality of otherwise excellent reservoir
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rocks and, in multiphase flow, can cause compart-
mentalization and fault sealing (Nelson, 1985; Hard-
mann and Booth, 1991). Compastmentalization of
adjacent porous reservoirs caused by fault sealing has
been recognized in the Gulf Coast (Smith, 1980), in
the Niger Delta (Weber and Daukoru, 1975; Seeburg-
er et al., 1991), in California, and in Central Sumatra
(Harding and Tuminas, 1988). Clay smearing or fault
zone granulation are the mechanisms commonly
invoked to explain this phenomenon (Smith, 1966,
1980; Downey, 1984; Watts, 1987; Bouvier et al.,
1989). Furthermore, diagenetic processes in a fault
zone can affect the spatial distribution of porosity
and permeability in its proximity (Bevan, 1985).

The paper that we present is part of a larger project
concerned with the outcrop study of fault zones in
porous sandstones and with the characterization of
their micro- and macroproperties. The objective is to
assess the impact of fault zones on fluid flow and seal-
ing in porous sandstones. In this paper, we quantify
the microstructural and petrophysical propertes of
fault zones in sandstones. In another paper (Antonelli-
ni and Aydin, in preparation), we pay special atten-
tion ta the geometry of fauit zones, lateral continuity,
and three-dimensional structure. This latter aspect is
relevant when sealing across a fault zone is provided
not only by cataclasis and granulation, but also by the
contact between two funaations with very different
capillary pressures (e.g., sandstone and shale). The
field portion of this study was conducted at Arches
National Park in southeastern Utah (Figure 1).

Faulting in porous sandstones evolves from a sin-
gle deformation band to a zone of deformation bands
and then into a slip plane (Aydin, 1977, 1978; Aydin
and Johnson, 1978, 1983; Antonellini et al., in press).
Deformation bands are also called shear bands, shear
fractures, granulation seams, Lider bands, tabular
compaction zones, or band faults; all these terms may
be found in the literature. Nelson (1985), in his book
on naturally fractured reservoirs, referred to these
structures as “gouge-filled fractures.” A deformation
band is a thin (0.5-2 mm thick) “fault.like” tabular
structure (Figure 2a) usually with large lateral conti-
nuity (Zhao and Johnson, 1991). Deformation bands
can accommodate small amounts of offset (a few mil-
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Figure 1—~Simplified tectonic map of Arches National Park, Utah. Numbers indicate locations of selected samples
for which permeability was determined, Numbers in the boxes represent transect locations. The stratigraphic col
wmn for the Arches National Park area is also represented; formation thicknesses are given in meters. Numbers'in
the column indicate the stratigraphic posigon of the sample.

limeters to a few centimeters) and are characterized
by localized cataclasis and/or volume changes (Fig-
ure 2b). Many deformation bands may cluster in
zones of deformation bands associated with offseis
on the order of a few decimeters, Further offset
(meters or tens of meters) is generally accommodat-
ed by the development of a slip plane, representing a
displacement discontinuity in the rock body (Figure
3). Jamison and Stearns (1982) measured the spatial
distribution of deformation bands near 2 fault zone
with tens of meters offset in the Colorado National

Monument and they found a clear correlation
between high density of deformation bands an
proximity to the fault. Engelder (1974) examined the
relation between amount of ship and thickness of thg
gouge zone in a fault within the Precambrian san
stones of the Uinta Mountain Group (Utah); he foun
that the thickness of the gouge zone increased as t
amount of slip was increased.

The petrophysical properties of deformatiofl
bands have been studied by Pittman (1981) in quact
sandstones of the Ordovician Simpson Group:



Oldahoma. He measured the three quantities neces-
sary to characterize fluid behavior in a rock: porosi
ty, permeability, and capillary pressure. Porosity
measures the ability of a rock to store fluids. Perme-
ability measures how easily a fluid can circulate
through the pores of a rock. In practice, permeabili-
ty represents a proportionality constant that {inks
Darcy's law to rock properties. Capillary pressure,
which is related to pore throat diameters, measures
how well a water-saturated rock resists the invasion
of a nonwetting second phase (hydrocarbons) driv-
en by a gradient in pressure. Capillary pressure thus
determines the sealing properties of a rock,
© Pittman (1981) determined porosity and perme-
ability from core plugs of fault zones. He noticed
' that both porosity and permeability decreased as the
‘number of deformation bands increased. He mea-
sured porosity ranging from 2.8 to 29.6% and perme-
ability ranging from 0.05 to 51.934 md (millidarcys).
© Peneability aud purosity mcasured in core plugs
epresent some form of an average of host rock and
_deformation band properties. In fact, deformation
- bands are so thin (a few millimeters) that a core plug
:3/4 in (2 cm) in diameter, as used in conventional
permeameters (Anderson, 1975), very likely would
“contain deformation band material, as well as host
rock. The rciative proportion of the two is difficult
- to measure. To avoid the problems related to averag-
ing properties in a core plug, we used image analysis
Quinn, 1988; Full et al,, 1984) and the miniperme-
meter (Goggin et al., 1988) to characterize the
orosity and the permeability of material within a
eformation band. Then, these data were used to
uantify fault zone permeability at different scales.
ercury injection is not appropriate to measure cap-
Hary pressures within a single deformation band
1-2 mm in thickness), however, via image analysis,
t is possible ro characterize the pore netwotk geom-
try and to evaluate its effect on sealing properties.
The porosity and the permeability determined in the
amples of deformation bands are functions of
mount of cataclasis, clay content, and/or diagenetic
recipitation of cement and anthigenic minerals.
* At Arches National Park in sontheastern Utah (Fig-
ure 1), faulring developed in Mesozoic detrital rocks as
result of growth and subsequent collapse of a north-
west-southeast-trending salt anticline (Doelling,
85). Salt movement during growth of the anticline
as been recorded as occurring from the Permian to
urassic, Salt dissohution and collapse started later and
robably are ongoing (Doelling, 1985). Deformation
ands and fault zones formed in association with dif

1we 2—Photographs showing () deformation band
outcrop exposure and (b) thin section image of a
eformation band (40X, cross nicols). Note the fine
er of cataclasite along the trace of the band.
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Figure 3—Slip plane in sandstone. (3) Schematic representation and terminology. (b) Photograph showin,

plane in Navajo Sandstone at Arches National Park.

ferent stages of salt anticline development (Antoneliat
et al., in press). Fault zones were mapped at different
scales to document their geometry and, at the same
time, samples from deformation bands and the wall
rock of slip planes were collected for porosity and per-
meability determinations. Porosity was measured for
specimens of different rock types, not restricted to
those at Arches National Park. Permeability was mca-
sured on samples of the Triassic Chinle and the Juras-
sic Navajo, Entrada, and Morrison formations.

Evaluation of fiuid flow through a localized low-
permeability fault zone has to be performed at the
scale appropriate for the problem under considera-
tion and cannot be disconnected from the three-
dimensional geometry and lateral continuity of the
fault itself. This spatial aspect of fault permeability is
critical for evaluating the sealing properties of a fault
zone or set of faults and will be considered in anoth-
er paper (Antonellini and Aydin, in preparation).

POROSITY OF DEFORMATION RANDS AND OF
WALL ROCK ADJACENT TO SLIP PLANES

Video-image analysis and point counting of thin
sections lrave bren used o determine the rwo-dimen-
sional porosity in deformation bands, in the bound-
ary region of deformation bands, and in the host

rock. Thin section images are transferred frog
video camera to a PC-based image analysis syst
supported by an RTI (Recognition Technology, In
vision engine. The images are segmented to sep:
pore space from mineral grains, and porosity is dete
mined by automatic pixel counting (Full et al., 19
Ehrlich et al,, 1985; Antonellini et al., in press).

Porosity determinations arc prescnted in Fig
4a for the host rocks and for the deformation bari
in sandstones from Arches National Park (Utah),
St. Peter Sandstone in Kentland (northern Indiana
the Aztec Sandstone in the Valley of Fire (south
Nevada), and the Pismo Formation near Pismo Bed
(central California). A detailed analysis of the rel
tions between porosity in the host rock, porosi
the band, and the associated microstructure is. gi
in another paper (Antonellini et al., in press)..
cataclasis is well developed in the bands, and wh
the porosity of the host rock is more than 15-2
the porosity in the bands is about one order of m
nitude Jess than that of the host rock. If the po
of the host rock is relatively low, the drop in por
ty of the band is less pronounced.

In the Mozb member of the Entrada Sandsto
the parosity of the host rock is extremely var
(4-28%), as is the porosity of the bands (<1~18%
Figure 4b, ¢). This variability is attributed to. diff¢
ent microstructures that have been observed in



Porosity of deformation bands and host rock

Antonellini and Aydin

30

i r——— st

o

ng ¥ ll;tl
[

s Porosity in the host rock
= Porosity in the band

L=}

noa O

3 000 O

a o a

N-N ]

Figure 4—Summary
of porosity determi-

=
g

Moab
{Entrada)

Kaventa

Navajo Pismo

Aziec Morrison

Moah member of the Entraga

Bands with cataclasis

Poroslty {3}
8

3
©

Porosity (%)

- o
Py
s

S

Host rock

p——
e

Boundary

tion (Antonellini et al., in press). The cataclasis in
¢ bands within the Moab member is developed to
ifferent stages; some bands show positive dilatan-
whereas others show compaction. In the latter
ses, the pore space of bands may be partially or

Ity filled with iron oxides, calcite cement, or
ler diagenetic minerals (Figure 4c). The different
rostructures observed in deformation bands of
Moab member can be explained in terms of the
t rock porosity and the stress state at the time of
r development. Low porosities in the host rock
low confining pressures tend to promote pasi-
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nations from image
analysis (a) Porosi-
1y of deformation
bands and host
rock in the Moab
member of the
Entrada Sandstone;
(b) bands with cata-
clasis, (c) bands
with mineral pre-
cipitants, but no
cataclasis. The
boundary of a
deformation band
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area of damage at
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deformation band
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and/or pore volume
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tive dilatancy at carly stages, whereas high porosities
and high confining pressures tend to promote cata-
clasis and compaction (Antonellini et al,, in press).

The porosity in the wall rock adjacent to well-
developed slip planes is very low because of
extreme grain crushing and recrystallization. The
absolnte value of this porosity is below the resolu-
tion of the measurement method (< 1%).

Field mapping demonstrates that deformation
bands are widely spaced in relatively undisturbed
host rock, but exhibit more nagrow spacing in prox-
imity to faults. For the purpose of illustrating the
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20 to 18.5%. Thus, although porosity within ba
may have decreased more than one order of ma
tude, the bulk porosity of the rock is unlikely to
decreased by more than a few percent. Excep
very particular and spatially restricted localities:(
in zones adjacent to slip planes), the formatios
deformation bands should not seriously compro
the ability of the sandstone to store fluids.



PERMEABILITY
Method

To determine the permeability of a deformation
band it is necessary to sample a very small volume of
rock. Conventional permeameters (Anderson, 1975)
and minipermeameters (Eijpe and Weber, 1971) are
designed to perform experiments on care plag sam-
ples or on large specimens, and thus are not appropri-
ate for this task. However, some minipermeameters
with small diamerer tip seals can perform very local
jzed measurciments on small volumes of rock (Goggin
et al., 1988). These minipermeameters are designed
to make rapid, inexpensive, and nondestructive mea-
surements where localized determinations are needed
to characterize spatial distribution of permeability in
an outcrop or in a core (Goggin et al., 1988).

The minipermeameter used in this study was
designed by D. Goggin at Chevron Rescarch Labs
-and uses gas injection to measure permeability. The
flow rate and the pressure drop between injection
nd atmospheric pressures are measured (Figure 52).
he flow geometry is a function of tip-seal dimen-
sions and sample geometry. These dimensions,
ogether with the measured quantities, can be used
o modified form of Darcy’s law (Goggin et al.,
988) to calculate permeability without requiring
nstrument calibration. Using the numerical solution
ot an halfspace flow geometry, the depth of investi-
ation of 4 minipermeameter is two times the diame-
er of the internal tip-seal radius (Goggin et al.,
988). Because the permeameter can operate with
n internal tip-seal radius of 0.5 cm. it samples a
epth of about 1 cm.
 Approximately 600 lab measurements of host
ock and deformation-band permeabilities from 48
and samples were obtained using the permeame-
er. All samples were unaltered and were selected
mong a set of 70 specimens collected in the feld.
epeated measurements at the same point were
aken to test the experimental precision. In low-
orosity sandstones (~1.5 md) the measurements
ad a standard deviation of 0.005 md; in high-porosi-
y sandstones (1500 md) the standard deviation was
bout 18 md. Samples conrained homogeneous
ones of deformation bands at least 1 cm thick with
intervening host rock and exposed the material
vithin the deformation band at the surface, on
vhich the tip of the minipermeameter was applied
Figure Sb). Measurements were made on grids
esh size 1 cm) perpendicular to deformation
nds. Permeability was also measured along tran-
cts parallel to the zones of bands or at random
ints on the sample surface.

Four samplcs had zoncs of deformation bands
th a thickness of less than 1 cm, resulting in 2 per-
Meability value, obtained with the minipermeame-
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ter, that was an average of permeability in the band
and in the host rock. For these samples, we needed
to apply a correction to estimate the permeability in
the direction perpendicular to the band. We did not
try to measure the permeability in the direction par-
allel to the deformation band in these samples.

On the basis of our observations of the microstruc-
ture (Antonellini et al,, in press) of single deformation
bands and of zones of deformation bands with differ-
ent thickness (0.2-5 cm) we determined that, provid-
ed rock properties and genetic conditions are equal,
the microstructure is similar regardiess of structure
thickness. This observation suggests that the perme-
ability also is similar, We also observed that the perme-
ability is affected to a large extent by the low-perme-
ability structures in contact with the minipermeameter
tip even if these strucrures have a very small thickness
(~1 mm). This observation suggests the use of a har-
monic mean average to correct the measurements.
The best match between permeability in zones 1
thick and in zones less than 1 cm thick was obtained
by correcting the permeability of the latter by approxi-
mating the flow geometry of a minipermeameter with
that of a radial flow (Dake, 1978) in a plane parallei to
the axis of the minipermeameter probe (Figure 5¢). In
this case, the expression for the harmonic mean per-
meability becomes

o Gt o e gy d,.w-w}
T - Fw + ZI) + . S

kat’ kl IQ

€13

In equation 1, &, is the average permeahility, &, is
the permeability perpendicuiar to the band, &, is the
permeability of the host rock, r,, is the tip seal inter-
nal radius, J, is the band thickness, and 4, is the depth
of investigation. All of the guantites in eqguation 1 are
known by direct measurement on the sample except
k;, the quantity that we are seeking. The rwo-dimen-
sional radial flow is only an approximation for the
actual flow geometry of the minipermeameter. In
reality, this flow is donut-shaped rather than radial,
and involves gas-compressibility effects neglected in
the calculations, Nonetheless, after correction, the
vahues obtained are within a factor of five of those
obtained on similar deformation bands in zones at
least 1 cm thick. From this comparison, we deter-
mined that simple bands with a thickness of 1 mm
also have a permeability within a factor of five of val-
ues obtained in zones of bands 1 cxo in thickaess.

Permeability of Deformation Bands

Figure 1 shows the map location of selected sam-
ples from Arches National Park. A stratigraphic col-
uman for the same region also is used to locate the
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samples stratigraphically. The ability to malke local-
ized porosity and permeability measurements allows
ane to make small-scale {centimeter to millimeter
scale) profiles of variability. For example, Figure 6
represents a porosity-permeability profile across a
single deformation band in the Moab member of the
Entrada Sandstone at Delicate Arch Viewpoint in
Arches National Park (Figure 1). The porosity in the
deformation band drops one order of magnitude and
the permeability drops three orders of magnitude in
the perpendicular direction from the host rock to
the band. Porosity decreases by a factor of three
from the host rock to the boundary zone of com-
paction on either side of the band.

The range of permeability measured in the host
rock, paraliel and perpendicular to the deformation
bands, for the sampies collected at Arches National
Park is represented in Figure 7. Measurements of per-
meability in deformation bands with well-developed
cataclasis and/or high clay content (samples 2, 47,
49, and 53 from the Moab and Slickrock members of
the Entrada Sandstone, and samples 55, b5, and 28
from the Navajo Sandstone in Figure 7) show that the
permeability perpendicular to deformation bands is
abowt three orders of magnitude less than in the host
rock. Typically, the permeability in the host rock has
values of a few darcys, which drops to a few millidar-
cys or z fraction of a millidarcy in the band.

In the case of samples 39 and 43 Figure 7), the low
permeability perpendicular to the deformation band
is not due to cataclasis, but o rop oxide and calcite
cement precipitarion associated with a dilatant defor-
mation band. This phenomenon occurring along a
faule plane is called “diagenetic healing” (Watts,
1987). In another paper (Antonellini et al., in press)
we described and discussed these deformation bands
that show positive dilatancy (volume increase) in
their microstrucrure instead of cataclasis and com-
paction. The permeability of a dilatant deformation
band in its pristine condition, that means with no iron
oxide or cement precipitates, could not be measured.

A sample collected on the western limb of Salt
Valley (the sample is similar to samples 39 and 43 in
Figure 7) shows a very interesting diagenetic effecr
that seems to be connected to preferential circula-
tion of fluids within the band. The observed struc-
ture is schematically drawn in Figure 8; two bands
form an “eye-like” structure which is about 2 cm
wide. The increased skeleton porosity within the
band is occupied almost completely by iron oxides;
4 lesser amount of the pore space is free. In the host
rock within the eye-like straeture the pore space is
free or occupied by iron oxides. An 8-10-mm-thick
zone of host rock adjacent to the area mineralized
with iron oxides shows a total loss of pore space
cdaused by calcite cement precipitation. The calcite
cement precipitated in the host rock only in proxim-
ity to the band, not within the eye-like structure.

Porosity (%3}
(pas) Aeaustag

L O Porosily measurement
@ Permesbifity measurement

° + o 4
s z 1 0 1 2 5
‘ mm
1 SR 3 2% ]
Zore of !
bu rio cataclasis Pristine host reck

Zone of cataciasis

Figure 6—Permeability and porosity profile across
deformation band in the Moab mcmber of the ?Cntrad
Sandstone at Delicate Arch Viewpoint.

The spatial distribution of the calcite cement Wltl
in the host rock and in proximity to the band ind
cates that the cement precipitated as a result of th
interaction between the fluids contained in the host
rock and those contained in the band. A temperature
increase causes a decrease in soluhility of caleinm
carbonate in solution (Blatt et al., 1980). The pres:
ence of iron oxides in the band 'md of the calcit
cement in the adjacent host rock suggests a circul
tion of hotter mineralizing fluids in the pore spe
within the band. The interaction of these hot flu
with the water saturating the sandstone may have’
caused precipitation of the calcite cement in proxin
ity to the band. This sample shows how dilation ass
ciated with shearing along a deformation band
affect the fluid circulation and the localization of
genctic proccsses in proximity to the bands. -

The permeability in deformation bands with pre-
cipitants, but no cataclasis (samples 54, 42, and 40
in Figure 7), usunally drops less than one order
magnitude with respect to the host rock. This sligt
reduction in permeabxhty is due to iron oxides ant
cement precipitation in the increased pore spaceof

a dilatant band.

Figure 9 sumnmarizes the permeabilities measured,
in the host rock and in the deformation bands, bof
parallel and perpendicular to the bands. Permeabili-
ty measured parallel to the deformation bands is us
ally slightly larger than that measured perpendicular
to the deformation band. This difference probably
due to the microfabric of the band. From microstru

Figure 7—Permeability in the host rock, paraliel and
perpendicular to deformation bands, in samples collé
ed at Arches National Park.,
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RBand with iron oxides in the pore space

- Zone of calcite cement precipitation

1—:} Host rock with free pore space

Figure 8-.Diagenetic cement precipitation associated
with 2 dilatant deformation band.

tural observations, grains with an oblate shap
apparcntly tend to have their longer axis lying in thy
plane of the band (Antoneliini et al., in press). Wi
in this microfabric, the pores tend to be longer an;
interconnected in the direction paralle] to the banc
Interestingly, the largest difference between permj
ability parallel and perpendicular to a deformatio
band (one to two orders of magnitude) occurs in thy
Slickrock member of the Entrada Sandstonc. T}
Slickrock is rich in platy clay minerals (4-15%) tha
where compacted in a deformation band, align para
lel to it and tend to close any interconnected por
space in the direction perpendicular to the band
The fabric of the clay minerals associated with th
compaction in the band and the increased tortuosit
perpendicular to a band probably causes the Inrg
differential between permeability perpendicular an
parallel to a band. ’
The Moab member of the Entrada Sandstone di
plays a large variability (over three orders of mag
tude) both in host rock and deformation-band pé
meability (compare the permeabilities of sample
41, and 46 with those af samples 47, 49, and 53
Figure 7). This variability in permeability reflects t
variability in porosity and microstructure already dix
cussed. The deformation bands with lowest pert
ability are in the clay-rich Siickrock member of th
Entrada Sandstone at Arches National Park and int
lower section of the Entrada in the San Raph
Desert (Utah). In this latter unit, the cataclasis is vi
well developed (Aydin, 1977, 1978; Aydin and Jo
son, 1978). By inspecting Figure 9, the largest dr
in permeability from host rock to deformation ba
appcars to occur where the permeability of the b
rock is largest (e.g., the Navajo, Slickrock, and {]

100000 )
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wall rock of the slip planes
* Limit of instrument detection

ntrada from the San Raphael desert). However, the
sermeability of deformation bands in rocks where
the host rock permeability is already low (~100 md;
Chinle and Morrison formations) does not show
much lower values (~10-100 md).

Permeability in the Wall Rock of Slip Planes

Permeability was measured in samples from the
1l rock of slip planes in the Navajo Sandstone and
the Slickrock and Moab members of the Entrada
adsiune at Arches Nudonal Park (Figure 10). The
ness of the wall rock of slip planes ranges from
0.5~6 cm; the permeability was always measured
samples thicker than 1 cm. The permeability mea-
red perpendicular to the wall rock of a slip plane
i the Slickrock is comparable to that measured per-
dicular to a zone of bands without a slip plane in
¢ same rock type. However, permeability mea-
red perpendicular to the wall rock of a slip plane
the Navajo Sandstone is one to two orders of mag-
tude less than that of 2 deformation band and five
ders of magnitude less than the host rock.

Wall rocks of slip planes in the Moab member of
Entrada Sandstone at Delicate Arch Viewpoint
lay the lowest permeability of all samplcs, with
es of less than 0.007 md. This value is only an
er bound, because the experiment had to be ter-
inated after 20 minutes when the flowmeter did
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o Figure 10—Permeabili-
100000 Khr ty of the wall rock of
- slip planes at Arches
10000 Khr Khr 1 National Park. The
1000 l B = Iower limit of perme-
5 : Kp ] - i ability perpendicular
E 5 Kp to slip planes in the
g 100 I E“"— Moab is not bound
= o 2 because of the limit of
2 10 " Kny the minipermeameter.,
®
£ i
=4 1 X Kn o Kn—
: C?., " 2 B 8 ™
0.1 g
0.01 i
0.001 ¥
Navajo Slickrock Moab
{Entrada) (Entrada)

Khr, Kp, Kn Permeability in the host rock, paraliel to, and perpendicular to the

not measure a steady flow. The limit of measure-
ment of the permeameter appears to be greater than
the permeability of the sample. The permeability
perpendicular to these zones adjacent to slip planes
is at least seven orders of magnitude less than that in
the pristine host rock. Wall rocks adjacent to slip
planes have extremely low porosity, extensive cata-
clasis, and recrystallization, causing the most con-
spicuous drop in permeability within the porous
sandstones investigated in this study.

PORE NETWORK STRUCTURE AND SEALING
PROPERTIES

The sealing properties of a rock are detexmined by
the minimum pressure required for a nonwetting
phase, such as a hydrocarbon, to displace the connate
water out of the pore space (Hubbert, 1953; Schowal-
ter, 1979; Downey, 1984). This minimum pressure is
the capillary pressure (£,) of the rock. The capillary
pressure depends on the radius of the interconnected
pore space (R), interfacial tension (&), and wettability
(8) according to the relationship (Purcell, 1949):

2ycos@

F =T

@

which is illustrated in Figure 11a. This same relation
was expressed in terms of average grain diameter (d)
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Figure 11—Definitions of wettability; (a) pore radius
and (b) hydrocarbon displucement pressure.
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Figure 12—Range in grain size in the host rock and in

the cataclastic zone. The fields of grain sizes for gravel,
sand, silt, and clay are given by the arrows.

and a dimensioniess factor of proportionality, C, by
Hubbert (1953):

Cycos8
B, ==LE20 3

The capillary pressure may seal a column of hydro-
carbons exerting an equivalent or lesser pressure.
(Figure 11b). The hydrocarbon pressure (P) arises
from buoyancy forces and is given by the relation:

P =Py~ Pnod§?” [N
where p,, is the density of the water, p;,, is the degs
ty of the hydrocarbon, g is the acceleration of gravi-
ty, and # is the height of the hydrocarbon column, A
seal is broken when P > P,. The wettability, 8, and
specific properties of the hydrocarbon, such as yand
Pho» 2r€ not discussed here. For the purposcs of (i
paper, the most relevant factor controlling capilla
pressure is the effective interconnected pore radin
R; the smaller the radius, the larger the capillary
pressure. Capillary pressures, as shown by equation.
2 or 3, do not depend on seal thickness. Of course,
seal quality cannot be evaluated simply on micrfo
propertics, such as interconnectedncess of the porc,
space; one must also consider macroproperties
such as lateral continuity, thickness, and ductility
(Downey, 1984; Grunau, 1987). We consider the
microproperties of seals in sandstone in this papeé;
and will address the macroproperties in anothcr
paper (Antonellini and Aydin, in preparation).
Grain size within 2 deformation band may be one
to two orders of magnitude smaller than in the hos
rock (Figure 12). The minimum grain size in a bapd,
can easily drop into the clay-size range (<0.004 mm).
According to Hubbert’s (1953) equation 3 and the'
grain-size data for deformation bands at Arches
National Park, capiliary pressure within a deforma
rion band prohably will be 10 to 100 times lar
than in the host rock. Pittman (1981) presented me
cury injection carves on core piugs from fault z
in porous sandstones (Simpson Group, Oklahoma)
These curves show a wide distribution in pore a
ture sizes. Nevertheless, these data are interest
because they also show that pore aperture sizes
be one to two orders of magnitude less than those
the undeformed host rock. »
Image analysis was used in our study to characteriz
pore network geometry and its interconnectednes
within a deformation band. An algorithun calle
Fast Montoto Transform (Montoto, 1982; Quinn, 1988
can be applied to the analysis of video camera thin-
tion images to visualize the skeleton and the width
the interconnected pore space. This image proc
technique starts from a segmented image of a thin §
tion, Through a process of thickening/thinning, s



to the process of erosion/dilation commonly used in
jmage analysis (Full et al., 1984; Elirlich et al., 1085),
one can obtain the skeleton of the interconnected pore
space.

In Figure 13a and b some of these transforms are
calculated for bands with cataclasis. These images
are only two-dimensional representations (thin sec-
tions) of rocks; however, their structure can be used
to extrapalate to the three-dimensional arrangement
of the pore network. The interconnected pore space
obviously is better developed in the host rock (range
of length: 0.0026-0.5 mm) than in the band (range of
‘length: 0.0026-0.092 mm). Within the bands, the
.interconnected pore space is shorter and more frag-
‘mented (Figure 13a, D). The pore network tends to
e isotropically distributed in the host rock, whereas
in the band the pore network is preferentially devel-
-oped in a direction parallel to the deformation band.
This fabric of the pore space within the band is
robably causcd by the grains willl un oblate shape
hat tend to align with their long axis parallel to the
lane of the deformation band. The pore space is
ot widely extended in the direction perpendicular
o the band and we observed no connections from
ne side of a band to the other (Figure 13).

The minimum width of the pore space resolvable
ith the image analysis system cemploycd is about
.3-0.5 um. If interconnected pore space exists per-
endicular to a deformation band, it should have an
ffective width less than or equal to these values. By
ubstituting these values into equation 2 and using 25
ynes/cm for the expression ycos 8 (a typical value
or a hydrocarbon; Hubbert, 1953), one obtains a cap-
ary pressure of 1.66 x 105 Pa. This pressure is equiv
lent to a hydrocarbon coluron of 64 m, using a typi-
al value of 2.26 kPa/m as a differential in pressure
etween hydrocarbon and water (Zieglar, 1992).
iven the difficuity of checking the effective three-
imensional interconnectedness of the pore space
rom a two-dimensional image, we consider this value
N uppetr boundary. However, if we assume that the
apillary pressure in a deformation band has the
otential to seal a hydrocarbon column about 64 m in
eight, effective seating clearly depends on the verti-

igure 13—Interconnected pore space of deformation
ds and host rock represented with the Fast Montoto
ransform. Note the fragmentation of the interconnect-
pore space in the bands and its tendency to align
rallel to the direction of the deformation bands. (a)
ronation band in the Moab member of the Entrada
dstone at Delicate Arch Viewpoint. Cataclasis is well
eloped. (b) Deformation band from the Garden aren
ches National Park), (c) Deformation band from the
licate Arch Viewpoint area. Band of compaction only
litile or no cataclasis.

Antonellini and Aydin
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cal and lateral continuity of this stmcrure,

Estimates of the capillary pressure of deformation
bands also can be made using grain size and the rela-
tion given by Hubbert (1953), the equations pro-
posed by Berg (1975) and Pittman (1992) that relate
porosity and pcrmeability to capillary pressure, or
even by direct measurement of pore sizes from
image analysis. Using equation 3 and grain sizes typi-
cal of 2 deformation band (Figure 12), one would get
estimates for the capillary pressure ranging from 3 to
45 m of an equivalent hydrocarbon column. Hub-
bert’s (1953) relation is for a homogeneous grain
size; the wide grain size distribution in a band would
probably lower pore throat interconnectedness and
would potentially increase the capillagy pressure
with respect to these values. Using pore width (Fig-
ure 14) and the relation 2 proposed by Purcell
(1949), one would obtain an estimate for the capil
lary pressure ranging from 2.3 to 40 m. Using Berg’s
empirical formulas (1975) relating permenhiliry and
porosity to capillary pressure, one would obtain a
range in values for the latter between 3 and 50 m of
an equivalent cofumn of hydrocarbons.

Pittman's empirical formulas (1992) were used o
determine the displacement pressure of the bands.
The displacement pressure is the pressure necessary
to have an interconnected filament of hydrocarbon
through the largest connected pore space, which by
convention corresponds to 10% mercury saturation
(Pitrman, 1992). These relations indicate displace-
ment pressures on the order of 100 150 m of an
equivalent hydrocarbon column. The parameters
used in these formulas were typical for a deforma-
tion band in the Moab member of the Entrada Sand.
stone at Delicate Arch Viewpoint: 2-3% porosity and
permeabilities on the order of 1-2 md. The esti-
mates provided by this analysis are meant to con-
strain the orvder of magnitude of the range of capil-
lary pressures in a deformation band.

The pore network geometry of a band with no
cataclasis and only compaction is represented in Fig-
ure 13c¢ for the Moab member of the Entrada Sand-
stone. The pore network within the band is less
developed than that in the host rock; however, it
still shows an isotropic pattern and a certain degree
of interconnectedness. In this kind of band, the per-
meability is reduced about one order of magnitude
with respect to the host rock (samples 52 and 54 in
Figure 7).

Figure 14 is a plot of pore diameter determined
from image analysis versus the camulative percent
of pore space for a deformation band and the corre-
sponding host rock. This diagram does not represent
the effective interconnected diameter of the pore
space (as would be obtained from a mercury injec-
tion curve), hut only pore space size and frequency
as it appears from image analysis. Regardless of this
limitation, the curve is interesting because it shows
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Figure 14—Pore-throat diameter distributions fron
image analysis versus cumulative percent of pore sp
Pore space within a deformation band is one to twi
orders of magnitnde smaller than in the host rock ne
the deformation band.

that the porc space within a deformation band is o
to two orders of magnitude smalier than that in‘th
surrouading host rock. The curve also shows t!
the distribution of pore diameters is relatively aar
row (steep slope), a very different result frony the
wide distribution of effective pore radii measured.
Pittman (1981) with mercury injection. The narrow
distribution in Figure 14 points out that the po
radii within a deformation band are quite uniforfy
and of small size; however, when comparing th
diagrams, one has to consider that only pore sizé
and not the effective pore diameter, can be m
sured from image analysis and that the limit of por
size detection is abour 0,3-0.5 pm.

Effective sealing and compartmentalizatio
caused by zones of deformation bands with respe
to hydrocarbon migration in a sandstone reservoir,
evident in outcrop at Pismo Beach in central Califo
nia. Figurc 15 is a photograph of an outcrop in
Miocene~Pliocene Pismo Formation; the zones
deformation bands isolate compartments 2 to
wide, some of which are saturated by hydrocarh
(tar). Zones of deformation bands act as seals
bound tarimpregnated rock from tar-free sandsto

Provided lateral and vertical continuity exists;
tively thin (millitneter to centimeter) deformati
bands can be very efficient in sealing small columu
hydrocarbons, such as those in turbiditic and chanmn



eposit reservoirs, or where the gravity of the ol is
igh. The wall rocks of slip planes probably have cap-
lary pressures much higher than those of a single
eformation band because of extreme compaction
nd recrystatlization, but how much higher cannot be
pantified from image analysis with precision.

ERMEABILITY OF FAULT ZONES IN

Faults with offset larger than a few meters com-
only are associated with a variety of structures
ints, deformation bands, slip surfaces, gouge or
receia zones, etc.); we define the ensemble of
hese structures as 4 fault zone. In sandstone, fault
ones may consist of multiple slip plane segments
aciated with zones of deformation bands in a
mplex thiee-dimensional arrangement.

The ability to evaluate fault zone permeability is
Strategic importance when planning the develop-
t of a reservoir or when evaluating sealing or
ferential paths for fluid migration. Previous work
this topic is very scarce in the literature and
Xists only at the qualitative level. Maclay and Small
19 R3) and Kastning (1977) investigated positive
negative influences of fault zones on permeabili-
carbonate rocks. Kastning (1977) and Nelson
85) concluded that faults either may enhance or
Creuse permeabillty depending on whether the
are associated with fracturing or with mineral
ipitation in the fault plane. Fluid flow along fault
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Figure 15—FPhoto-
graph of the road
cut on Price
Canyon road near
Pismo Beach, cen-
tral California,
The deformation
bands isolate
compartments
saturated with
hydrocarbons
(tar) from com-
partments not
hydrocarbon satu-
rated.

ZOnes at a crusial and regional scale has been
addressed by McCaig (1989), Knipe et al. (1991),
Logan (1991), Moore et al. (1991), Rice (1992), and
Sieep and Blanpied (1992), and the effect of confin-
ing pressure and shear stress on fault gouge perme-
ability has been discussed by Teufel (1981), Shi et al.
(1980), and Morrow et al. (1984). These latter
authors conducted lab experiments and noted a
decrease in permeability with increasing confining
pressure and shear stress. The decrease in perme-
ability was accentuated if the grain size of the gouge
was coarse rather than fine.

Smith (1980), Pittman (1981), Secburger (1981),
and Seeburger et al. (1991) considered fault zones in
sandstone and suggested that permeability perpen-
dicular ro faulr zones is decreased by granufation and
cataclasis, whereas permeability parallel to the fault
zone is enhanced along the slip plane discontinuity.
This cnhancement of fluid migration paralicl to slip
planes also has been reported by Secor (1965) and
Weber and Dauvkoru (1975); however, Downey
(1984) warned that this phenomenon may be devel-
oped only in faults at shallow depths, because con-
fining pressure tends to hold fault plane surfaces and
fractures shut at greater depth. Finally, Bernard et al.
(1989) numerically investigated permeability
anisotropy induced by a fault zone in an aquifer.

In this paper, we attempted to quantify perme-
ability of a fault 2one in sandstone by combining
dertailed fleld mapping at different scales and daia
from minipermeameter measurements. We believe
that fault zone permeability can be evaluated only if
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Figure 17—Permeability

across the transect AA' mea-

sured in Figure 16¢. (@)

Moab (Entrada)

Moab {Entrada) a

|

f

i

{

{

l Totat nficnt asrre ianfl 7ane: ~ 40 matars
g Fault location: Delicate Arch Tral
|

|

!

|

!

Schematic cross section
across the fault zone, (b) The
histogram shows the number
of deformation bands per
meter. (c) Calculation of the
average permeability over

2 the distance of 1 m.
9 180 Formations in canizet: Moab (Entrada)-hoab (Entrada)
g Delomafion band thickness = 1.5 mm
- 120 K {wall rock) = 0.005 md
% K {detormation bend} ~ & md
a ¥ {host 1oek) = 630 md
c 80
=5 Kn = permeability perpendicular
£ 'g 40 Kp = parmeability parafiel
O
"6 A
ad o [ + 3

40 80 80
: meters D
! |
I |
16600
2 1000
<
N
3
= 1081
©
ES
23
L j
88 10
EE
g Kn
T e e - — B S e
c

ealistic values of the petrophysical properties of
rious structural elements making up the fanle zone
re provided and if all the geometric characteristics
f the fault zone are known. We illustrate this
lethod using 2 case study from the Delicate Arch
at Arches National Park.

e Study

Detailed geologic mapping at various scales was
ployed to document fault structure and deforma-
fon band distribution in the Moab member of the
trada Sandstonc, Slip plancs and zoncs of deforma-
lon bands were mapped at a scale of 1:4000 on a base
erial photographs; the map of an array of these

slip planes is given in Figure 16a. The traces of the slip
planes are characteristically segmented forming steps
at various scales. The detailed geometry of these sep-
ments is described in Antonellini and Aydin (in prepa-
ration). A map at a scale of 1:250 was made of a step
between two slip plane segments using an electric
distance meter (EDM)-equipped theodolite (Figure
16b, particularly detail of the area within the rectan-
gle in Figure 162). The map shows the anastomosing
and interconnected pattern of the deformation bands
and zones of deformation bands, and the stepping
geometry of the slip planes. This normal fault zone
has an offser of about 30-40 m. To the west, this sand-
stonc unit is overlain by the shaly deposits of the Mor
rison Formation. The deformation mechanism in this
member of the Morrison Formation is completely dif
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ferent from that in the underlying sandstone and con-
sists of drape folding. The increase in density of defor-
mation bands in proximity to the fault zone is similar
to that reported by Jamison and Stearns (1982) in the
Colorado National Monument.

A transect along line AA' was string-mapped (scale
1:45) to determine the distribution of deformation
bands (Figure 16¢). A photographic mosaic was
taken along the trace of the transect and of its south-
ern and northern extensions. Deformation band den-
sity per meter was measured on the photographic
mosaic (Figure 16¢). The results are plotred in 2 his-
togram in Figure 17b. Samples were collected along
this transect, and permeability was measured in the
lab with the minipermeameter to characterize the
hydraulic properties of the structural elements.

At this point, all the rclevant geometric and petro-
physical parameters of interest along the transect are
known: deformation band thickness, thickness of
the cataclastic wall rock adjacent to slip planes,
deformation band density, deformation band perme-
ability, host rock permeability, and permeability of
the wall rock of slip planes. By measuring permeabil-
ity perpendicular and paralle} to the deformation
bands (Figure 18) and the wall rock of the slip
planes (assumed to be the principal axes of perme-
ability), we can determine the anisotropic perme:
ability tensor within these structures. From this, the
permeability in any direction can be calculated. For
example, the horizontal component of permeability
acrass the fault plane (which is of inrerest in a medi-
um with horizontal layers where the flow is bedding
paralief) can be calcniated from the anisotropic per-
meability tensor after coordinate rotation of an angle
90 - w, according to the formula;

Kiinc\v = A’I'Ki’.old A (5)
where o is the amount of dip of the fault plane (to
be used in the matrix of director cosines), K is the
anisotropic permeability tensor, and 4 is the matrix
of director cosines Malvern, 1969).

The average horizontal permeability in the fault
zone over the scale of interest can be evaluated by
taking the permeability harmonic mean, according
to the relation (Deutsch, 1989):

- kkyk L
" Uk ) + k), + (R, )

s

)

where k,, is the average permeability over the dis-
tance L; and &y, %, and &, are the permeabilities of
the host rock, of the deformation bands, and of the
wall rock of the slip plane, respectively. The total
thicknesses of the host rock, the deformation bands,
and the wall rock of the slip plane are respectively £,
4, and . The results of the calculation for horizontal

Permeability
paraliel to
deformation bands

<=

Permeability
perpendicularto -
deformation bands

-

Hkhr

Khr Permeability of the host rock

Kb Permeability of the deformation bands

Figure 18—Two different ways of averaging permeabili-
ty: i paralicl (Kp) and in 4 series (Kn),

permeability (aimost perpendicular to the fault rrace):
is shown in Figure 17¢, together with the measured:
values of the permeability and the structural element;
thickness used for the case under consideration.
Over the length scale of 1 m, the largest negativ
anomaly in permeability is caused by the wall rock o
slip planes. Although thicknesses of low-permeability
zoncs adjacent to slip plancs arc very small (-1 cm)
the effect of their low permeability has a stron
impact over a large scale. Figure 19a shows this effec
here, the average permeability has been calcula
over length scales of 1, 10, 20, and 40 m for the sam
transect. This analysis shows the effective influence ol
low-permeability fault zones on blocks of differen
sizes 38 they may be implemented in a reservoir siml
lation numerical model. The permeability anomaly of;
a fault zone has to be considered at the scale Jength 0
the problem to solve, ¥ the scale length is small, th
anomaly is very large; if the scaie length is large, th
anomaly is relatively less important.
Figure 19c shows the permeability profile acros
the fault zone without considering the effect of th
wall rocks of the slip planes. At the scale length of!
m, the permeability drops only one to two orders.O
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. magnitude in the fault zone with respect to the host
rocl; however, if one coasiders the cffect of the wall
ock, it drops three orders of magnitude. This is
nteresting because slip planes are not laterally con-

a step, the fluids may circuiate around the slip plane
nd encounter only the deformation bands; there-
ore steps berween slip planes can represent ccla-
ively less impervious paths for fluid migration per-
pendicutar to the fanit zone.

During the field study, it was often possible to
observe iron oxides, manganese, or calcite cement
along slip planes at several localities within Arches
Natjonal Park. In particular, along northwest-south-
east-rrending faults in the norsthern part of the salt
nticline (east of the Rock Corral area), it is very
common to find a 10-15-cm-thick zone of mineral-
zation in the opening at the contact between the
lip plane and rociks of the hanging wall (Figure 20).
Here, the fanit separates the Navajo Sandstone in the
ootwall from the Cedar Mountain Formation in the

hanging wall; the offset across this fault is about
400~500 m. The mincralization consiswes of large
(2-3 mm), equant calcite crystals with almost no
impurities and no pore space.

The mineral precipitates along fault planes can be
considered evidence for preferential fluid circulation
paratlel to the fault zone; however, its real guantifi-
cation in terms of conductivity and its eventual vari-
ability with depth under the influcnce of confining
pressure cannot be assessed by the field study alone.

Figure 17¢ presents a calculation of the perme-
ability parallel to the fault zone in the case study.
The effect of the deformation bands on parallel flow
can be calculated by arithmetic mean according to
this formula (Deutsch 1989):

k - khzh + kblb + ksls
o J3

where k,, is the average permeability over the dis-
tance L; &, &y, and k are the permeabilities of the
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host rock, deformation bands, and wall rock of the
slip plane, respectively. The total thicknesses of the
host rock, deformation bands, and wall rock of the
slip plane are {4, £, and [, tespectively. The decrease
in permeability apparently caused by the deforma-
tion bands is less than a factor of 2 with respect to
the permeability of the host rock ard, therefore, it is
negligible also where the bands are narrowly spaced.

The permeability along the discontinuity repre-
sented by the slip plane may be very high because of
the unboundedness of the slip-plane surfaces and the
opening between them. The value for slip-plane-dis-
continuity parallel permeability is hypothetical and is
meant only to represent the contrast with respect to
the flow perpendicular ro the fanlt zone (Figare 17¢).

Fault Zones in Different Sandstone Types

Several transects across fault zones in various rock
types, as well as between different rock types, have
been mapped and the harmonic mean permeability
per meter in the direction perpendicular 1o the fault
zone has been calculated. The results are shown in Fig-
ure 21. In all these diagrams, one can clearly see that
the largest permeability anomaly is associated with
thin zones of cataclastic and recrystallized wall rock of
slip planes, This anomaly persists regardiess of the fact
that the thickness of the wall rock of slip planes is

Figure 20
Photograph
of calcite
mineraliza.’
tion at the
contact -
between skip
plane and °
hanging-wall

fault is in the
northern .
part of Sajt

Valley, east of
the Rock Cor-
ral area. The'
chisel is 20,
cm long.

always very limited (0.5-5 cm) compared to the leng
over which the permeability is averaged (I m). .
In general, deformation bands within the fau
zones (Figure 21) decrease the permeability of 1
of sandstone by about one to one and one-hal
orders of magnitude. The cataclastic wall rock of the
slip planes, however, may decrease permeability
about three orders of magaitude. The transect in Fig
ure 21a shows a fault zone in the Navajo Sandstone
that is very similar to the one previously described if:.
the Moab member of the Entrada Sandstone alon
the Delicate Arch trail (Figure 16). In Figure 214
there are also two slip planes bounding a zone ¢
high deformation band density; the decrease in per;
meability perpendicular to the fault zones is simila
to that observed in Figure 17c¢ within the step along
the Delicate Arch trail (approximatcly three orderd
of magaitude over this scale length).

CONCLUSIONS

Experimental and field evidence suggest that fiuic
flow properties of a sandstone can be affected hy cat:
aclasis and porosity changes in fault zones. Faultin
in sandstone may be as simple as a single deformatioft
band or as complicated as a fault zone with severil
slip planes and anastomosing zones of deformatio:
bands in a complex three-dimensional geometry..
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376 Porous Sandstones

Porosity in a single deformation band drops about
one order of magnitude with respect to that of the
host rock, whereas in the cataclastic wall rock of a
slip plane, porosity is practically absent. The larger
the porosity in the pristine host rock, the lower the
porosity in the deformation band. Porusity in «
deformation band decreases where cataclasis is well
developed (a compacted band), but may increase if
cataclasis is absent (a dilatant band). Because of their
localized nature, deformation-band and fault-zone
porosity loss does not generally affect the storage
property of a porous sandstone at a reservoir scale.

The permeability of a fauit zone can be significaat-
ly different from the permeability of the surrounding
host rock. Deformation bands have permeabilities of
one to four orders of magnitude less than the sur-
rounding rock (on average, about three orders of
magnitude less). An increasing amount of cataclasis
in the band and a significant clay content in the host
rock promote permeability reduction in the deforma-
tion bands. Permeability paraliel to a deformation
band is usually about one order of magnitude larger
than that perpendicuiar to the deformation bands,
cspecially when the band coatains grains having an
oblate shape. The largest permeability drop between
deformation bands and the associated host rock
occurs where the porosity of the pristine host rock is
largest. Permeability can be a highly variable quantity
even within the same rock unit, as demonstrably the
case of the Moab meniber of the Entrada Sandstone.

The cataclastic and recrystallized wall rocks of
slip planes have permeabilities as low as seven
orders of maganitude less than that in the pristine
host rock. These relatively low values have a strong
effect on the permeabilities in the direction perpen-
dicular to a fault zone at different scales of inrerest.
However, qualitative observations of fault plane min-
eralization suggest a preferential parh for the fluids
along the discontinuity defined by the two surfaces
of a slip plane.

The pore network geometry of deformation
bands is extremely fragmented wud wnisotropic in
the plane parallel to the band. By measuring grain
sizes and pore apertures, and by inference from
image analysis, it is possible to constrain the capil-
lary pressure within a deformation band. The calcu-
iated values for the capiliary pressure range from 4
few meters to about 100 m of an equivalent column
of hydrocarbons if cataclasis is well developed.
Deformation bands, zones of deformation bands and
the wall rock of slip planes have potentially good
sealing properties, as confirmed by field examples,
However, the petrophysical properties of a fault
zone cannot by themselves characterize sealing and
fluid flow in a reservoir. One must consider the later-
al and vertical variations of these properties, which
are directly related to geometry and structure of slip
planes and deformation bands,
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