
u..-. .c. .... ~ of Faulting on Fluid Flow in Porous Sandstones: 
o..,.1, ... .n.-nhysical Properties! 

Fault t;onc:: pc::nuc::al>ilily in outcmp is quantified 
detailed geologic mapping and by measurements 

a minipermeameter. Deformation bands, 
of deformation bands, and slip planes are 

struc1:ura1 elements associated with successive 
in the evolution of a fault zone in porous sand-

Deformation bands have a porosity about 
order of magnitude less than the surrounding 
rock and, on average, a permeability three 

of magnitude less than the surrounding host 
The intensity of cataclasis and the clay content 

the amount of permeability reduction as 
Jl~lsured perpendicular to a band. The wall rock in 
oro•xUnttY to slip planes can have permeabilities 

than seven orders of magnitude less th::m the 
sandstone. Capillary pressure within defor

bands is estimated to be 10-1 00 times larger 
that in the surrounding host rock. Thus, defor

bands and slip planes can substantially modi· 
fluid flow properties of a reservoir and have 

po1tenua.t sealing capabilities with respect to a non
,wcuu.,J(phase, as evident in. olltC'rop t':xposnrt:. 
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rocks and, in multiphase flow, can cause compart· 
mentalization and fault sealing (Nelson, 1985; Hard· 
mann and Dooth, 1991). Compartmentalization of 
adjacent porous reservoirs caused by fault sealing has 
been recognized in the Gulf Coast (Smith, 1980), in 
the Niger Delta (Weber and Daukom, 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 char:tcterization 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 .mtcrostructural and petrophysical properties of 
fault zones in sandstones. In another paper (Antonelli· 
ni and Aydin, in preparation), we pay special atten
tion to the geometry of fault 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 bc::twc:cu Lwu ful11lalions with vc1y dlffccc:nt 
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, Liider 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-Simpllfied tectonic map of Arches National Park, Utah. Numbers indicate locations of selected srunplcii · 
for which permeability was determined. Numbers in the boxes represent transect locations. The stratigraphic col.:.·: 
umn for the Arches National Park area is also rep:resented; formation thicknesses are given in metc:rs. Numbers iii 
the column lnc1icate the stratigmphic position of the sample. · 

limeters to a few centimeters) mtd are characterized 
by localized cataclasis and/or volume changes (Fig
ure 2b). Many deformation bands may cluster in 
zones of deformation bands associated with offsets 
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). Jamtson and Stearns (1982) measured the spatial 
distribution of deformation bands near a fault zone 
with tens of meters offset in the Colorado National 

Monument and they found a clear correlation 
between high density of deformation bands and 
proximity to the fault. Engelder (1974) examined 
relation between amount of slip and thickness of 
gouge zone in a fu.ult within the Precambrian 
stones of the U.inta Mountain Group (Utah); he 
that the thickness of the gouge zone increased as 
amount of slip was increased. 

The petrophysical properties of defo 
bands have been studied by Pittman (198.1) m , 
sandstones of the Ordovician Simpson Group. 



oklahoma. He measured the three quantities neces· 
sarr to characterize fluid behavior in a rock: porosi 
ty, permeability, and capillary pressure. Porosity 

· rneasures 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 links 
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
~bility from core plugs of fault zones. He noticed 
that bod1 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). 

Pt:nllt::al.lilily am! puru:;ity mca:;urcu iu (;On: plug:; 
·• represent 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 em) in diameter, as used in conventional 
permeameters (Anderson, 1975), very likely would 

•. contain deformation band material, as well as host 
rock. The relative 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· 
(Goggin et al., 1988) to characterize the 

po1rositv and the permeability of material within a 
... ~ •. ~ .. , ... "~·~ .. band. Then, these data were used to 
·qu:ant:ify fuult zone permeability at different scales. 
Mercury injection is not appropriate to measure cap
illary pressures within a single deformation band 
(1-2 mm in thickness), however, via image analysis, 
it is possible to characterize the pore network geom
. and to evaluate its effect on sealing properties. 

porosity and the permeability determined in the 
mples of deform~tion bands are functions of 

of cataclasis, clay content, and/or diagenetic 
prc~CiJJitfLtic•n of cement and authigenic minerals. 
· At Arches National Park in southeastern Utah (Fig-

1), faUlting developed In Mesozoic detrital rocks as 
result of and subsequent collapse of a north-

salt anticline (Doelling, 
Salt movement growth of the anticline 

recorded as occurring from the Permian to 
Salt dissolution and collapse started later and 

>rol>ab.lv are ongoing (Doelling, 1985). Deformation 
and fault zones formed .in association with dif-

2--Photogr:ophs showing (a) deformation b:a.nd 
out<"rnn exposure and (b) thin section image of a 

efo,rmLati.onband (40x, cross nicols). Note the fine 
of cataclasite along the trace of the band. 
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Figure 3-Slip plane in sandstone. (a) Schematic representation and terminology. (b) Photograph sh•owin~~-sli 
plane in Navajo Sandstone at Arches National Park. 

fcrcnt stages of salt anticline devclopmcnL (Autouclllui 
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. Penneability was mea· 
sured on samples of the Triassic Chinle and the Juras
sic Navajo, Entrada, and Morrison formations. 

Evaluation of fluid 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 later.~.l 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 
section::; have bc:cu ll!it:d to dc::termlne the rwo-dimen
sional porosity in deformation bands, in the bound
ary region of deformation bands, and in the host 

rock. Thin sc::ctton images are transferred 
video camera to a PC-based image analysis 
supported by an RTI (Recognition Tec:lmtolC)!n', 
vision engine. The images are segmented to 
pore space from mineral grains, and porosity is . 
mined by automatic pixel counting (Full et al., 1 ... 
Ehrlich et al., 1985; A.ntonellini et al., in press). •. • · .. ·. 

Porosity determinations an: pn:5cntcd in 
4a for the host rocks and for the de;formation 
in sandstones from Arches National Park 
St. Peter Sandstone in Kentland rn,,..rlh,..•·n ~'-''-'''u"~-' 
the Aztec Sandstone in the Valley of Fire ,~,..,,,.,,,~, 
Nevada), and the Pismo Formation near 
(central California). A detailed analysis of 
tions between porosity in the host rock, ~~-r~a•t-u:• 
the band, and the associated microstructure 
in another paper (Antonellini et al., in press). 
cataclasis is well developed in the bands, and ... 
the porosity of the host rock is more than 15.,. 
the porosity in the bands is about one order of 
nitude less than that of the host rock. If the 
of the host rock is relatively low, the drop in 
ty of the band is less pronounced. 

In the Moab member of the Entrada 
the porosity of the host rock is extremely 
(4-28%), as is the porosity ott11e bands (<1- .. 
Figure 4b, c). This variability is attributed to .. 
ent microstructures that have been observed · 
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Figure 4-SWI1Illl111' 
of porosity determi
nations from image 
analysis (a) Porosi
tY of deformation 
bands and host 
rock in the Moab 
member of the 
Entrada Sandstollf!; 
(b) bands with cata
clasis, (c) bands 
with mineral pre
cipilants, but no 
cataclasis. The 
bounda.ry of a 
dclormati()n band 
is defined as an 
area of damage at 
thecontactbenveen 
deformation band 
and host rock. In 
this n,.P.a, mmnlly 
one-half the band 
thickness. catacL-tSis 
and/or pore volume 
changes Are less 
developed than in 
the band itself. 
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(Antonellini et al., in press). The cataclasis in 
within the Moab member is developed to 

stages; some bands show positive dilatan
-whereas others show compaction. In the latter 

the pore space of bands may be partially or 
filled with h:·on oxides, calcite cement, or 

Cliagetlet:ic minerals (Figure 4c). The different 
observed in deformation bands of 

member can be explained in terms of the 
porosity and the stress state at the time of 

· development. Low porosities in the host rock 
confining pressures tend to promote posi-

Boundary Host rock 

tive dilatancy at early stages, whereas high porosities 
and high confining pressures tend to promote cata
clasis and compaction (Antonellini er al., in press). 

The porosity in the wall rock adjacent to well
developed sl.ip planes is very low because of 
extreme sra.in crushing and recrystallization. The 
absolute 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 narrow spacing in prox
imity to faults. For the purpose of illustrating the 
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effect of deformation bands on bulk porosity, 
assume that the number of deformation bands is 100 
per meter (a very high value only observed dose to 
some fault zones), the band thickness is 1.5 rnm, the 
porosity in each band is 1%, and the porosity In the 
host .rock is 2096. Using these values, the void loss 
due to deformation band development would 
decrease the porosity in 1 rn3 of sandstone only from 

20 to 18.5%. Thus, although porosity within 
may have decreased more than one. m·cler of 
tude, the bulk porosity of the rock is unlikely 
decreased by more than a few percent. 
very particular and spatially restricted 1U~.au1t .. u::;~'\ 
in zones. adjal:t:Ul tu :slip planes), the 
deformation bands should not seriously curnpru• 
the ability of the sandstone to store fluids. 



pERMEABILITY 

Method 

To determine the permeability of a deformation 
band it is necessru:y to sample a very small volume of 
rock. Conventional permeameters (Anderson, 1975) 
and minipermeameters (Eijpe and Weber, 1971) are 
designe.d to pe.rfmm experiments on core plug s~rn· 
pies or on large specimens, and thus are not appropri-

. ate for this task. However, some minipermeameters 
. . with small diameter tip seals can perform very local· 
. ized mea:;w·euu::nw on small volumes of rock (Goggin 
. et al., 1988). These miniperrneameters are designed 
· to make rapid, inexpensive, and nondestmctive 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 miniperrnearneter used in this study was 
designed by D. Goggin at Chevron Research Labs 

· uses gas injection to measure permeability. The 
rate and the pressure drop between injection 

atmospheric pressures are measured (Figure 5a). 
flow geometry is a function of tip-seal dimen

and sample geometry. These dimensions, 
.it<J•gethc!r with the measured quantities, can be used 

1n<>~•1.ucu form of Darcy's law (Goggin et al., 
to calculate permeability without requiring 

ut:>uu11u•~uc calibration. Using the numerical solution 
half-space flow geometry, the depth of investi· 
of a minipermeameter is two times the diame

of the internal tip-seal radius (Goggin et al., 
. 988). Because the permeameter can operate with 
· internal tip-seal radius of0.5 ern, it samples a 

of about 1 em. 
Ap,proximatc~Iy 600 lab measurements of host 

deformation-band permeabilities from 48 
samples were obtained using the pcrmcamc· 

All samples were unaltered and were selected 
a set of 70 specimens collected in the field. 

·-··-.... -~ measurements at the same point were 
test the experimental precision. In low
sandstones ( -1.5 md) the measurements 

stacnd:trd deviation of 0.005 md; in high-porosi· 
s:trlCIStOtleS (1500 md) the standard deviatioll was 

18 md. Samples contained homogeneous 
of deformation bands at least 1 em thick with 

host rock and exposed the material 
tile deformation band at the surface, on 

the tip of the minipermeameter was applied 
5b). Measurements were made on grids 

size 1 em) perpendicular to deformation 
Permeability was also measured along tran-

parallel to the zones of bands or at random 
on the sample surface. 

samples had zones of deformation lJautl~:> 
thic:kn1ess of less than 1 em, resulting in a per· 

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 microstmc
ture (Antonellilli et al., in press) of single deformation 
bands :and of :zones of deformation bands with differ· 
ent thickness (0.2-5 em) we determined that, provid
ed rock properties and genetic conditions are equal, 
the microstructure is similar regardless of stmcture 
thickness. Tllis obsenration suggests that tlle perme
ability also is similar. We also observed that the penne· 
ability is affected to a large extent by the low-pemle· 
abllity structures in contact with the minipenneameter 
tip even if these structures have a very small thickness 
( -1 mm). This obsenration suggests the use of a har· 
monic mean average to correct the measurements. 
The best match between pcnncabillLy iu :t.uucs 1 em 
thick and in zones less than 1 em thick was obtained 
by correcting the penneability of the latter by approxi· 
mating the flow geometry of a minipermeameter with 
that of a radial flow (Dake, 1978) in a plane pamllel to 
the axis of the minipermeameter probe (Figure 5c). In 
this case, the expression for the harmollic mean per
meability becomes 

In equation 1 , k .. ., is the avemge pennr:J hllity, k, is 
the permeability perpendicular to the band, k2 is the 
permeability of the host rock, r w is the tip seal inter
nal radius, 10 is the band thickness, and d; is the depth 
ofinvcstigation. All of the quautilic:; in cquatiuH 1 arc 
known by direct measurement on the sample except 
k I> the quantity that we are seeking. The two-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 cnlculntions. Nonetheless, after correction, the 
values obtained are within a factor of five of those 
obtained on similar deformation bands in zones at 
least 1 em 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 c.m in thlclmess. 

Pet'meability of Deformation Bands 

Figun: 1 :;lluws the map location of selected sam
ples from Arches National Park. A stratigraphic col
umn for the same region also is used to locate the 



362 Porous Sandstones 

samples stratigmphically. The ability to make local· 
ized porosity and permeability measurements allows 
one 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, parallel and perpendicular to the deformation 
bands, for t11e samples collected at Arches National 
Park is represented in Figure 7. Measurements of per· 
meability in deformation bands with well-developed 
cataclasis and/or hieh day 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 w deformation bands ts 
about 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 a 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 lo ixou oxiut: am.l ~.:alt:itt: 

cement precipitation associated with a dilatant defor· 
mation band. This phenomenon occurring along a 
fault plane is called "diagenetic healingfl {Watts, 
1987). In another paper (Antonellini eta!., in press) 
we described and discussed these defonnation bands 
that show positive dilatancy (volume increase) in 
their microstructure instead of cataclasis and com· 
paction. The permeability of a dilatant deformation 
band in its pristine condition, that mea11s 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 effect 
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 em 
wide. The increased skeleton porosity within the 
band is occupied almost completely by iron oxides; 
a lesser amount of the pore space is free. In the host 
rode -within th~ t':ye.-likf': stmrtnre 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 
caused by c:tlcire cemem precipitation. Tl1e calcite 
cement precipitated in the host rock only in proxim· 
ity to the band, not within the eye-like structure. 

30 
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Figure 6--Permeability and porosity profile across a : 
deformation band in the Moab member of the ·,- -
Sandstone at Delicate Arch Viewpoint. 

The spatial distribution of the calcite cement with' 
in the host rock and in proximity to the band indi, 
cates that the cement precipitatecl as a result of the
interaction between the fluids contained in the host 
rock and those contained in the band. A temperature -
increase causes a decrease in solubility of calcinrn _ 
carbonate in solution (Blatt et al., 1980). The 
ence of iron oxides in the band and of the 
cement in the adjacent host rock suggests a 
lion of hollt:r wlm:rali:t!ng fluids In the pure spac.:_e_ 
within the band. The interaction of these hot fluids 
with the water saturating the sandstone may · ·
caused precipitation of the calcite cement in orcl:xilm,-: 
ity to the band. This sample shows how dilation ... ·. 
dated with shearing along a deformation band c'an . 
affect the fluid circulation and the localization of dil{~. ' 
genetic processes in proximity to the bands. 

The permeability in deformation bands with pre~ .. -
cipitants, but no cataclasis (samples 54, 42, ·· 
in Figure 7), usually drops less than one 
magnitude with respect to the host rock. This 
reduction in permeability is due to iron oxides 
cement precipitation in the increased pores 
a dilatnnt band. 

Figure 9 summarizes the permeabilities 
in the host rock and in the deformation bands, .. -
paraUel and perpendicular to the bands. Permeabili~ · 
ty measured parallel to the deformation bands is usi.i~ 
ally slightly larger than that measured pe:rpe:ndlicturu; 
to the deformation band. This difference prcmamy 
due to the rnicrofabric of the band. From m1crc>stJ:'!IC·.,; 

Figure 7-Pel"meability in the host rock, parallel 
perpendicular to deformation bands, in samples 
ed at Arches National Park. 
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• Rand with iron oxides in the pore space 

• Zone of calcite cement precipitation 

D Host rock with free pore space 

Figure 8--Diagenetic centent precipit.adon nssocintcd 
with a diJatant deformation band. 
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rural observations, grains with an oblate 
apparently tend to have Lhcir Ionge1 a.x.ili lying 
plane of the band (Antonellini et al., in press). 
in this microfabric, the pores rend to be longer 
interconnected in the direction parallel to the 
Interestingly, the largest difference between 
ability parallel and perpendicular to a 
band (one to two orders of magnitude) occurs 
Slickrock member of the Entrada Sandatonc. 
Slickrock is rich in platy clay minerals (4-·15%) 
where compacted in a deformation band, align 
lel to it and tend to close any mt:er•:OJ:In~:ct.ect 
space in the direction perpendicular to the 
The fabric of the clay minerals associated with 
compaction in the band and the increased 
perpendicular to a band probably causes the 
differential between penueabllity perpendicular 
parallel to a band. 

The Moab member of the Entrada Sandstone 
plays a large variability (over three orders of 
tude) both in host rock and deformation-band 
meability (compare the permeabilities of sample . 
41. and 46 with those of sample.s 47, 49, :md 53 
Figure 7). This variability in pem1eabHit:y reflects 
variability in porosity and microstmcture already . 
cussed. The deformation bands with lowest 
ability an:: in tile clay-rich Sllckrock member 
Entrada Sandstone at Arches National Park and in 
lower section of the Entrada in the San ·--·r-·····~ 
Desen (Utah). In tllis latter unit. the cataclasis 
well developed (Aydin, 1977, 1978; Aydin and 
son, 1978). By inspecting Figure 9, the largest 
in permeability from host rock to deformation 
appears to occur where the permeability of the .. 
rock is largest (e.g., the Navajo, Slickrock, and 

Figure 9-Summary 
permeability 

Khr 
tionsfor 
bands, Arches 
Park and the San 
Raphael desert. 

Khr Kn 

Kp 
:Kn 
: . 
! .. 
: : 

. ! 
Morrison Entrada 

(Entrada) {Entrada) (S. Raphael) 

Khr. KP. Kn Permeability in the host rock, parallel, and perpendicular to the band 
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Figure 10-Permeabili
ty ot· the wall rock of 
slip planes at Arches 
National Park. The 
lower limit of perme
ability perpendicular 
to slip planes in the 
Moab is not bound 
because of the limit of 
the minipermeameter. 

Khr, Kp, Kn Permeability in the host rock, parallel to, and perpendicular to the 
wall rock of the slip planes 

* Limit of instrument detection 

from the San Raphael desert). However, the 
•c::nn.,•oJ.ut;y of deformation bands in rocks where 

permeability is already low (-roo md; 
and Morrison formations) does not show 

lower values ( -10-100 md). 

Permeability was measured ln samples from the 
rock of slip planes ln the Navajo Sandstone and 

Slickrock and Moab members of the Entrada 
...... .,.u""'' at Arches National Park (PJgure 1 0). Tile 

of the wail rock of slip planes ranges from 
· the permeability was always measured 

''""-1Vl<:~> thicker than 1 em. The permeability mea-
perpendicular to the wall rock of a slip plane 
Slickrock is comparable to that measured per

to a zone of bands without a slip plane in 
rock type. However, permeability mea

perpendicular to the wall rock of a slip plane 
Navajo Sandstone is one to two orders of mag
less than that of a deformation band and five 
of magnitude less than the host rock. 
rocks of slip planes in the Moab member of 

~ .............. Sandstone at Delicate Arch Viewpoint 
the lowest permeability of all samples, with 
of less than 0.007 md. This value is only an 
bound, because the experiment had to be ter

after 20 minutes when the flowmeter did 

not measure a steady flow. The limit of measure
ment of the permenmeter 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 STRUt.TURH AND SEAL!NG 
PROPERTIES 

The sealing properties nf :1 .rock ~re determined by 
the minimum pressure required for a non wetting 
phase, such as a hydrocarbon, to displace the connate 
water mtt of the pore space (Hubbert, 1953; Schowal· 
ter, 1979; Downey, 1984). Tll.is minimum pressure is 
the capillary pressure (Pc) of the rock. The capillary 
pressure depends on the radius of the interco11nected 
pore space (R), interfacial tension (y). and wettability 
(6) according to the relationship (Purcell, 1949): 

Pc = 2ycose 
R 

(2) 

which is illustrated in Figure lla. This same relation 
was expressed in terms of average grain diameter (d) 
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Water 

a 

b 

Figure 11-Definitions of wettability; (a) pore radius 
and (b) hydtocCLrbon displCLcement pressure. 
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Figure 12--Range in grain size in the host rock and in 
the cataclastic zoue. The fields of grain sizes for gravel, 
sand, silt, and clay are given by the arrows. 

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

P. =crease 
c d (3) 

The capillary pressure may seal a column of hydro
carbons exerting an equivalent or lesser pressure. 
(Figure llb). The hydrocarbon pressure (P) :~rises 
from buoyancy forces and is given by the relation: · 

where Pw is the density of the water, p110 is the densi; 
ty of the hydrocarbon. g is the acceleration of gravi~ 
ry, and his the height of the hydrocarbon column. A 
seal is broken when P > P ,. The wettability, 8, and 
specific properties of the hydrocarbon, such as rand 
Plio> an:: UOl discussed ht:l'C:. For the purpose~ or this 
paper, the most relevant factor controlling capillary · 
pressure is the effective interconnected pore radiu~ 
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 micro·. · 
properties, such as interconnectedness of the pore. 
space; one must also consider macroproperties,, . 
such as lateral continuity, thickness, and ductility 
(Downey, 1984; Grunau, 1987). We consider the 
micro properties of seals in sandstone in this paper. 
and will address the macroproperties in another · 
paper (AntoneUini and Aydin, in preparation). . .. , 

Gmin size within :t deformation band may be one . 
to two orders of magnitude smaller than in the ho~t 
rock (Figure 12). The minimum grain size in a bap~ · 
can easily drop into the clay-size range (<0.004 mmr 
According to Hubbert's (1953) equation 3 and the 
grain-size data for deformation bands at Arche.s •' 
National Park, capillary pressure within a · 
rion band probably wiJI be 10 to 100 
than in the host rock. Pittman (1981) PtC$Cnte:d rnet 
cury injection curves on core plugs 
in porous sandstones (Simpson Group, vr;.I~.uu.Hl"'l' 
These curves show a wide distribution in 
ture sizes. Nevertheless, these data are i""'~ .. .,·otlno' 

because they also show that pore aperture 
be one to two orders of magnitude less than •u•.J"'-·'·"· 
the undeformed host rock. 

Image analysis was used in our study to ch:aracte:n2:l~•• 
pore network geometry and its 
within a dc:fonnation band. An 
Fast Montoto Transform (Montoto, 1982; 
can be applied to the analysiS of video camera 
tion images to visualize the skeleton and the widtl:t;ot 
the interconnected pore space. This image nr<)cessiiiR 
technique starts from a segmented image 
tion. Tirrough a process of thickening/thinning, 



to the process of erosion/dilation commonly used in 
ifnage IUlnlysis (Full et :U., 19B1; Ehrlich eta!., 1?85), 
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 extrapolate to the three-dimensional arrangement 
of the pore network. The interconnected pore space 
obviously is better developed in the host rock (range 
oflength: 0.0026-0.5 mm) than in the band (range of 

.length: 0.0026-0.092 mm). Witllin the bands, tlle 
· pore space is shorter and more frag

.· mented (Figure 13a, b). The pore network tends to 
.· be 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 
· · cau::;cd by the grains wiLh au ul>hm: :>llape 

tend to align with their long axis parallel to the 
of the deformation band. The pore space is 

widely extended in the direction perpendicular 
band and we observed no connections from 

side of a band to the other (Figure 13). 
minimum width of the pore space resolvable 

the image analysis system employed is about 
5 jlm. If interconnected pore space exists per

CPt~n<Jtcuuar to a deformation band, it should have an 
less than or equal to these values. By 

~ut•sti:tuting these values into equation 2 and using 25 
for the expression rcos 8 (a typical value 

a hydrocarbon; Hubbert, 1953), one obtains a cap
pressure of 1.66 X 105 Pa. nus pressure is equiv 
to a hydrocarbon column of 64 m, using a typi

value of 2.26 kPa/m as a differential in pressure 
'"t'"""''" hydrocarbon and water (Zieglar, 1992). 

difficulty of checking the effective three
tmcemaolrlal interconnectedness of the pore space 

a two-dimensional image, we consider this value 
boundary. HowP.vl:'!r, if we:- :~ssume that the 
pressure in a deformation band has the 

to seal a hydrocarbon column about 64 m in 
effective sealing clearly depends on the verti-

13-Interconnected pore space of deformation 
host rock represented witb the Fast Montoto 
Note the fragmentation of the interconnect

space in the bands and its tendency to align 
to the dit"ection of tbe deformation bands. (a) 

tol"lmation band in the Moab membet" of the Entrada 
at Delicate Arch Viewpoint. Cataclasis is well 

·<<:Jiun<"11. (b) Deformation band from the C'..ardP.n ~~ 
National Park). (c) Deformation band from the 
Arch Viewpoint area. Band of compaction only 

little or no cataclasis. 
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cal and lateral continuity of tilis strucrure. 
Estimates of the capillary pressure of deformation 

bands also can be made using gram size and ti1e rela
tion given by Hubbert (1953), the equations pro
posed by Berg (1975) and Pittman (1992) that relate 
porosity and permeability to capllla!-y pn::ssun:, or 
even by direct measurement of pore sizes from 
illlage analysis. Using equation 3 and grain sizes typi· 
cal of a 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 capillary pressure 
with respect to ti1ese values. Usillg pore width (Fig
ure 14) and the relation 2 proposed by J:'urceJJ 
(1949), one would obtain an estimate for the capil
lary pressure ranging from 2.3 to 40 m. Using Berg's 
empirical formulas 097'5) relating 11erm~ahility and 
porosity to capillary pressure, one would obtain a 
range in values for ti1e latter between 3 and 50 m of 
an equivalent column of hydrocarbons. 

Pittman's empirical formulas (1992) wt:rt u:st:u to 

determine the displacement pressure of tlle bands. 
The displacement pressure is the pressure necessaty 
to have an interconnected filament of hydrocarbon 
through the largest connected pore space, which by 
convention corresponds to 10% mercury saturation 
(Pittman, 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 ti1e Moab member of the Entrada Sand· 
stone at Delicate Arch Viewpoint: 2-3'.16 porosity and 
permeabilities on the order of 1-2 md. The esti· 
mates provided by this analysis are meant to con
strain the order of magnitude of the ranee 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 foJ the Moab mcm!Jc:r uf tln: Emrac.la Santi· 
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, ti1e per· 
meability is reduced about one order of magnitude 
witil 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 cumulative 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 sp:1ce size and frequency 
as it appears from image analysis. Regardless of tllis 
limitation, the curve iS interesting because it shows 

Figure 14-Pore-throat diameter distributions 
ima,;re analysis versus cumulative percent of pore 
Pore space within a deformation band is one 
orders of magnitude smaller than in the host rock 
the deformation band. 

that the pore space within a deformation band is 
to two orders of magnitude smaller than that 
surrounding host rock. The curve also shows 
the distribution of pore diameters is relatively · 
row (steep slope), a very different result from 
wide distribution of effective pore radii 
Pittman (1981) with mercury injection. 
distribution in Figure 14 points out that 
radii within a deformation band are quite uHuu•uu 

and of small size; however, when comparing 
diagrams, one has to consider that only pore 
and not tlle effective pore diameter, can be 
sured from image analysis and that the lill1it of 
size detection is about 0.3-0.5 11m. 

Effective sealing and com.r>artm.en.taliZ~Lti() 
caused by zones of deformation 
to hydrocarbon migration in a sandstone re~;ervoir!. 
evident in outcrop at Pismo Beach in central 
nia. Figure 15 is a photograph of an outcrop iri 
Miocene-Pliocene Pismo Formation; the 
deformation bands isolate compartmellts 2 to 
wide, some of which are saturated by · 
(tar). Zones of deformation bands act 
bound tar-impregnated rock from tar-free 

Provided lateral and vertical COlltirmi1:Y 
tively thin (millimeter to centimeter) de;formllctiO: 
bands can be very efficient in sealing small ... v ...... ,. ... ,., 

hydrocarbons, such as those in turbiditic and 



reservoirs, or w11ere tl1e gravity of t11e Oil is 
The wall rocks of slip planes probably lmve cap
pressures much higher than those of a single 

Jt:•unuw«uu band because of extreme compaction 
rec:rys:taiJlizatio.n, but how much higher cannot be 

[Ua11tified from image analysis with precision. 

OF FAULT ZONES IN 

· Faults with offset larger than a few meters com
are associated with a variety of structures 
deformation bands, slip surfaces, gouge or 
zones, etc.); we define the ensemhle of 

stmctures as a fault zone. In sandstone, fault 
may consist of multiple slip plane segments 

"u<_., .. _c:::u with zones of deformation bands in a 
thrcc·dlmcn:;ional arrangctncnt. 

ability to evah~ate fault zone permeability is 
_str:a.t~gic impottance when planning the develop

.-p,,_.rvn1r or when evaluating sealing or 
·ete.rentia! paths for fluid migration. Previous work 
. this topic is very scarce in the literature and 

only at the qualitative leveL Maclay and Small 
and Kastning (1977) investigated positive 

"~"''~"~';",. influences of fault zones on permeabili
rocks. Kastning (1977) and Nelson 

concluded that faults either may enhance or 
permeability depending on whether the 
associated with fracturing or with mineral 

;cipitation in the fault plane. Fluid flow along fault 
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FigUre 15-Photo· 
grnph of the road 
cutonPrlce 
Canyon road nea1' 
Pismo Beach, cen
tral California. 
The deformation 
bands isolate 
compartments 
saturated with 
hydrocarbons 
(tar) from com
partments not 
hydrocarbon satu· 
rated. 

zones at a crustal and regional scale has be~:.n 
addressed by McCaig (1989), Knipe et al. (1991), 
Logan (1991), Moore et aL (1991), Rice (1992), and 
Sleep and Blanpied 0992), and d1e 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 nnd shear stress. The decrease in perme· 
ability was accentuated if the grain size of the gouge 
was coar:se rather tll;m nne. 

Smith (1980), Pittman (1981), Seeburger (1981), 
and Seeburger et al. (1991) considered fault zones in 
sandstone and. suggested that permeability pe1-pen
dicular to fault zones is decreased by granulation and 
cataclasis, whet·eas permeability parallel to d1e fault 
zone is enhanced along the slip plane discontinuity. 
Thl:; enhancement of fluid migration parallel to :;lip 
planes also has been reported by Secor (1965) and 
Weber and Daukoru (1975); however, Downey 
(1984) warned that this phenomenon may be devel· 
oped only in faults at shallow depths, because con
fining pressure te11ds to hold fault plane surfaces and 
fractures shut at greater depth. Finally, Bernard et al. 
( 1999) numerically investigated permenbility 
anisotropy induced by a fault zone in an aquifer. 

In this paper, we attempted to quantify perme
ability of a fault zone in sandstone by combining 
detailed field mapping at dlfferc::nt scales ami data 
from minipermeameter measurements. We believe 
that fault zone permeability can be evaluated only if 
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Figure 16-
Step 
between 
two slip 
planes 
along the 
Delicate 
Arch Trail. 
(n) Loca
tion of the 
map forb. 
{b) Detailed 
mapofthe 
step. Slip 
planes 
have a dot 
on their 
down· 
thrown 
side, 
whereas 
deforma· 
tion bands 
have a 
dash or• 
their 
down
thrown 
side. (c) 
String map 
along the 
transed 
AA'inb. 
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Moab {Entrada) 8 
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Fault location: Delicate Arch i rail 
Fonnations in conlaet: Moab (Enlrada)·Moab (!:ntr~da) 
Delorma1ion band thickness ~ 1.5 mm 
K (wall rock) " 0.005 md 
J< (dofcrmolion. band}- 0 md 
K (host 1cek) = 630 md 

Kn "' penneability perpendicular 
Kp = penneabftity parallel 
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Figure 17-Permeability 
across the transect AN mea
sured in Figure 16c. (a) 
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 
the distance of 1 m. 

values of the petrophysical properties of 
strUCitural elements malting up the fault zone 

orc,vicled and if till the geometric chnracceristics 

slip planes is given in Figure 16a.. The traces of the slip 
planes are characteristically segmented forming steps 
at various senles. The detailed geometry of these seg
ments is described ill Antonellini and Aydirt (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)-equippe<l theodolite (.f'igure 
16b, particularly detail of the area within the rectan· 
gle in Figure 16a). 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 offset of about 30-40 m. To the west, this sand
stone unit is overlain by the shaly deposits of the Mor
rison Formation. The deformation mechanism in this 
member of the Morri~on Formation is completely dif· 

zone are known. We illustrate this 
using a case study from the Delicate Arch 

at Arches National Park 

Detailed geologic mapping at various scales was 
to document fault structure and deforma· 
distribution in the Moab member of the 

oSalld~ltOJnC. Slip planes and zones of dcforma· 
were mapped at a scale of 1:4000 on a base 

photographs; the map of an array of these 
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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 I6c). 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 16c). The results are plotted in a 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: t·clc:vant geometric and j)tU·o· 
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 parallel 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. rrom tllis, the 
permeability in any direction can be calculated. For 
example, the horizontal component of permeability 
across the fault plane (which is oflnrP.rest in a medi
um with horizontal layers where the flow is bedding· 
parailel) can be calculated from the anisotropic per· 
meability tensor aftet· coordinate rotation of an angle 
90 - u., accm·diug to the funnula; 

(5) 

where o: is the amount of dip of the fault plane (to 
be used in the matrix of director cosines), Ku is the 
anisotropic permeability tensor, and A 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): 

k = k11kbk,L 
"" (kbk,)lil + (k,,k,)l1, + (k,.kb)ls 

(6) 

where kav is the average permeability over the dis
tanct L; ami k1,. kb, and k 5 are the permeabilltles 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 waH rock of the slip plane are respectively z,., 
lb, and 15 • The results of the calculation for horizontal 
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Permeability 
parallel to 
deformation bands 

Permeability 
perpendicular to 
deformation bands: 

Khr Permeability of the host rock 

Kb Permeability of the deformation bands 

Figure 18-Two different ways of averaging permeabilic 
Ly: in parallel {l{p) aud in a serJt:ei (Kn). 

permeabillty (almo~1: perpendicular to the fault trace) .... 
is shown in Figure 17c, 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 negative> 
anomaly in permeability is caused by the wall rock · 
slip planes. Although thicknesses of IOVIr·p(!rrnteat>llit)' 
zones adjacent to slip planes arc very small(
the effect of their low permeability has a ~ .... .-.n.,•.·. 
impact over a large scale. Figure 19a shows 
here, the average permeability has been Ul.ll'-U"'''-u·, 

over length scales of 1, 10, 20, and 40 m for the 
transect. This analysis shows the effective influence 
low-permeability fault zones on blocks of 
sizes as they may be implemented in a reservoir 
lation numerical model. The permeability anomaly 
a fault zone has to be considered at the scale length 
the problem to solve. If the scale length is small, 
anomaly iS very large; if the scale length iS large, 
anomaly is relatively less important. 

Figure 19c shows the permeability proflle 
the fault zone without considering the effect o£ 
wall rocks of the slip planes. At the scale length 
m, the permeability drops only one to two orders 
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a 
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Figure 19-Permeabllity 
variations across the 
fault zone at different 
scales. (a) The harmon
ic mean permeability is 
calculated for blocks of 
different length for the 
fault zone of Figure 18. 
(b) Schematic cross sec
tion of the fault zone. 
(c) Permeability pro.fJ.Ie 
as in {a), but without 
considering the effect 
of the sl1p plane.ot. 
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magnitude in the fault zone with respect to the host 
rock; howcve•·, if one considers the effect of Lhc wall 
rock, it drops three orders of magnitude. This is 

. interesting because slip planes are not laterally con· 
. · tinuous along a fault zone (Antonellini et al., in 
preparation), but instead tend to step (Figure 16). In 

step, the fluids may circulate around the slip plane 
and encounter only the deformation bands; there
fore steps between slip planes can represent rcla· 

less impervious paths for fluid migration per· 
1'~·· ..... ·~u••u to the fault zone. 

During the field study, it was often possible to 
obsetvec iron oxides, manganese, or calcite cement 

planes at several localities within Arches 
Park. In particular, along northwest-south· 

~n::.nuJu!-1 faults in the northern part of the salt 
....... - ........ (east of the Rock Corral atea), it is very 
.,v,,LLliltuu to find a 10-15-cm·thick zone of mineral· 

in the opening at the contact between the 
plane and roclcs of tile 11anging wall (¥igure lU). 

the fault separates the Navajo Sandstone in the 
from the Cedar Mountain Formation in the 

c 

hanging wall; the offset across this fault is about 
400-500 111. The miw:::rali:Gatiuu cuusisls of largt 
(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 
parallel to the fault zone; however, its real quantifl· 
cation in terms of conductivity and its eventual vari
ability with depth under the influence of confining 
pressure cannot be assessed by the field study alone. 

Figure 17 c 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): 

(7) 

where k 01, is the average permeability over the dis
tance L; k1n k0 , and k5 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 t1~> lb, and l81 respectively. The decrease 
in permeability apparently caused by the deforma
tion bands is lc:~s than a factor of 2 with respect to 
the permeability of the host rock and, 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 sutfaces and the 
opening between them. The value for slip-plane-dis
continuity parallel permeability is hypodletical and is 
meant only to represent the contrast with respect to 
the flow perpendicular to the fault zone (Figure 17c). 

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 to 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 regardless of the fact 
that the thickness of the wall rock of slip planes is 

Figure20-
Photograph 
of~aldte 
mineraliza. 
tionatthe. 
contact 
between. slip 
planeand · 
hanging-wan 
rock. The 
tau!t iS ii1 tb:e 
northern · 
partofSalt 
Valley, east of 
the Rock. Cor" 
ral area. The : 
chisel is 20; · 
em long. 

always very limited (0. 5-5 ern) compared to the Jengtl1. 
over which the penneability is averaged (1 m). ·· 

In general, deformation bands within the 
zones (Figure 21) decrease the permeability of 
of sandstone by about one to one and v.,_._.,,. .. ,,. 
orders of magnitude. The catnclastic wall rock of 
slip planes, however, may decrease ...... ~.u ........ u.,,.
about three orders of magnitude. The transect in 
ure 2la shows a fault zone in the Navajo Sandstone 
that is very similar to the one previously described · 
the Moab member of the Entrada Sandstone 
the Delicate Arch trail (Figure 16). In Figure 21 · 
there are also two slip planes bounding a zone · 
high deformation band density; the decrease in · 
meability perpendicular to the fautt -z.ones is 
to that observed in Figure 17c within the step . 
Llle- Dclit.:atc Az·ch emil (approximately three orders: 
of magnitude over this scale length). · 

CONCLUSIONS 

Experimental and fleld evidence suggest that 
flow properties of n sandstone can be affected 
aclasis :md porosity changes in fault zones. ~· .. un•u~:·~·· 
in sandstone may be as simple as a single de:forma.tlorg 
band or as complicated as a fault zone 
slip planes and anastomosing zones of ....... ,,VL"-'"""'""" 
bands in a complex three-dimensional geometry. 
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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. Poru:;ity iu a 
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. 

TI1e permeability of a f.luit zone ClUl be significnnt· 
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 con average, about three orders of 
magnitude less). An increasing ammmt of cataclasis 
in the band and a signi.fica.nt clay content in the host 
rock promote permeability reduction in the: dt."forma
tion bands. Permeability parallel to a deformation 
band is usually about one order of magnitude larger 
than that perpendicular to the deformation bands, 
especially when the band contain:s giaiii:s having an 
oblate shape. The largest petmeability 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 member of the Entrada Sandstone. 

The cataclastic and recrystallized waH rocks of 
slip planes have permeabilities as low as seven 
orders of magnitude less tl1an that in. the pristine 
host rock. These relatively low values have a strong 
etrect on the permeabilities in the direction perpen
dicular to a fault zone at different scales of interest. 
However, qualitative observations of fault plane min· 
erallzation suggest a preferential path 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 <tUU <mi:;otropic 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
lated values for the capillary pressure range from a 
few metel'S 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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