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Abstract-The permeability structure ofa fault zone in granitic rocks has been investigated by laboratory testing of 
intact core samples from the unfaulted protolith and the two principal fault zone components; the fault core and the 
damaged zone. The results of two test series performed on rocks obtained from outcrop are reported. First, tests 
performed at low confining pressure on 2.54-cm-diameter cores indicate how permeability might vary within 
different components of a fault zone. Second, tests conducted on 5.1-cm-diameter cores at a range of confining 
pressures (from 2 to 50 MPa) indicate how variations in overburden or pore fluid pressures might influence the 
permeability structure of faults. Testsgerformed at low confining pressure indicate that the highest termeabilities 
are found in the damaged zone (10-l -1Op’4 m’), lowest permeabilities are in the fault core (<lo- o~10~‘7 m’), 
with intermediate permeabilities found in the protolith (10~‘7~10~‘h m’). A similar relationship between 
permeability and fault zone structure is obtained at progressively greater confining pressure. Although the 
permeability ofeach sample decays with increasing confining pressure, the protolith sustains a much greater decline 
in permeability for a given change in confining pressure than the damaged zone or fault core. This result supports 
the inference that protolith samples have short, poorly connected fractures that close more easily than the greater 
number ofmore throughgoing fractures found in the damaged zone and fault core. The results of these experiments 
show that, at the coreplug scale, the damaged zone is a region of higher permeability between the fault core and 
protolith. These results are consistent with previous field-based and in-situ investigations of fluid flow in faults 
formed in crystalline rocks. We suggest that, where present, the two-part damaged zone-fault core structure can 
lead to a bulk anisotropy in fault zone permeability. Thus, fault zones with well-developed damaged zones can lead 
to enhanced fluid flow through a relatively thin tabular region parallel to the fault plane, whereas the fault core 
restricts fluid flow across the fault. Although this study examined rocks collected from outcrop, correlation with in- 
situ flow tests indicates that our results provide inexact, but useful, insights into the hydromechanical character of 
faults found in the shallow crust. Q I997 Elsevier Science Ltd. 

INTRODUCTION 

Faults profoundly affect patterns and rates of fluid flow 
in both modern and paleo-flow systems found in the 
upper part of the Earth’s crust. Metoric water and deep- 
level fluids may penetrate and influence rocks at depths 
as deep as 10 km (e.g. Nesbitt and Muehlenbachs, 1989) 
and in flow regimes operating on scales ranging from the 
microscale to basins tens of kilometers wide (Bethke, 
1985; Ge and Garven, 1994). Fault zones act as barriers, 
conduits, or mixed conduit/barrier systems, which form 
important components of fluid flow regimes operating in 
the upper crust (Smith et al., 1990; Antonellini and 
Aydin, 1994; Caine et al., 1996). As a fault evolves, its 
structure and hydraulic properties may vary over time 
and space (Smith, 1980; Allan, 1989; Bouvier et al., 1989; 
Pittman, 1981; Smith et al., 1990; Knipe, 1992; Harding 
and Tuminas, 1988; Bouvier et al., 1989; Anderson et al., 

1994). Some faults formed conduits early in their 
histories (Gibson, 1994; Roberts, 1995; Anderson, 
199.5; Tellam, 1995) only to become barriers to fluid 
flow later in their history. The impact of fault-related 
compartmentalization and permeability anisotropy on 
fluid flow has been documented at the small scale 
(Randolph and Johnson, 1989; Mozley and Goodwin, 
1995; Ashland et al., 1996), and at the aquifer scale 
(Kastning, 1977; Huntoon, 1987; Maclay and Groschen, 
1992; Maclay and Small, 1983). Numerical models 
incorporating fault-like features illustrate how faults 
may act as barriers or conduits to fluid flow and 
influence fluid pressure distributions (Forster and 
Smith, 1988; Bernard et al., 1989; Forster and Evans, 
1991; Lopez et al., 1994; Lopez and Smith, 1995; 
Haneberg, 1995) and the stresses on the fault (Barton 
et al., 1995). Few quantitative data are available, 
however, to provide geologically plausible permeability 
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values for faults and fault-like features incorporated in 
numerical simulators. 

Quantitatively assessing the impact of fault zones on 
fluid flow in modern and paleo-flow systems requires an 
accurate conceptual model of fault zone structure 
coupled with sound data regarding the hydraulic proper- 
ties of different fault zone components. Field and 
microstructural studies of fault zones demonstrate that 
fault zones are composed, in varying amounts, of two 
principal components (Chester and Logan, 1986; Caine 
et al., 1996): the damaged zone (a region of enhanced 
subsidiary fracturing, faulting, and veining) and the fault 
core (line-grained incohesive to well-indurated fault 
gouge or cataclasite). These principal fault zone compo- 
nents are encompassed by the protolith, or undeformed 
host rock. The amount and distribution of each compo- 
nent depend upon the lithology and geologic setting 
within which the fault has formed (Caine et ul., 1996). 
Boundaries between the damaged zone and fault core are 
typically sharp, whereas the damage zone to protolith 
transition is usually gradational (Caine et al., 1996). 

Few studies have systematically examined the perme- 
ability characteristics of different fault components. 
Antonellini and Aydin (1994) report that cataclastic 
deformation may reduce sandstone permeabilities by as 
much as lo4 (to 10~‘y-10~‘6m2) within carefully 
described, fine-grained deformation bands. Davison and 
Kozak (1988) note that in-situ permeabilities measured 
within a small thrust fault in crystalline rocks range from 
lop’7 to lo-” m2 without identifying how the perme- 
ability structure might relate to structural elements of the 
fault. Many laboratory-based permeability measure- 
ments have been performed on reconstituted fault gouge 
derived from crystalline rocks (Morrow et al., 198 1, 1984; 
Morrow and Byerlee, 1988; Chu and Wang, 1988; 
Faulkner and Rutter, 1996). The low permeabilities 
obtained in these tests (10 ~ 22-10p I9 m2) are likely to be 
representative of the fault-core component of a fault zone 
developed in crystalline rocks, although the work of 
Faulkner and Rutter (1996) documents an orientation 
effect on the permeability values within the fine-grained 
gouge. Additional permeability-shear experiments using 
artificial gouge in sandstone rocks show that increasing 
shear strain leads to permeability reduction in fault gouge 
(Teufel, 1987) but yields little insight into the way that the 
permeability might vary as a function of shear strain 
within the damaged zone. A large number of laboratory 
tests performed on fractured rocks obtained from both 
faulted and unfaulted environments show that perme- 
ability declines with increasing confining pressure in 
samples containing either single or multiple fractures 
(Brace it ~zl., 1968; Brace, 1978; Kranz et cd., 1979; Walsh, 
1981; Morrow et ul., 1984; Bernabe, 1986; Lin efa!., 1986; 
Morrow and Byerlee, 1992; Frederich et al., 1993; 
Morrow and Lockner, 1994; Morrow et al., 1994). Little 
information is available, however, to determine how 
pressure-permeability relationships might vary in the 
different fault components. 

This paper presents the results of a study designed to 
determine how the permeability structure of a fault zone 
can be related to the consequences of fault evolution. We 
present experimentally determined permeabilities of 
natural, fault-related rocks developed in granitic 
gneisses. Representative samples of protolith, damaged 
zone, and fault-core rocks collected from outcrop are 
included in the sample set. Pressure-permeability rela- 
tionships have been evaluated by measuring permeabil- 
ities across a range of confining pressures (O-50 MPa). A 
preliminary effort is made to estimate how preferred 
orientations of structural fabrics and fracture networks 
might lead to permeability anisotropy within a fault. The 
test results are interpreted in light of our previous work 
on the microstructures of the fault-related rocks and in 
terms of our present understanding of fault zone growth 
processes. 

The determination of physical properties of exhumed 
fault-related rocks has two caveats. The permeabilities of 
rocks obtained from outcrop are commonly different 
from values obtained from drill holes (Morrow and 
Lockner, 1994). The permeability of exhumed samples 
tends to display less pressure sensitivity, perhaps due to 
the the presence of weathering products in fractures on 
the outcrop samples. Secondly, tests on samples from any 
fault zone represent only one stage on the temporal 
evolution of the fault, and in faults that are no longer 
active, from a ‘dead’ system. None the less, we have little 
opportunity to examine the real-time change in fault zone 
permeability, and testing of ‘dead’ systems still provides 
an insight into the differences between fault zone 
components and the properties of fault zones during 
their interseismic phase. 

GEOLOGIC SETTING OF ROCKS EXAMINED 

Samples used in the testing program were collected 
from outcrops of one of the East Fork thrust faults found 
in the Washakie Range, Wyoming, U.S.A. The East Fork 
thrust faults are hanging wall imbricates of the EA 
thrusts (Evans, 1993) which are a series of moderately 
dipping reverse faults that juxatapose Precambrian 
granite and gneiss on Paleozoic and Mesozoic sedimen- 
tary rocks of the Wind River basin. Fault zones in the 
East Fork area formed at depths of 4-7 km have granite 
and gneiss in both the footwall and hanging wall, and 
have 24 km of slip (Evans, 1993). Quartz veins, iron- 
oxide-filled fractures, and syntectonically altered feldspar 
grains indicate that fluid infiltrated the fault zone during 
slip (Evans, 1990). 

Two fault types are found in the East Fork fault zone; 
narrow faults (24 cm thick) comprising clay-rich 
foliated cataclasites and wider (up to 20 cm thick) 
indurated gouge zones. Damaged zones consist of 
irregularly shaped regions of enhanced fracturing, fault- 
ing, and veining, which bound the fine-grained catacla- 
sites. The damaged zones give way to protolith quartz 
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Fig. I Fabrics of microfractures as a function of sample orientation, (a) 
View of a core plug cut perpendicular to the fault slip vector and viewed 
parallel to the fault strike. Samples viewed perpendicular to the slip 
vector, in the strike direction of the fault, exhibit a larger number of 
fractures oriented at O-20” to the fault surface than sampled viewed 
down the fault dip. Fracture densities are shown by rose diagrams of 
fracture orientations for three samples, with largest petal equal to 11.3% 
of total population, and other petals scaled accordingly. Shaded regions 
are fault gouge. Sense of slip shown by arrows. The tendency for 
fractures to form subparallel to the fault plane leads to an effective 
permeability at the core plug scale with reduced permeability normal to 
the fault plane. (b) View of a core plug cut parallel to the fault slip vector 
(looking down the fault dip). Top towards viewer. Fracture orientations 
are distributed more uniformly in this view when compared to that 
shown in (a). At the coreplug scale, this likely produces an approxi- 

mately isotropic permeability tensor within the viewing plane. 

diorite gneisses, which have little grain scale deformation, 
but do exhibit fractures spaced 0.25-2 m, with a variety 
of orientations (Evans, 1993; Evans et al., 1993). 
Contacts between the fine-grained faults and the 
damaged zones are sharp, whereas contacts between the 
damaged zones and the protolith are gradational. The 
dominant deformation mechanisms included brittle 
inter- and intragranular fracture and comminution of 
feldspars and quartz (Evans, 1988, 1990). Subsequent to 
brittle deformation, syntectonic alteration of feldspars to 
clays resulted in development of foliated cataclasites. 

Microstructural studies (scales of observation from 
several mm to 6 cm) of the rocks from the East Fork fault 
zone (Evans, 1990; Goddard and Evans, 1995) show that 

the damaged zone and fault core rocks exhibit a preferred 
orientation of fractures and fabric elements that prob- 
ably leads to an inherent permeability anisotropy within 
these fault components. For example, damaged zone thin 
sections cut in a vertical plane parallel to transport (slip) 
direction and perpendicular to the fault surface (Fig. la) 
show a modest to strong preferred orientation of 
transgranular fractures between 0” and 20” to the plane 
of the fault, whereas vertical thin sections cut perpendi- 
cular to the slip vector reveal that the damaged zone 
samples have a blocky fracture pattern (Fig. lb). The 
frequency of fractures subparallel to the fault, as viewed 
parallel to fault strike is much greater than when viewed 
downdip (Fig. lb), and the total fracture lengths are 
greater in the orientations subparallel to the main slip 
surfaces. Intragranular fractures tend to be controlled by 
the orientations of the two prominent cleavages in 
feldspar (Evans, 1988). Fabric elements of the fault core 
samples are composed of clay-rich zones and slip surfaces 
that are almost parallel to the boundaries of the faults as 
viewed in both planes. The microstructural studies also 
show that microfracture densities in the damaged zone 
are three to five times greater than in the protolith 
(Evans, 1988). These microstructural studies document 
that fabrics of the fault core rocks formed during 
faulting. Exhumation may have altered the fracture 
densities in the rocks. Thus, our results are strictly 
applicable in the upper 2-3 km of crust, over the range 
of confining pressures used. 

EXPERIMENTAL CONDITIONS 

Thirty-one core samples were selected, at a variety of 
orientations relative to the slip plane (Fig. 2) to provide 
test results representing the primary components of fault- 
related rocks from the East Fork fault (gouge, damage 
zone, and adjacent protolith). Two core sizes were tested; 
2.54 cm (1 inch) and 5.08 cm (2 inch) in diameter. Sample 
lengths are generally at least twice the sample diameter. 
Samples were cored in the laboratory from approxi- 
mately rectangular blocks of fault-related rocks collected 
in the field. Block sizes varied from 20 to 45 cm on a side. 
Both ends of each core sample were ground flat and 
parallel, and the core was dried at a temperature of 
105°C. Samples were jacketed in heat-shrink tubing and 
capped at each end before being submerged in the 
confining fluid of the hydrostatic test cell. All tests were 
performed by Terra Tek, Inc. in their Salt Lake City 
laboratory using equipment designed by Terra Tek. 
Equipment limitations preclude measuring permeabil- 
ities less than 10V2’ m2. 

The smaller cores (19 in number) were tested using a 
nitrogen gas permeant at room temperature with a single 
effective confining pressure (P,) of 3.5 MPa, a pore 
pressure (PJ of 1.3 MPa, and a steady state method. A 
steady flow field is maintained in the sample using an 
upstream constant flow pump while the downstream end 
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Damaged zone 

Fault core 

down 

Fig. 2. Schematic block diagram showing the orientation of cored 
samples and the fault rock components sampled in this study. Arrows 

indicate slip direction of fault. 

is vented to the atmosphere. Differential pressures are 
measured between the upstream and downstream ends. 
The larger cores (12 in number) were tested at room 
temperature using nitrogen gas and a transient pressure 
pulse method. The larger cores were each subjected to a 
series of confining pressures ranging from 2 to 47 MPa 
(with pore pressures fixed at about 2.7 MPa) to evaluate 
how the permeability of each fault component might vary 
during deformation or as a function ofdepth. Because the 
smaller samples were collected in sets of three mutually- 
perpendicular orientations relative to the slip plane (Fig. 
2) these test results provide an insight into the orienta- 
tion and magnitude of permeability anisotropy that 
might be found within each fault component. These 
results should prove useful for estimating the in-situ 

permeability structure of faults encountered in shallow 
investigations. 

Equipment limitations preclude testing with pore 
pressures maintained at a constant deviation from the 
applied confining pressure. Thus, test results obtained 
with confining pressures above about 10 MPa are ‘under- 
pressured’ relative to typical in-situ fluid pressure condi- 
tions. That is, when applied confining pressures exceed 
10 MPa, the effective stress (P,) on the sample exceeds 
that which would be expected where in-situ confining 
stresses and pore fluid pressures, respectively, reflect 
typical lithostatic and hydrostatic gradients. As a 
consequence, permeability values obtained at confining 
pressures in excess of 10 MPa may underestimate the ii?- 
.situ permeabilities that might be associated with each 
sample. Despite this limitation, however, the relative 

variations in permeabilities obtained at high confining 
pressure may still provide reasonable insight into the 
permeability variations found within and between each 
fault component. 

Testing these relatively small samples yields a biased 
view of the bulk permeability of the faulted and fractured 
rock mass because the larger fractures are not included in 
the core plugs. Thus, each test result probably under- 
estimates the bulk permeability of a larger volume of rock 
than that tested in the laboratory. The bias is minimized 
where fractures are more widely spaced (e.g. in the fault 
core and protolith) and maximized where fracturing is 
more intense (e.g. in the damage zone). The magnitude of 
the bias inherent in using small core samples is best 
evaluated through a comprehensive program of in-situ 
testing within a larger volume of rock that includes a 
more representative number of through-going fractures. 

RESULTS 

Results of the laboratory tests illustrate variations of 
permeability in three categories: 

(1) between the different fault-related components; 
fault core, damaged zone, and protolith, 

(2) as a function of orientation relative to fault slip 
within a specific fault component, and 

(3) as a function of confining pressure. Low PC test 
results obtained for the small diameter samples range 
from less than 10m2” m2 (lower limit of the test 
apparatus) to 2 x IO- I5 m2 (Table 1 and Fig. 3). 
Samples from the damaged zone fall in the highest 
range of permeability (10 ~ ‘“-IO- I4 m2), whereas fault 
core samples have permeabilities in the lowest range 
(< 10-20--10~ I7 m’). Protolith samples fill a narrow, 
intermediate, range of permeability between 10 -Ix m2 
and lO-‘7 m2. Thus, at low effective stresses 
(P, = P, - P,), the permeability of fault-related rocks 
depends strongly on the sample position within the fault 
zone. Similar results are obtained as the effective 
confining pressure applied to the sample is increased 
(Fig. 4). At the relatively small scale of these tests (2.5 
and 5.4-cm-diameter core plugs), there may be a lo-lo4 
contrast in permeability between damaged zone and 
protolith, and a similar contrast between the damaged 
zone and fault core samples. Several of the fault core 
samples exhibit such low permeabilities that a contrast of 
up to IO6 is possible between damaged zone and fault 
core. Thus, the gouge/cataclasite component may hinder 
fluid flow across the fault while the damaged zone may 
enhance flow within the plane of the fault. 

Tests performed at a low confining pressure on the 2.5 
cm diameter cores reveal a distinct orientation depen- 
dence of permeability with anisotropy ratios as high as 
104. Samples of fault core oriented parallel to the fault 
plane (Fig. 1) have permeabilities in the range of 10.‘ Ix- 
lOpI7 m2 (Table l), whereas satnples oriented perpendi- 
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Table 1. Laboratory estimates of permeability of 2.54-cm-diameter core at 3.4 MPa net 
effective stress 

Sample type Sample number Orientation Permeability (m*) 

Protolith 

Damaged Zone 

Gouge/Cataclasite 
Zone 

EF391-A 
EF391-B 
EFR 
EFY 
EF29 1 -B 
EF391-C 
EF591-A 
EF591-B 
EFPI 
EFP2 
EF291-V 

EF591-V 
EF391-V 
EFV 

EF291-A 
EF291-C 
EF591-C 
EFHl 
EFH2 

Par 2 
Par 2 

Par 2 
Par 2 
Par 1 
Par 1 
Par 1 
Par 1 
Perp 

Perp 
Perp 
Perp 

Par 2 
Par 2 
Par 1 
Par 1 
Par 1 

9.8 X 10-1’ 
1.8 x lo-l7 
2.2 x lo-‘h 
1.4 x 10K’h 
1.4 x IO_‘6 
1.9 x 10-16 
1.9 x 10-15 
1.6x lo-l5 
1.2 x lo-‘5 
3.0 x 10-15 
1.3 X 10-1’ 

< 10-20 
9.6 x lOpI9 
2.0 X lo-” 

4.5 X lo-‘8 
8.0 x lo-‘8 
7.4 X lo-” 
6.0 x lo-” 
1.0 x lo-” 

Orientation notation: Perp: perpendicular to the fault plane; Par 1: parallel to the fault 
plane and parallel to slip direction; Par 2: parallel to fault plane and perpendicular to fault 

cular to the fault plane have values ranging from less than 
10p20 to lo- I7 m*. Although samples were unavailable 
to assess permeability normal to the fault within the 
damage zone and protolith, data shown in Table 1 
suggest that permeability anisotropy may occur within 
the plane of the fault in both the damage zone and 
protolith. In each case, the permeability of samples 
oriented parallel to the slip vector is about one order of 
magnitude greater than that of samples oriented perpen- 
dicular to slip. This limited data set suggests that each 
component of the fault zone may exhibit three-dimen- 
sional permeability anisotropy with minimum perme- 
ability values perpendicular to the fault plane, maximum 

values parallel to the slip vector, and intermediate values 
within the fault plane but perpendicular to slip. Although 
sample orientation relative to the orientation of the fault 
plane appears to have influenced the permeabilities 
measured at low confining pressure in the smaller 
diameter samples, an insufficient number of larger 
diameter samples are available to determine whether an 
orientation effect persists across a range of applied 
effective stresses. Additional studies are required to 
more fully evaluate this hypothesis, test the possibility 
that it might hold in other fault environments, and assess 
the implications of permeability anisotropy in engineer- 
ing applications. 

-14 

W Protolith 

-15- 
I 

-16- : 

8 0 Damaged zone 

4 

w 
-17- II 0 Fault core perpendicular 

to foliation 

-18- 0 A Fault core parallel to slip 
and foliation 

-19- 

-20 - 0 

-21 I I I I I 
Fig. 3. Results of permeability tests performed at low confining pressure as a function of structural position within the fault 
zone. Protolith permeabilities are typically lower than those of the damaged zone and greater than those of the fault core. 
Samples cored in the fault plane yield higher permeabilities than samples cored normal to the fault plane. The small bar 

indicates the approximate measurement error. 
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These results agree reasonably well with conceptual 
models for fault-zone permeability structure (Scholz, 
1994; Caine et al., 1996) with in-situ tests performed at 
a shallow depth (Davison and Kozak, 1988; Andersson et 

al., 1991) with observations in underground mines 
(Martel and Peterson, 1991; Lachmar, 1994; Levens et 
al., 1994) and with observations made during tunneling 
through fault zones (Schadt, 1905; Fox, 1907; Mears, 
1932). These studies show that shallow faults can contain 
a zone of relatively high permeability that forms a crudely 
planar conduit within the fault while a zone of relatively 
low permeability restricts fluid flow across the fault. The 
tunnel driving observations provide a particularly gra- 
phic illustration of this effect because water trapped in a 
zone of high permeability within the fault plane is often 
released at high flow rate over a short term when a tunnel 
penetrates the adjacent zone of much lower permeability 
(Mears, 1932). Although detailed information is often 
lacking to conclude definitively that all high permeability 
features found within a fault zone correspond to a 
damaged zone (and lower permeability features corre- 
spond to gouge or cataclasite), our studies of a number of 
faults suggest that this may often be the case. 
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Tests performed at a series of progressively more 
elevated confining pressures show how the permeability 
of each component type might respond to deformation 
caused by increased overburden stress or reduced pore 
fluid pressure (Fig. 4 and Table 2). Plotting permeability 
as a function of PC reveals a decline in permeability with 
increasing P, that differs for each component type (Fig. 
4). The general form of the permeability decay curves is 
similar to those observed in previous tests of intact 
samples (Brace et ul., 1968; Brace, 1978; Kranz et al., 

1979; Bernabe, 1986; Frederich et al., 1993) in single 
fracture samples (Kranz et ul., 1979; Walsh, 198 1) and in 
fault gouge tests (Morrow et al., 1984). Our test results 
show three important results: 

(1) permeability decays exponentially with PC, 
(2) permeability of the damaged zone is 10-1000 times 

greater than samples from the protolith or fault core, and 
permeability in the damaged zone samples drops off more 
slowly with P, than do samples from the protolith or fault 
core, and 

(3) differences between hydromechanical properties of 
the fault component types decreases with increased P,. 

Effective stress (MPa) 

Fig. 4. Results of permeability tests performed across a range of 
confining pressures. The abscissa is scaled the same in each panel: 
however, the ordinate scaling varies from panel to panel. (A) Protolith 
samples exhibit a relatively steep decline in permeability with small 
increases in net effective stress. Initial permeabilities are less than 
1 x lo-‘* m* at effectives stresses of 5-10 MPa. (B) Damaged zone 
samples yield higher initial permeabilities and exhibit shallow declines in 
permeability with large increases in net effective stress. (C) Fault core 
samples yield low initial permeabilities and exhibit moderate declines in 

The best-fit relationship between permeability and 
effective stress are shown in Fig. 4 and have an 
exponential form: 

K = Ko exp(-yPc). 

where 

K = the permeability at effective stress P,, 
K. = the sample permeability when P, = 0, and 

Y = a curve fitting parameter, which is a measure of the 
nermeabilitv with large increases in net effective stress. dependence of K on the effective stress. 
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Table 2. Permeability at effective stresses for 5.2-cm-diameter cores 

Permeability (m’) at 
Ambient Net effective stress/M PA 

Sample porosity 
Sample type number Orientation W) 2.07 4.14 8.274 16.55 33.10 46.89 

Cataclasite 2-92- 1 Par 2 1.946 1.89x lo-” 9.80x lo-‘” 4.62x loo’* 2.72x lo-” 1.13x IO-” N/A 
Damaged Zone 2-92-2 Par I 2.081 2.23 x lo-” I.713 x lop’s 8.52x IO-” 3.74 x lO_‘h 1.77 x lo-‘6 
Damaged Zone 7-92-l Par I 3.448 6.69 x 10~” 5.63 x lOpI5 3.43 x lO_” 1.84 x lo-l5 3.08 x 10p’h 4.9YK I6 
Damaged Zone 7-92-2 Par 2 3.706 9.60x 1Op’5 8.78 x lOpI5 6.15 x 1OV’s 3.51 x lo-l5 1.64x 1OK’5 1.07 x lo-l5 
Damaged Zone 8-92-2 Par 1 2.963 1.168x 10-14 1.17x lOpI4 9.27x IO-t5 6.58x lo-l5 3.76x 1Om’5 2.5 x 1O-‘5 
Cataclastic 6-91-1 Perp 1.679 1.32x IO-” 1.16x IO-” 8.67x 10~” 5.58x lo-‘” 2.59x 1OK’8 N/A 
Damaged Zone 6-91-2 Par 2 2.239 3.32 x lOpI6 2.93x lo-l6 1.99x lo-” 1.08 x IO-l6 4.64x lo-” N/A 
Cataclastic 6-91-3 Perp 1.974 2.18 x lo-” 1.63x 1O-‘8 1.45x IOK’” 1.03 x IO_‘8 6.09 x lo-l9 N/A 

Permeability (m*) at 
Ambient Net effective stress (psi)/M PA 

Sample porosity 
Sample type number Orientation W) 2.07 4.14 6.21 8.274 10.34 

Protolith 9-92-l Par I 0.185 1.426 x 1Op’8 7.27 x IO-l9 5.49 x lOpI9 8.863 x lOp’9 N/A 
Protolith 9-92-2 Par 2 0.143 1.970x 1op’8 1.27 x loo’* 8.27 x lo-l9 5.704 x lOpI9 
Protolith 9-92-3 Perp 0.299 3.975 x lo-‘” 2.80x 10~” 1.77x lO_‘” 1.300x lo-” 8.40% t9 
Protolith 9-92-4 Perp 0.263 3.530 x lo-‘” 2.37 x 10~” 1.78 x IO-‘” 1.393 x lo-” 7.95 x lOpI9 

Orientation notation: Perp: perpendicular to the fault plane; Par 1: parallel to the fault plane and parallel to slip direction; Par 2: parallel to fault 
plane and perpendicular to fault slip 

Values of K. and y computed for each sample are 
summarized in Table 3. For all three component types, 
the decay of permeability as a function of effective stress 
is notably similar to work on intact and fractured 
crystalline rocks (e.g. Brace and Martin, 1968; Kranz et 

al., 1979; Bernabe, 1986; Frederich et al., 1993; David et 
al., 1994). Also similar is the decreased dependence of 
permeability on effective stress as the confining pressures 
increase (see Kranz et al., 1979). 

Values of K. clearly show that each fault component 
type has a characteristic maximum permeability Ko; the 
damaged zone has the highest values (about lo-l5 m*), 
the fault core has the intermediate values (about 
lOpI7 m*), and the protolith has low values of K. (about 
lo-l8 m2). Although values of y are similar for both 
damaged zone and fault core (0.040.08 MPaa’), the 
protolith has notably larger values (about 0.20 MPa-‘). 
David et al. (1994) have compiled experimentally derived 
values of y for a variety of rock types. Intact gneiss and 
granites have y of 0.02330.032 MPa-’ (Bernabe, 1986; 

Table 3. Curve-fitting parameters for the data in Fig. 4 

Rock type 

Protolith 

Damaged Zone 

Fault core 

& (m’) */ (MPaK’) 

5.03 x lo-‘8 0.165 
1.29 x 1Op’8 0.200 
2.93 x lo-‘” 0.187 
5.92 x 1Op’8 0.170 
2.08 x lOpi 0.082 
6.28 x 1OK’5 0.059 
9.73 x lo-‘5 0.051 
1.26 x lOpI4 0.035 
3.57 x 10p’6 0.062 
1.38 x IO-” 0.082 
1.41 x lo-” 0.052 
2.04 x IO-” 0.038 

Kranz et al., 1979), and 0.058-0.11 MPa-’ for amphi- 
bolite (Morrow et al., 1994). Our results from the 
damaged zone are close to those determined in fractured 
granitic rocks (0.079-0.092 MPa-‘, Kranz et al., 1979), 
and for clay-rich fault gouge (0.012-0.055 MPaa’; 
Morrow et al., 1984). Larger values of y correspond to a 
strong response to changes in effective stress (David et al., 
1994). Previous work suggests that the permeability 
reduction that occurs in samples with large values of y 
probably results from crack closure (David et al., 1994). 
In general, all values for y are smaller than the 0.2 MPa-’ 
value used by Rice (1992) in modeling the pore pressure 
near a fault zone. 

Comparison of the results obtained for each compo- 
nent type is complicated by the fact that permeabilities 
associated with each component can differ from other 
components by at least one order of magnitude. Thus, we 
plot normalized permeability as a function of P, to 
explore variations in the hydromechanical response of 
each component to changes in confining pressure (Fig. 5). 
Normalized permeability varies from 0 to 1 and is 
computed separately for each sample. In each case, the 
maximum value of K (corresponding to the minimum P,) 
obtained for the sample is used to normalize the results 
obtained at successively higher values of P,. 

The normalized permeability vs effective stress plots 
shown in Fig. 5 highlight the contrast between the 
hydromechanical response of the protolith and the 
response of both the damaged zone and fault core. For 
example, the permeability of the protolith samples is 
reduced to approximately 10% of the initial value at an 
applied effective stress of about 12 MPa. Much larger 
applied stresses (3&50 MPa) are required, however, to 
reduce the permeability of the other fault components. 

The dramatic drop in permeability obtained for the 



1400 J. P. EVANS, C. B. FORSTER and J. V. GODDARD 

q 9-92-I 

0 9-92-2 

Protolith 
0 9-92-3 

q 9-92-4 ! 

0 2-92-2 

0 7-92-l 

0 
Damaged zone 

7-92-2 

0 8-92-2 

0 h-9 I-2 

I- 2.92. I 

0 + 6-9 I 1 Fault core 

0 IO 20 30 40 50 

Effective stress (MPa) 
+ h-91-3 t 

Fig. 5. Normalized permeability as a function of confining pressure. Increasing effective stress causes a sharp decline in 
protolith permeability, whereas a much shallower decline is found for both the damaged zone and fault core samples. 

protolith over a small range of confining pressure (Figs 4 

& 5) corresponds to the larger values of 7 shown in Table 
3. We interpret these data as reflecting a low initial 
fracture density and high sample stiffness in the protolith 
that, in turn, contribute to hydrostatic compaction due to 
crack closure. The more shallow decline in permeability 
seen in the fault gouge samples is attributed to a low 
initial permeability that is further reduced by grain 
rearrangement and flattening. The foliated cataclasites 
tested here are fine-grained and fractured, and exhibit 
higher permeabilities than the protolith. Changes in P, 

do not significantly alter K vs P, behavior, as there are 
few cracks to be closed in these rocks, and the 
permeability may be intergranular. 

The pressure sensitivity of protolith vs the relative lack 
of sensitivity in the damaged zone samples may also be 
due to the effects of weathering. Rocks with greater 
densities of fractures are likely to have more weathering 
products, which appears to reduce the pressure sensitivity 
of permeability (Morrow and Lockner, 1994), whereas 
the protolith samples are less likely to have weathered 
along tectonically developed fractures, and thus have a 
higher pressure sensitivity. 

The mechanical behavior in rocks subjected to changes 
in either confining pressure or pore fluid pressure has 
commonly been cast in terms of the effective stress 
relationship (Hubbert and Rubey, 1959; Handin et al., 
1963; Brace, 1972) where the efTective stress, PC, is given 
by: 

P, = P, - P,. 

In many porous, permeable rocks, this relationship 
appears to be valid (Handin et al., 1963; Garg and Nur, 
1973). However, a more general expression for the static 
case is: 

P, = P, - CXP, 

(Nur and Byerlee, 1971; Robin, 1973; Garg and Nur, 
1973; Zoback and Byerlee, 1975: Kranz et al., 1979; 
Walsh, 1981), where the factor a depends on rock type, 
fracture topography and connectivity, porosity, pore 
geometry, and tortuosity (Kranz et al., 1979; Walsh, 
1981; Bernabe, 1986; Berryman, 1992). The value of g is 
found empirically, and can range from 0 to I.0 for 
fractured and intact rocks. Values of x less than 1 
obtained for intact crystalline rocks have been ascribed 
to microfracture dilatency (Brace and Martin, 1968), in 
which the true internal pore pressures differ from the 
externally measured pore pressures. For experiments 
conducted on single fractures (Kranz et al., 1979), 
Walsh (1981) showed that the value of x was 0.5-0.7. 
Morrow et ai. (1994) showed that 3 is 1.0 for friction 
experiments on montmorillonitejillite gouges in drained 
conditions, whereas CI is much less than 1 .O in undrained 
friction experiments with clay or sheet silicate gouges 
(Morrow et al., 1984). 

In order to determine X, permeability tests must be run 
at a variety of P, and P, values. Since the experiments 
reported here were conducted at a single value of P,, we 
cannot explicity find a. However, we can compare the 
results shown in Figs 4 and 5 with the interpretations of 

Walsh (1981) to estimate crudely how x might vary as a 
function of fault rock type. We infer that x is higher for 
damaged zone samples and lower on the fault core and 
protolith samples. The higher fracture densities and 
larger degree of fracture interconnectivity may create a 
rock that is closer to a porous, permeable rock that can 
transmit fluids and fluid pressures efTectively, and thus 
the value of x would be closer to 1.0. The low fracture 
densities and fine-grained nature of the protolith and 
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fault core may result in a significant departure from the 

ideal effective stress relationship, and would yield CI 
values much lower than 1 .O. 

DISCUSSION 

Our work examines the coreplug-scale permeability of 
samples of fault-related rocks in granitic gneisses 
collected from outcrop, which represent one stage of 
fault development. As such, the numerical values 
reported here, and in many other tests of permeability, 
can be strictly applied to a narrow range of natural 
analogs. Permeabilities associated with a particular rock 
type or fault zone component likely vary as a function of 
the sample size tested. Brace (1984) and Clauser (1992) 
outline how the increase in fracture intensity and 
connectivity associated with increasing sample size 
(from lab to well-test scales) produces an apparent 
increase in bulk permeability. Given the problems of the 
scale effect, exhumation, and temporal evolution of 
faults, we discuss how our coreplug-scale tests aid in 
understanding the permeability structure of individual 
fault zone components, then attempt to infer how these 
results provide insight into larger, fault-zone scale 
permeability structure both for modern flow systems 
with ‘dead’ faults, and in the evolutionary development 
of faults. 

The coreplug-scale test results show a clear distinction 
between the relatively high permeability damaged zone 
and the lower permeability protolith and fault core. 
Enhanced permeability in damaged zones has implica- 
tions for understanding the in-situ hydraulic properties 
and hydraulic structure of faults. The test results suggest 
that damaged zones, where present, would form path- 
ways for enhanced fluid flow. This inference is supported 
by geochemical, petrologic, and mineralogic studies of 
the fault zone. Goddard and Evans (1995) and Evans 
(1988, 1990) show that damaged zones found in the East 
Fork faults are zones of increased mineralogic alteration 
to hydrous clays, increased vein abundances, and 

variations in the elemental composition of the rocks as 
compared to the protolith. In addition, the damaged 
zones exhibit modest losses in soluble elements and slight 
increases in less soluble elements. Similar evidence for 
localized fluid flow in damaged zones has been docu- 
mented in larger displacement faults found in crystalline 
rocks of the nearby Wind River Range (Goddard and 
Evans, 1995) and along the San Gabriel fault (Evans and 
Chester, 1995) and the Punchbowl fault (Chester and 
Logan, 1986). Fracture density, measured at the thin- 
section scale, is three to five times greater in the damaged 
zone than in the protolith (Evans, 1988). Thus, the 
permeability results presented here suggest a permeabil- 
ity structure for the fault zone that agrees with inferences 
based on fluid-rock interactions that occurred while the 
fault was active. 

The permeability values determined here should be 

used with caution as a basis for developing quantitative 
models of fluid flow in faults. For example, values 
obtained for the damaged zone samples may be repre- 
sentative only of permeabilities associated with the 
relatively unfractured fault or fracture-bounded blocks 
used in a dual-permeability modeling approach. Thus, in- 
situ permeability tests aimed at determining the bulk 
permeability of the damaged zone would probably yield 
higher values because fractures not encountered at the 
coreplug scale will provide greater bulk connectivity. For 
example, in-situ tests performed in faulted crystalline 
rocks at the Canadian Underground Research Labora- 
tory yield permeabilities that range from lo-l7 to 
lo-” m2 (Davison and Kozak, 1988; National Research 
Council, 1996, pp. 479492). Values obtained for the 
fault core, however, may be more representative of its 
bulk permeability because the reduced fracture intensity 
of the fault core is less likely to modify estimates of bulk 
permeability based on tests performed at the coreplug 
scale. 

Examining the outcrop-scale structure of the East 
Fork fault zone, and the other fault zones in crystalline 
rocks, leads us to suggest that damaged zones are 
characterized by fractures, veins, and small faults that 
form blocks 10 cm to several meters on a side (Mitra, 
1984; Evans, 1988; Bruhn et al., 1994; Goddard and 
Evans, 1995). Because these fractures, faults, and veins 
commonly display enhanced alteration and deposition of 
hydrous minerals, they appear to have formed mesoscale 
conduits supplying fluids to intervening blocks in the 
damaged zone. While the intragranular, coreplug-scale 
permeabilities reported here may provide representative 
values for the intervening blocks, in-situ tests are required 
to understand better the overall permeability structure of 
the damaged zone. We suggest that the results of our 
coreplug-scale tests on damaged zone samples did not 
exceed lo-l4 m* because we could not include the larger, 
more throughgoing fractures found in situ. 

The presence of a relatively high permeability damaged 
zone has implications for the fluid pressure state near 
fault zones. Permeabilities above 10e2’ m* would pre- 
clude development of fluid pressures in excess of 
hydrostatic (Brace, 1984) and thus, the values measured 
here suggest that such high values of P, cannot develop in 
the damaged zone. 

The abundance of clay and fine-grained cataclasites 
found in the fault core is likely to cause well-developed 
fault cores to act as barriers to fluid flow across faults. 
Thus, if the forces driving fluid flow are arranged so that 
cross-fault flow is favored, the hydraulic character of a 
relatively thin fault core may dominate the effective 
hydraulic properties of a fault. Fault cores in crystalline 
rocks are commonly narrow and homogenous zones of 
fine-grained comminuted cataclasite and clays that 
probably evolved from damaged zones formed at earlier 
stages in fault development (Chester and Logan, 1986). 
The homogeneous character of many fault cores prob- 
ably reflects the large amounts of strain accommodated 
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along them (Mitra, 1984; Chester et al., 1993; Goddard 
and Evans, 1995). This apparent homogeneity, combined 
with the relatively low intensity of fracturing in fault 
cores, suggests that the coreplug-scale permeabilities 
estimated in this study may be applicable throughout 
the fault core. As a consequence, in the absence of 
detailed structural information and taking into account 
the effects of sample size and the influence of exhumation, 
we infer that fault core materials may be characterized by 
the lower end of the permeability range (about lo-“- 
10~‘s m2), whereas more heterogeneous damaged zone 
materials may be characterized by the wider range of 
higher permeabilities (10~‘6~10-” m2). 

Permeability variations observed within a fault zone 
provide a basis for inferring the overall hydraulic effect of 
a fault. Caine et ul. (1996) indicate that the relative 
proportion of fault core and damaged zone, combined 
with a knowledge of the permeability of each fault 
component, may be used to estimate the local- to 
regional-scale hydraulic behavior of the faults. Modeling 
results presented by Forster and Evans (1991) suggest 
that fluid flow through the more widely spaced fracture 
networks that control regional-scale flow in crystalline 
terrain is little affected by the detailed permeability 
structure of a fault. The bulk permeability structure of 
the fault, however, controls whether or not the fault will 
perturb the regional-scale flow system by acting as a 
conduit or barrier. When a fault acts as a conduit, fluid 
moving through relatively widely spaced fractures in the 
protolith is fed to the fault zone and transmitted within 
the more intensely fractured and permeable damaged 
zone (Forster and Evans, 1991; Lopez and Smith, 1995). 

The two-component fault zone structure described 
here clearly does not apply to all faults formed in all 
settings. Some faults, such as deformation bands in 
sandstones, lack damaged zones with enhanced perme- 
ability (Aydin, 1978; Antonellini and Aydin, 1994). 
Permeability reduction in elastic sediments commonly 
results from pore collapse, crushing, grinding and grain- 
size reduction of rigid grains (Aydin, 1978; Fowles and 
Burley, 1994; Antonellini and Aydin, 1995) and smear- 
ing, growth, and plastic deformation of clay in faults 
(Smith, 1980; Knott, 1993; Lindsay et ul., 1993; Gibson, 
1994) which is often accompanied by little or no 
damaged zone development. Thus, the deformation 
band faults yield a distinctive network of fault-controlled 
fluid flow barriers within the more porous and permeable 
sandstones. 

The hydraulic structure of a fault changes during 
evolution such that structures observed in the field, or 
inferred during earlier geologic times, reflect the inte- 
grated effect of fault growth processes. For example, 
process zones inferred to form at the tips of propagating 
faults (Pollard and Segall, 1987; Martel and Pollard, 
1989; Scholz et al., 1993) may become damaged zones as 
a fault evolves. The character of a damaged zone is likely 
to reflect the impact of repeated slip events and the wear 
processes that induce deformation in response to 

perturbations in geometry or local stresses along the 
fault (Scholz, 1990). The presence or absence, and 
inherent character, of a damaged zone depend upon a 
variety of factors that include: the mechanical properties 
of the rocks, fluid-rock interactions, total strain, defor- 
mation mechanisms, and fault geometry. Thus, predict- 
ing the hydraulic structure and fluid flow properties of 
fault zones requires an understanding of (1) the structural 
setting and evolution of the fault, (2) the hydrologic 
setting of the fault, and (3) the mechancial development 
of the fault. 

CONCLUSIONS 

Coreplug-scale permeability tests performed over a 
range of confining pressures show that the permeability 
of naturally faulted crystalline rocks varies as a function 
of structural location within a fault zone and confining 
pressure. Permeability tests performed at low confining 
pressure provide two major results. First, damaged zone 
samples yield permeabilities from lOpI6 to lo- I4 rn’. The 
greater number of fractures, faults, and veins found in the 
damage zone yield permeabilities as much as lo4 times 
greater than values obtained for the protolith and fault 
core samples, even at the coreplug scale. Second, samples 
of fault core and protolith have similar, but lower 
coreplug-scale permeabilities (less than 10-X’ 

IO-” m*). 
Permeability tests performed across a range of confin- 

ing pressure (3-50 MPa) yield additional insight into the 
hydromechanical properties of faulted rocks. Although 
all three fault components display a logarithmic or 
exponential permeability decay with increased confining 
pressure, distinct differences are found between the 
behavior of the protolith samples when compared to 
fault gouge and damaged zone samples. For example, 
protolith permeability declines one order of magnitude as 
the confining pressure is raised to 12 MPa. Much higher 
confining pressures (30-50 MPa) are required to cause 
the same order of magnitude reduction in the perme- 
ability of the damaged zone and fault core samples. 

We extend our laboratory test results to enhance our 
understanding of the bulk fluid flow properties of natural 
fault zones by suggesting that faults in crystalline rocks 
may comprise one or two zone(s) of enhanced perme- 
ability sandwiched between lower permeability fault core 
and protolith. This permeability structure probably 
causes the more intensely fractured damaged zone to act 
as a conduit for fluid flow, whereas the lower perme- 
ability fault core is likely to inhibit fluid flow across the 
fault. Thus, the fault zone has a bulk permeability 
anisotropy with higher permeability parallel to the fault 
plane and reduced permeability normal to the fault. 
Although difficult to document, this bulk anisotropy is 
probably superimposed on a permeability anisotropy 
derived from the anisotropic fabrics and fracture net- 
works found within each fault component. Because our 
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tests were performed at confining pressures less than 
50 MPa, our results are strictly applicable only in the 
upper 2 km of the crust. Thus, these results may be of 
greatest interest to those studying geotechnical problems, 
water resources protection and development, geothermal 
production, and shallow resource extraction issues. 
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