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Abstract: Differential stress exerts both static and dynamic effects on rock-mass 
permeability, modulating fluid flow in the Earth's crust. Static stress fields impose a 
permeability anisotropy from stress-controlled features such as faults, extension fractures, 
and stylolites which, depending on the tectonic regime, may enhance, or counteract existing 
anisotropic permeability in layered rock sequences. Textural evidence from hydrothermal 
veins suggests, however, that fluid flow in fault-related fracture systems generally occurs 
episodically and that dynamic stress cycling effects are widespread. In the vicinity of active 
faults that undergo intermittent rupturing, permeability and fluid flux may be tied to the 
earthquake cycle through a range of mechanisms, leading to complex interactions between 
stress cycling, the creation and destruction of permeability, and fluid flow. Mechanisms for 
fluid redistribution include: (1) various forms of dilatancy (localized to the fault zone or 
extending through the surrounding rock mass) related to changes in shear stress and/or 
mean stress that occur during the fault loading cycle; (2) localized post-seismic redistribution 
around rupture irregularities, especially dilational jogs and bends which act as suction 
pumps; and (3) post-seismic discharge of fluids from overpressured portions of the crust 
through fault-valve action when ruptures breach impermeable barriers. All of these 
processes may be involved in fluid redistribution around active faults, but they operate to 
varying extents at different crustal levels, and in different tectonic regimes. 

This paper explores the dynamic interplay 
between faulting and fluid flow in the Earth's 
crust. In recent years there has been a growing 
appreciation of the extent and varying character 
of fluid flow at all crustal levels (Oliver 1986; 
Cathles 1990; Fyfe 1990; Torgerson 1990, 1991). 
Sources for crustal fluids include meteoric water 
derived from the atmosphere through infil- 
tration of the crust, connate and formation 
waters and hydrocarbon fluids in sedimentary 
basins, water derived from dehydration re- 
actions during prograde metamorphism, and 
magmatic fluids derived from deep crustal levels 
or the mantle (Fyfe et al. 1978; Irwin & Barnes 
1980; Gold & Soter 1984; Etheridge et al. 1984). 
Major driving forces for fluid migration include 
gradients in hydraulic potential that arise from 
topography, localized heat sources, sedimentary 
compaction, metamorphic dewatering, and 
mantle degassing. Because many of the driving 
potentials are long-lasting, there has been a 
tendency to analyse flow systems for constant 
permeability models (e.g. Norton 1982; Bethke 
1986). 

Hydrothermal vein systems, however, pro- 
vide abundant evidence for massive focused 
fluid flow along faults and fractures and their 
textures frequently record a history of in- 
cremental deposition, suggesting that the flow 
was intermittent (e.g. Hulin 1925; Newhouse 
1942; Ramsay 1980; Sibson 1981). Gold-quartz 

veins, especially, document the passage of 
substantial volumes of aqueous fluid through 
fault-fracture networks (e.g. Kerrich 1986; Cox 
et al. 1991; Sibson 1992a). As an example, 
consider the Mother Lode vein system of early 
Cretaceous age developed within the Melones 
fault zone in the western Sierra Nevada foothills 
of California (Knopf 1929). Individual quartz 
veins are hosted on reverse faults within the fault 
zone. In places, continuous veins averaging over 
1 m in thickness can be traced for kilometres 
along strike and have been mined to depths in 
excess of 1 km. Per kilometre of fault strike- 
length, the volume of fault-hosted quartz is 
therefore c. 106 m 3. Established reverse displace- 
ments on the hosting faults range up to 100 m or 
so, with ribbon vein textures suggesting hun- 
dreds of episodes of hydrothermal deposition. 
Even assuming a 100% efficient precipitation 
mechanism, well in excess of 109 m 3 of aqueous 
fluid (the fluid volume of a supergiant oil-field!) 
would have to be flushed through the fault per 
kilometre strike-length to deposit this volume of 
quartz, given its low solubility (Fyfe et al. 1978). 
And the vein system extends along strike for at 
least 200km! A likely inference, therefore, is 
that fluctuations in stress and fracture per- 
meability associated with episodic fault slip act 
to modulate primary flow systems. In particular 
structural settings, these fluctuations in stress 
and permeability appear to trigger episodes of 
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hydrothermal precipitation and play a crucial 
role in the formation of mineral deposits. 

No attempt is made to review the mathemat- 
ical theory of time-dependent fluid redistri- 
bution in poroelastic media which is a subject of 
considerable complexity (e.g. Rice & Cleary 
1976; Rudnicki & Hsu 1988). The approach 
adopted is semi-quantitative at best, and seeks 
only to provide simple physical models that 
account for the geological evidence of large- 
scale fluid redistribution around faults in certain 
tectonic environments. Because of the un- 
certainties in many of the critical parameters and 
constitutive relationships, and the heterogene- 
ous character of material properties (strength, 
permeability, etc.) in the Earth's crust, the 
analysis is couched in terms of classical rather 
than modern fracture mechanics. While this 
approach is less than satisfactory in quantifying 
the different mechanisms for fluid redistri- 
bution, it does identify areas where future 
detailed modelling may prove worthwhile. 

Seismogenic crust 

Studies of tectonically active terrains have 
shown that fault displacements in the upper 
continental crust are largely accomplished by 
increments of seismic slip along pre-existing 
structures. The depth extent of seismic activity, 
representing the zone of unstable frictional 
sliding, is temperature-dependent. For moder- 
ate or higher geothermal gradients away from 
areas of subduction, this seismogenic regime is 
restricted to the upper one-third to one-half of 
deforming continental crust (Sibson 1983). In 
the context of plate tectonics, therefore, the 
Earth's crust may be divided into intraplate 
regions, where the rate of seismic activity is low 
and the stress field is effectively static over long 
time periods, and areas of active deformation 
associated with plate boundaries where stress 
fields in the vicinity of active faults are coupled 
to the earthquake stress cycle and are time- 
dependent. Thus, whereas fluid flow in intra- 
cratonic regions is unlikely to be affected by 
comparatively short-term stress and per- 
meability cycling, flow in tectonically active 
areas may undergo episodic perturbation on 
time-scales of the order of the repeat times of 
large earthquakes (10-104 years). Subsidiary 
perturbations may be induced by second order 
seismicity. 

Fluid pressure and fault stability 

Hydrostatic fluid pressures prevail where inter- 
connected pore space and fracture systems are 

freely linked through to the Earth's surface. In 
such circumstances, the pore-fluid factor, hv = 
Pf/crv = Pd(ogz) ~ 0.4, where Pe and O-v are, 
respectively, the fluid pressure and vertical 
stress (overburden pressure) at a depth, z, in the 
crust, p is the average rock density, and g is the 
gravitational acceleration. However, there is a 
great deal of evidence that at depths greater than 
a few kilometres within deforming crust, fluid 
pressures commonly rise above hydrostatic 
towards lithostatic values (hv---~ 1) (see below, 
Figs 7 & 9). The condition kv ~ 1 is also widely 
assumed to prevail in areas undergoing prograde 
regional metamorphism (Fyfe et al. 1978; Ether- 
idge et al. 1984). 

Hubbert & Rubey (1959) first called attention 
to the role of overpressured (suprahydrostatic) 
fluids in reducing the frictional strength of faults, 
which can be represented by a criterion of 
Coulomb form: 

7f = C + ~LsO'n' : C q- ~l,s(Orn -- P f )  (1 )  

where C is the cohesive or cementation strength 
of the fault (small for an active structure), ixs is 
the static coefficient of rock friction, and o-, is the 
normal stress on the fault. From laboratory 
experiments, Ixs = 0.75 + 0.15 for a broad range 
of rock types (Byerlee 1978), and field obser- 
vations suggest that natural faulting involves 
comparable friction coefficients (Sibson 1990a). 
Fault reactivation thus occurs when the shear 
stress along the fault, a', equals "re, and may be 
brought about by rising shear stress, decreasing 
normal stress, or by an increase in fluid pressure. 

This simple criterion has been shown to be 
applicable to several cases of induced seismic 
activity occurring in the top few kilometres of 
the crust (Nicholson & Wesson 1990) and may 
well remain valid throughout the seismogenic 
zone, though fault failure at depth may also be 
affected by time-dependent processes such as 
stress corrosion (Das & Scholz 1981). Note, 
however, that there is now good evidence for 
seismic rupturing within overpressured portions 
of the crust such as the Western Taiwan 
fold/thrust belt and regions adjacent to the San 
Andreas fault in California (Sibson 1990a). 
Complex coupling between episodes of fault 
failure, the creation and destruction of fracture 
permeability, and fluid redistribution is es- 
pecially likely in such overpressured regions (see 
later discussion on fault-valve activity). 

Coupled time-dependent permeability 

While inactive faults often act as impermeable 
seals through the presence of clay-rich gouge 
and hydrothermal cementation (Smith 1980; 
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Hooper 1991), the intrinsic roughness of natural 
fault surfaces (Power et al. 1987) has the 
implication that freshly ruptured faults should 
become highly permeable, if tortuous, channel- 
ways post-failure. Rupture zone permeability is, 
however, likely to be short-lived. Evidence from 
geothermal fields suggests that hydrothermal 
flow along fractures rapidly leads to hydrother- 
mal precipitation and self-sealing (Grindley & 
Browne 1976; Batzle & Simmons 1977). Experi- 
ments show that flow of hot water (T>  200 ° C) 
along pressure gradients in granite leads to 
dramatic reduction in permeability through 
hydrothermal dissolution and reprecipitation 
(Morrow et al. 1981). In addition, laboratory 
experiments suggest that diffusional crack heal- 
ing in 'wet' quartz is fast at T>  200 ° C (Smith & 
Evans 1984; Brantley 1992). Solution-precipi- 
tation creep is also particularly effective in 
clogging porosity and lowering permeability in 
fine-grained quartz-bearing rocks over the tem- 
perature range 200-400°C (McClay 1977; 
Sprunt & Nur 1977; Cox & Etheridge 1989). 
Observational and experimental periods over 
which these various processes are effective in 
reducing permeability range from hours to 
months. 

Thus in the vicinity of active faults, there must 
be continual competition between the creation 
and destruction of fracture permeability. While 
permeability destruction through hydrothermal 
activity is known to be fast-acting in high-level 
geothermal systems, it also seems likely to be 
particularly effective in the bottom half of the 
continental seismogenic regime at, say, 7-15 km 
depth. These processes of porosity and per- 
meability destruction (Walder & Nur 1984; Nur 
& Walder 1990) counter the arguments of Brace 
(1980, 1984), based on laboratory and in situ 
measurements of rock permeability, that crys- 
talline rocks are generally too permeable to 
allow the development of fluid overpressures. 
They play an important role in some of the 
recent models that attempt to account for the 
apparent weakness of major fault zones in terms 
of fluid overpressuring (Byerlee 1990, 1993; 
Sibson 1990a; Rice 1992; Sleep & Blanpied 
1992). 

Static stress field effects 

Stress-controlled features affecting rock per- 
meability include brittle faults, microcracks, 
extension fractures, and stylolitic solution 
seams. Their relationship to a stress field with 
principal compressive stresses 0-1 > 0-2 > 0-3 in 
homogeneous, isotropic rock is as shown in Fig. 
1, which illustrates the range of fault/fracture/ 

stylolite mesh systems that may develop in 
different circumstances. Faults tend to initiate as 
Coulomb shears containing the 0-2 axis and lying 
at + 20--30 ° to 0.1 (Anderson 1951). In 'classical' 
fracture mechanics, macroscopic extension frac- 
tures (mode I cracks in the parlance of modern 
fracture mechanics) form perpendicular to 0.3 by 
natural hydraulic fracturing in accordance with 
the criterion: 

P f  = 0- 3 q- Z (2) 

provided (0-1-0.3) < 4T, where T is the 
long-term tensile strength of the rock (Secor 
1965). Microcracks developing by grain im- 
pingement also have a preferred orientation 
perpendicular to 0-3. Impermeable stylolites 
develop as anticracks in surfaces subperpendi- 
cular to o-1 (Fletcher & Pollard 1981). The 
different components may combine in various 
fault/fracture/stylolite meshes as shown, but the 
full range of components need not be present in 
all cases. For instance, the development of 
stylolites by pressure solution processes depends 
critically on factors such as grain size and 
composition, being far more widespread in 
fine-grained sedimentary rocks, particularly 
limestones (Groshong 1988). 

Faults and fractures have the potential to 
impart directional permeability to the rock mass 
(e.g. du Rouchet 1981), but may also become 
choked with hydrothermal deposits and/or clay- 
rich gouge and alteration products (e.g. Roberts 
1991). Moreover, the permeability character- 
istics of a fault depend to some extent on the 
character of the host rock. Faults developing in 
initially high-porosity sedimentary rock may, 
through comminution and porosity collapse, 
form deformation bands that are relatively 
impermeable in comparison with the wallrock 
(Aydin & Johnson 1978). In contrast, faults in 
initially low-porosity rocks may enhance per- 
meability locally through cataclastic brecciation. 

Extension fracturing on both microscopic and 
macroscopic scales can greatly enhance per- 
meability in the 0-1/0-2 plane, the effect becoming 
pronounced as Pf---~ 0-3. Comparatively imper- 
meable stylolitic seams are associated with 
tabular zones of reduced porosity (Groshong 
1988; Carrio-Schaffhauser et al. 1990) and, 
overall, will generally tend to restrict flow 
perpendicular to the 0-J0-3 plane. 

Existing anisotropic permeability in layered 
rock sequences may therefore be either en- 
hanced or reduced, depending on the type of 
stress field prevailing and the dominant attitude 
of the layering (Fig. 1). In the case of predomi- 
nantly horizontal layering, and for the more 

Downloaded from https://www.lyellcollection.org by University of Melbourne on Feb 18, 2026



72 R.H. SIBSON 

Fig. 1. Faults (Coulomb shears), extension fractures (hachured), and stylolites (squiggly lines) forming in a 
triaxial stress field, illustrating possible combinations of these stress-controlled features which might affect 
permeability of the rock mass. A Hill fault/fracture mesh is shown in the lower left. Diagram represents a thrust 
fault stress regime when upright, a normal fault regime when viewed sideways, and a strike-slip regime in plan 
view. 

common situation where fracture-enhanced per- 
meability predominates over impermeable 
stylolitic bands, bedding-parallel permeability 
will be enhanced in a compressional tectonic 
regime, while trans-bedding permeability will 
tend to be enhanced in extensional and strike- 
slip regimes (cf. du Rouchet 1981). In viewing 
the diagrams, the enhancement of out-of-plane 
permeability in the 0-2 direction should also be 
noted; this is likely to be of special significance in 
strike-slip regimes. Where the dominant aniso- 
tropy is sub-vertical, as in belts of upright folds 
with well-developed slaty cleavage, trans- 
anisotropy permeability will be enhanced by 
low-angle faults and extension fractures de- 
veloped through horizontal compression. The 
situation may become vastly more complicated 
in regions of complex structure where rotational 
strains have developed in heterogeneous stress 
fields. 

Fluid expulsion through Hill fault~fracture 
meshes 

Hill (1977) showed how the seismological 
characteristics of ear thquake swarms could be 
accounted for by the passage of hydrothermal or 
magmatic fluids through a 'honeycomb mesh' of 
interlinked shear and extension fractures (Figs 2 
& 3). Such meshes may develop in extensional 
and strike-slip settings because individual hy- 
draulic extension fractures can only extend over 

limited depth intervals in the Earth 's  crust 
(Secor & Pollard 1975). The ability of such 
fault/fracture meshes to transmit fluids is highly 
sensitive to the value of the effective least 
compressive stress, 0-3' = (0-3 - Pf), but becomes 
large when 0"3' ~ 0. This can be achieved close to 
the Earth 's  surface in areas of extensional and 
strike-slip tectonics, but the meshes may also 
develop at depth in the crust when fluid pressure 
approaches the lithostatic load (hv ~ 1). 

As a consequence of the contrasting mechani- 
cal properties of alternating layers, Hill fault/ 
fracture-meshes are particularly likely to de- 
velop in horizontally-layered rock sequences 
undergoing extension with 0.3 horizontal and 0-1 
vertical (Fig. 3). Under  conditions of increasing 
fluid pressure, the brittle failure mode of intact 
rock is governed by the level of differential 
stress, (0"1-0"3), in relation to its tensile 
strength, T (Secor 1965). Provided (o-1- 0"3) < 
4T, hydraulic extension fractures form perpen- 
dicular to 0"3 in accordance with equation (2), 
whereas if (0-~ - o-3) > 4T, the rock fails in shear 
in accordance with the Coulomb criterion (eqn 
1). Thus, in a typical sequence of alternating 
sandstones and shales with T~st > T~h, the shales 
may fail by development of brittle Coulomb 
shears (perhaps in conjugate sets), while the 
sandstone fails by hydraulic extension fracturing 
to form a fault/fracture mesh. Natural  fracture 
meshes of this kind may develop over a range of 
scales, but generally tend to be less ordered than 

Downloaded from https://www.lyellcollection.org by University of Melbourne on Feb 18, 2026



CRUSTAL STRESS, FAULTING & FLUID FLOW 73 

(31 

! 

L shale ~ ~ ~ ~ ! 

..iiiiii ..... !. shale 
sandstone t I 

' t I COMPRESSIONAL REGIME EXTENSIONAL REGIME 
I 

Fig. 2. Schematic representation of stress-control of permeability by 'brittle' structures (faults, extension 
fractures (hachured), and stylolites (wavy lines)) affecting an anisotropic, sandstone-shale sequence in 
compressional and extensional stress regimes. 
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Fig. 3. Hill fault/fracture meshes acting as fluid conduits within an extensional stress regime, either as 
extensional chimneys or as 'fuzzy' normal faults. Note that the passage of large fluid volumes leads to increased 
disorganisation and brecciation within the fault/fracture mesh. 

those portrayed diagrammatically in Fig. 3. The 
passage of large fluid volumes through fault/ 
fracture meshes leads to brecciation with rock 
fragments initially bounded by combinations of 
shear and extensional fractures. Continued flow 
causes rotation and progressive comminution of 
the fragments in a process akin to fluidisation. 
Such processes may have contributed to the 
extensive tabular bodies of high-dilation breccia 
within the Monterey Shales of California 

(Redwine 1981) and similar formations else- 
where. 

Fault/fracture-meshes of this kind, developed 
in well-layered sedimentary sequences, tend to 
form either as subvertical extensional 'chim- 
neys', or as 'fuzzy' normal faults with an overall 
component  of shear across the mesh (Fig. 3). In 
the Monterey Shales they have apparently acted 
as major fluid expulsion structures, transporting 
large volumes of aqueous and hydrocarbon 
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fluids across the bedding anisotropy, the relict 
mesh structure being preserved through cemen- 
tation by silica, carbonate, and bitumen. Such 
structures likely developed by the breaching of 
seals to overpressured fluid compartments. 

Stress cycling effects 

Earthquake ruptures spread over portions of 
existing fault surfaces at c.3 km s -1 (correspond- 
ing to the shear wave velocity in the upper crust), 
so that in the case of moderate (c.M5) to large 
(c.M7) ruptures with dimensions of kilometres 
to tens of kilometres, the period of coseismic 
rupturing typically lasts for seconds to tens of 
seconds (Sibson 1989). Accompanying effects 
relevant to fluid redistribution include: (i) the 
creation of transient fracture permeability along 
the primary rupture zone; (ii) the development 
of subsidiary fracturing at specific structural sites 
such as fault jogs; (iii) shear stress reduction over 
the rupture plane and intensification at the 
rupture tips, with localized enhancement or 
reduction of mean stress around fault irregulari- 
ties; and (iv) the abrupt reduction of fluid 
pressure at dilational sites within the rupture 
z o n e .  

Several time-scales must therefore be con- 
sidered in relation to the earthquake stress cycle; 
long-term accumulation of shear stress through 
the inter-seismic period lasting tens to perhaps 
many thousands of years, possible pre-seismic 
stress changes associated with precursory slip, 
the rapid co-seismic drop in shear stress during 
rupturing which at any one place occurs over a 
period of a few seconds, and a period of 
post-seismic adjustment (corresponding to the 
aftershock phase) which may last for days to 
years depending on the size of the rupture and 
the physical characteristics (strength, hetero- 
geneity, permeability, etc.) of the rock mass 
(Fig. 4). Elasticity theory suggests that signifi- 
cant stress cycling around a seismically active 
fault should be restricted to a response zone 
whose extent compares broadly with character- 
istic rupture dimensions, extending laterally for 
perhaps 10-15 km from ruptures that occupy the 
full depth of the continental seismogenic zone 
(Sibson 1989). The highest amplitude cycling 
occurs close to the causative fault but is likely to 
be locally exaggerated in the vicinity of jogs and 
other fault irregularities. However, it should be 
noted that in recent years there has been 
increasing recognition of triggering of remote 
seismicity and other effects, likely to be fluid- 
related, that occur far outside the expected 
response zone derived from linear elasticity 
theory (e.g. Hill et a/.1993). 

I int°rseismicl I 
EQ EQ EQ 

I I I 

I i 

A 
Ax 
t 

T I M E  
Fig. 4. Variations in mean stress (6-) during the cyclic 
accumulation and release of shear stress (-r) on thrust 
and normal faults that are optimally oriented for 
frictional reactivation with ~ = 0.75. Different 
phases of the earthquake stress cycle and fluid 
movement in and out of the response zone are 
indicated. Dotted lines indicate possible time- 
dependence of stresses post-failure. 

Dilatancy related to the fault  loading cycle 

The state of dilatational strain in a rock mass 
may be affected by variations in the levels of 
both shear stress and mean stress. In the search 
for precursory effects to fault failure, attention 
was focused initially on possible dilatant effects 
associated with the earthquake cycle of shear 
stress accumulation and release, the belief being 
that dilatant strains should develop in the rock 
mass around a fault as shear stress increases 
during fault loading (Fig. 4). Fluids would be 
drawn into the dilatant rock volume pre-failure, 
only to be expelled post-failure once shear stress 
was relieved. This dilatancy-diffusion hypoth- 
esis for earthquake prediction (Nur 1972; Scholz 
et al. 1973) was predicated on the development 
of extensive high-stress (a->100MPa) micro- 
crack dilatancy in the surrounding rock mass. It 
formed the basis of the original seismic pumping 
concept developed by Sibson et al. (1975) to 
account for fluid redistribution in the vicinity of 
seismically active faults. 

Twenty years on, there is little evidence that 
this particular form of dilatancy or the requisite 
stress levels are widespread in deforming 
seismogenic crust (Hickman 1991), so that the 
original seismic pumping mechanism must be 
considered invalid. However, as Nur (1975) has 
pointed out, other forms of dilatancy with 
different stress-dependences may also operate in 
the vicinity of fault zones, and need to be 
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75 

Mechanism Primary Distribution of Depth within 
dependence dilatancy seismic zone 

References 

High-stress microcrack dilatancy Aa- 
at high -r and high ~-' = (b - Pf) 

Low-stress microcrack dilatancy A-r 
from subcritical crack growth at 
low a" 

Low-stress microcrack dilatancy A-r 
at low -r, high Pf, and low ~' 

'Sand-pile' dilatancy A~ 
under low -r and low &' 

Existing joint/fracture dilatancy 

A?r compactive effects 
in highly fractured or porous 
material at low ~r' 

Hydrofracture dilatancy 
under low ~r and high Pe 

Grain-scale particulate flow 
under low ?r' and high Pf 

Laterally Deep Nur 1972; Scholz 
extensive et al. 1973 
Laterally Shallow-deep Crampin et al. 
extensive 1984 

Laterally Deep 
extensive? 
Restricted to Shallow 
fault zone 

A,r and/or ATr? Laterally Shallow 
extensive? 

A?r Laterally Shallow? 
extensive 

APf 

Apf 

Laterally Shallow-deep 
extensive? 
Restricted to Deep 
fault zone 

Fischer & 
Paterson 1989 
Nur 1975; 
Marone et al. 
1991 
Nur 1975 

Sibson 1991 

Sibson 1981 

Borraidale 1981; 
Cox & Etheridge 
1989 

evaluated as possible dilatancy pumping mech- 
anisms. The different dilatancy mechanisms may 
be grouped into those sensitive primarily to 
varying shear stress, those sensitive to variations 
in mean stress, and those driven by high fluid 
pressure levels (Table 1), though some degree of 
overlap occurs. More than one of the mechan- 
isms may contribute to fluid redistribution in any 
particular circumstance. Shear stress sensitive 
dilatancy is likely to predominate in low porosity 
rocks, whereas high porosity rocks may develop 
significant dilatant strains from variations in 
mean stress. 

It has to be emphasized, however, that no firm 
constitutive relationships applicable to the real 
Earth have yet been established for any of the 
postulated mechanisms. Another  key issue, 
affecting the volume of fluid involved in dila- 
tancy pumping, is the extent of the region 
experiencing cyclic dilatancy. Are significant 
dilatant strains restricted to the fault zone itself, 
to its immediate surrounds, or do they extend 
over broad areas of the surrounding rock mass? 

Dilatancy dependent  on shear stress variations. 
Nur (1975) recognized three varieties of dila- 
tancy dependent on shear stress; microcrack 
dilatancy which is sensitive to small variations in 
shear stress at high ambient levels of shear 
stress, sand-pile dilatancy which is stress- 
sensitive at low ambient levels of shear stress, 
and joint dilatancy in fractured rock masses 
which maintains an approximately uniform 

stress sensitivity. As previously discussed, it 
seems unlikely that high-stress microcrack dila- 
tancy is widespread in seismogenic crust. 
Crampin et al. (1984) have suggested, however, 
that microcrack dilatancy may also develop by 
slow sub-critical crack growth under compara- 
tively low shear stress levels and give rise to 
extensive-dilatancy anisotropy (EDA) over 
broad areas of deforming crust. In addition, 
Fischer & Paterson (1989) have demonstrated 
that significant microcrack dilatancy may also 
develop under low stress levels at high fluid 
pressures and low effective confining pressures. 

Sand-pile dilatancy is likely to develop in any 
granular aggregate material under low levels of 
shear stress and must undoubtedly operate in the 
granular cataclastic material contained within 
brittle fault zones at high crustal levels (e.g. 
Marone et al. 1990). However, the volume of 
fluid involved is then likely to be comparatively 
minor. Extensively fractured rock masses ad- 
jacent to fault zones at high crustal levels are also 
likely to experience joint  dilatancy as shear 
stress varies. 

Dilatancy dependent  on mean stress variations 
Tectonic shear stress on a fault cannot generally 
be increased without also changing the normal 
stress on the fault (altering its frictional strength) 
and the level of mean stress (g-= [o-1 + o-2 + 
o-3]/3) (Sibson 1991). This in turn affects the state 
of dilatational strain, especially within high 
porosity rock masses. Patterns of fluid flow 
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during fault loading must therefore be influ- 
enced by poroelastic effects arising from changes 
in 6. as the shear stress on a fault increases. This 
is illustrated in Fig. 4 for the end-member cases 
of thrust and normal faults that are optimally 
oriented for frictional reactivation; the coupled 
changes in mean stress (A6.) are somewhat 
greater than the shear stress drop (AT). For the 
two cases illustrated, a typical earthquake shear 
stress drop, A,r = 1 MPa, causes a post-failure 
increase in mean stress, A6. = 1.25 MPa in the 
vicinity of a normal fault, or a post-failure 
decrease, A6. = 1.25 MPa, in the case of a thrust 
fault. This corresponds to a change of _+ 125 m in 
equivalent hydrostatic head. 

Full analysis of these poroelastic effects in 
crust with a heterogeneous distribution of stress 
and permeability is likely to be complicated (e.g. 
Rice & Cleary 1976) but, neglecting for the 
time-being any shear stress related dilatancy and 
rupture tip effects, it is clear that as shear stress 
rises during the loading of a thrust fault, mean 
stress also increases so that fluids should be 
driven away from the fault and out of the 
response zone by poroelastic compaction, only 
to be drawn back in post-failure. In the case of 
normal faults, the to-and-fro motion should be 
reversed, with fluids drawn in towards the fault 
during loading to be expelled post-failure. For 
strike-slip faulting, the coupling of mean stress 
to shear stress can lie anywhere between these 
end-member cases (Sibson 1993). More compli- 
cated patterns of fluid redistribution from mean 
stress changes are to be expected at rupture tips 
(Muir Wood & King 1993). 

Fluid redistribution from varying mean stress 
is likely to be important when the effective mean 
stress, 6. = (6. - P0 ~ 0, and the ratio (A6./6.') is 
large. These conditions will be satisfied in the 
near-surface, where intensely fractured portions 
of the upper crust respond as a fluid-saturated, 
blocky aggregate. In such settings, cyclic vari- 
ations in mean stress should induce to-and 
fro-motion of fluids, with fluid pressures staying 
close to hydrostatic. A6. effects may, however, 
also be strong at depth in the crust when 5- -- 
(5- - Pf) ~ 0 and the rock mass is deforming by 
particulate flow (see below). 

The 1983 M7.3 earthquake at Borah Peak, 
Idaho, which involved rupturing of a range- 
bounding normal fault, provided a good ex- 
ample of post-seismic discharge coupled to an 
increase in mean stress postfailure. The earth- 
quake was followed by a large fluid discharge 
(c.0.3km 3) over a period of several months, 
including immediate post-seismic fountaining 
from a series of fissures striking parallel to the 
rupture trace (Wood et al. 1985). The discharge 

seems largely attributable to the increase in 
horizontal stress and mean stress in the upper 
few kilometres of the crust consequent on shear 
stress relief along the normal fault (Sibson 1991; 
Muir Wood & King 1993). 

Dilatancy driven by fluid pressure.Arrays of 
extension fractures develop in the crust by 
hydraulic fracturing when the requisite con- 
ditions (Pf = o-3 + T, and (o-l - o-3) < 4T) are met 
(Secor 1965). Because the tensile strength of 
rocks is generally low (T < 10 MPa),  such hydro- 
fracture dilatancy is a low differential stress 
phenomenon.  The necessary conditions may be 
satisfied by hydrostatic levels of fluid pressure 
within perhaps a few hundred metres of the 
earth 's  surface in extensional and strike-slip 
regimes, but fluid overpressures with hv ~ 1 are 
needed at greater depths (Sibson 1981). Pro- 
vided the rock mass retains a finite tensile 
strength, fluid pressures in excess of the lithosta- 
tic load (~.v-> 1) are required at all depths for 
hydraulic extension fractures to develop in 
compressional stress regimes where o.v = o.3. 
Localization of hydrofracture arrays to the 
immediate vicinity of fault zones suggests that, 
in many cases, the fault zones are themselves 
the principal conduits for the migration of 
overpressured fluids (Cox et al. 1991). The 
development of hydrofracture dilatancy in com- 
pressional regimes that are strongly fluid over- 
pressured is an accompaniment to extreme 
fault-valve action (see below). 

Grain-scale microcrack dilatancy and associ- 
ated particulate flow (approximately equivalent 
to sand-pile dilatancy) may also develop in fluid 
overpressured rock masses where Xv~ 1, and 
the effective mean stress, 6 . '=  ( 6 . - P f )  ~ 0 
(Borraidale 1981; Cox & Etheridge 1989; Fis- 
cher & Paterson 1989; Knipe 1989). 

Mixed dilatancy effects. In most natural settings 
it is likely that more than one of these various 
dilatancy mechanisms may be operating at a 
given time. For example, consider the coupled 
variation of both shear and mean stress around 
thrust and normal faults as illustrated in Fig. 4. 
In the case of the thrust fault, any dilatancy 
related to increasing shear stress during fault 
loading is opposed by the coupled rise in mean 
stress, whilst any post-failure tendency for crack 
closure from reduced shear stress is counter- 
acted by the lowered mean stress. In the case of 
normal faults, however, development of dila- 
tancy during loading is favoured both by the 
increasing shear stress and by the coupled 
reduction in mean stress. Post-failure, reduced 
shear stress and increased mean stress both 
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Fig. 5. Seismotectonic carbon of an irregular rupture trace (not to scale), showing areas of enhanced (+ and 
cross-hatched) and reduced ( -  and diagonal hachures) mean stress arising from a rupture propagating from left 
to right. Note that the response of isolated fault bends depends on the direction of rupture propagation. 
Diagram represents a map view of a strike-slip fault, or a cross-section through a dip-slip fault. 

contribute to crack closure. On these argu- 
ments, dilatancy effects throughout the fault 
loading cycle should be more pronounced in 
extensional rather than compressional stress 
regimes. However, another factor to be con- 
sidered is that at the same depth and fluid 
pressure level (kv value), the shear stress 
required for frictional reactivation of a thrust 
fault is about four times that needed to reacti- 
vate a normal fault (Sibson 1974). Effects from 
shear stress related dilatancy are therefore likely 
to be more pronounced in the vicinity of thrust 
faults. 

Until the details of the stress levels driving 
faulting and the constitutive laws for the differ- 
ent dilatancy mechanisms are fully resolved, it is 
impossible to evaluate the contributions of the 
various mechanisms to fluid redistribution in the 
crust. Of critical concern, because it affects the 
volume of fluid redistribution by dilatancy 
pumping, is the question of whether cyclic 
dilatational strains are generally localized to the 
material within fault zones, or whether they 
extend over broad regions of the surrounding 
crust. While there is considerable geological 
evidence for localized dilatancy within shear 
zones at all crustal levels (Hobbs et al. 1990), 
documentation of microstructures demonstrat- 
ing cyclic dilatancy on a regional scale is 
generally lacking. Thus, the extent to which 
dilatancy pumping of one form or another may 
redistribute fluids, and in particular may draw 
fluids down from the near-surface to levels of the 
crust undergoing prograde metamorphism, as 
proposed by McCaig (1988), remains un- 
resolved. 

Post-seismic f luid redistribution 

Rupturing of an irregular fault surface leads to 
abrupt post-failure changes in mean stress 

localised around the structural irregularities 
(Segall & Pollard 1980; Sibson 1989) (Fig. 5). As 
a consequence, there is a tendency for fluids to 
be redistributed from areas of raised mean stress 
to areas of lowered mean stress (Nur & Booker 
1972). Fluids are driven out of compressional 
jogs and bends where mean stress increases 
post-failure, while the most intense fluid influx, 
coupled with aftershock activity, is concentrated 
in regions of sharply reduced mean stress such as 
dilational jogs and bends. At these dilational 
sites, rapid slip transfer during rupture propa- 
gation causes abrupt local reductions in fluid 
pressure below ambient (hydrostatic?) values. 
In some instances, the induced suctional forces 
may lead to rupture arrest (Sibson 1985, 1989). 
Dilational fault jogs and bends thus act essen- 
tially as suction pumps and are often character- 
ized by multiply recemented wallrock breccias 
resulting from repeated hydraulic implosion. 
Larger dilational structures typically comprise a 
mesh of extension veins, implosion breccias, and 
subsidiary shears in the form of a Hill fault/ 
fracture mesh. 

Active geothermal systems are commonly 
localized within dilational sites in extensional 
and transtensional fault systems. Where tran- 
sected by faults in the top kilometre of the 
seismogenic zone (the epithermal environ- 
ment),  pressure reductions from slip transfer 
may induce episodes of boiling within the 
hydrothermal system, triggering mineral de- 
position throughout the phase of aftershock 
activity (Sibson 1987). The association of epi- 
thermal mineralization with the high levels of 
extensional/transtensional fault systems thus 
arises from the coincidence of this 'boiling 
horizon' with the near-surface region where 
extensive hydrofracturing may occur under 
hydrostatic fluid pressure conditions (Sibson 
1992a). 
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Fig. 6. Schematic representation of fault-valve activity, illustrating the dependence of frictional fault failure on 
the cycling of both tectonic shear stress and fluid pressure (after Sibson 1992b). 

Fault-valve action in overpressured  crust 

From the time of Hubbert & Rubey's (1959) 
seminal paper on the mechanics of low-angle 
thrusting, it has become increasingly clear that 
overpressured fluids play a critical role in 
faulting, and may be especially important in the 
case of faults that are unfavourably oriented for 
frictional reactivation (Cello & Nut 1988; Sibson 
1990a). Recent oil-field studies have demon- 
strated the widespread occurrence of fluid 
pressure compartments in sedimentary basins, 
and analysis of oil migration paths suggests that 
overpressured compartments become breached 
from time to time with episodic discharge of 
overpressured fluids (Hunt 1990; Powley 1990). 
There is also now good evidence that, in at least 
some areas, seismic rupturing is occurring within 
overpressured portions of the crust. 

Fault-valve action thus occurs wherever rup- 
tures transect suprahydrostatic gradients in fluid 
pressure and breach impermeable barriers, 
leading to upwards fluid discharge along the 
transient permeability of the fault zone and local 
reversion towards a hydrostatic fluid pressure 
gradient before hydrothermal self-sealing of the 
rupture zone occurs, and fluid overpressures 
rebuild at depth. Under such circumstances, the 
timing of successive failure episodes is con- 
trolled by the cycling of both tectonic shear 
stress and fluid pressure through the inter- 
seismic period (Fig. 6). A key issue, affecting the 
volume of fluid available for post-failure dis- 
charge and the time for fluid replenishment of 
the fault zone in the interseismic period, is the 
extent to which fault zones are locally overpress- 
ured in relation to the surrounding crust (Fig. 7). 

On mechanical grounds, a case can be made 
that valve action is most likely to be prevalent in 
compressional or transpressional fault systems. 
Steep reverse faults are particularly likely to be 

effective as fault-valves because they are 
severely misoriented for reactivation, and fric- 
tional shear failure can only initiate when 
slightly supralithostatic fluid pressures are at- 
tained (Sibson etal. 1988; Sibson 1990b). Under 
these conditions, arrays of subhorizontal exten- 
sion fractures develop by hydraulic fracturing 
adjacent to the fault (hydrofracture dilatancy) 
prior to failure, to form a lithostatically press- 
ured reservoir that, together with associated 
grain-scale dilatancy, may contain a substantial 
fluid volume (Fig. 8). Fault failure and rupturing 
through the upper crust then allows fluid from 
the overpressured reservoir to drain upwards, 
with fluid pressures dropping rapidly towards 
hydrostatic values. The discharge may be ac- 
companied by phase separation (if CO2 is 
present), rapid mineral precipitation and hydro- 
thermal self-sealing of the fault. Fluid pressure 
then rebuilds towards the critical value needed 
to trigger the next episode of fault slip, and the 
cycle repeats. Such faults may give rise to 
extreme fault-valve action involving the dis- 
charge of large fluid volumes, with fluid pressure 
potentially cycling between pre-failure lithosta- 
tic and post-failure hydrostatic levels. 

Extreme valve action appears responsible for 
many mesothermal Au-quartz lodes hosted in 
steep reverse or reverse-oblique faults, such as 
the Mother Lode vein system described pre- 
viously (Sibson et al. 1988; Cox et al. 1991; 
Boullier & Robert 1992). A typical vein assem- 
blage consists of flat-lying extensional veins, 
inferred to have developed by hydraulic frac- 
turing prior to episodes of fault slip, in mutual 
cross-cutting relationships with steep fault-veins 
formed during episodic upwards discharge along 
the steeply dipping fault zone (Fig. 8). The 
hosting shear zones are typically of mixed 
discontinuous-continuous ('brittle-ductile') 
character and developed under greenschist 
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Fig.  7. Hypothetical plots of pore-fluid factor, ~,,, versus depth, illustrating pre-failure and post-failure fluid 
pressure gradients inside a fault zone undergoing fault-valve action in relation to possible gradients (curves A, 
B, C, D) in the surrounding rock mass. Curve A represents an end-member case where the pressure 
distributions inside and outside the fault zone are identical. Curves B, C, and D represent different degrees of 
localization of fluid overpressure within the fault zone, with D representing a crust that is hydrostatically 
pressured throughout the seismogenic zone. Conceivably, curves A-D could reflect fluid pressure gradients 
with increasing distance from a major fault zone. 

facies metamorphic conditions at crustal levels 
corresponding to the base of the seismogenic 
zone (depths of c . 1 0 ± 5 k m )  with the vein 
material precipitated from low salinity, mixed 
H20-CO2 fluids (Robert  & Kelly 1987). Localiz- 
ation of the prefailure arrays of hydraulic 
extension fractures to the vicinity of the fault 
zones (generally to within tens to hundreds of 
metres) suggests that the fault zones are locally 
overpressured with respect to the surrounding 
crust, but the degree of comparative overpress- 
uring is unclear (see Fig. 7). Valving action 
leading to the formation of mesothermal vein 
systems may also occur at depth within strike- 
slip fault systems in the vicinity of compressional 
jogs and bends (Fig. 5). This is in direct contrast 
to epithermal mineralization which typically 

develops in extensional/transtensional fault sys- 
tems (Sibson 1992a) 

While extreme valve action (involving the 
episodic discharge of large fluid volumes and the 
formation of major hydrothermal vein systems) 
may be comparatively rare and restricted to 
specific tectonic settings, the frequent presence 
of minor syn-tectonic veins in fault zones (e.g. 
Chester et al. 1993), and the growing evidence 
from fluid inclusion studies for fluid pressure 
cycling (e.g. Parry & Bruhn 1990; Mullis 1990), 
suggest that basic fault-valve activity is wide- 
spread in the earth's crust. Even minor valving 
action involving small fluid volumes is likely to 
have a considerable effect on the nucleation and 
recurrence of earthquakes (Sibson 1992b). The 
depositional environment of mesothermal vein 
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Fig. 8. Schematic diagram of extreme fault-valve 
action and associated fluid-pressure cycling on a 
high-angle reverse fault. Mesothermal gold-quartz 
lodes form in the region of large rupture nucleation 
and intense fluid pressure cycling near the base of the 
seismogenic zone. 

systems also suggests that the region towards the 
base of the seismogenic zone may in general 
represent a time-dependent interface between 
hydrostatically and lithostatically pressured 
portions of the crust, as represented schem- 
atically in Fig. 9. 

General  fault zone model  

The absence of a localized heat flow anomaly 
centred on the trace of the San Andreas 
strike-slip fault in California limits the time- 
averaged frictional shear resistance in the seis- 
mogenic zone to <20MPa (Lachenbruch & 
McGarr 1990). Additional evidence for a very 
weak fault zone comes from the accumulation of 
data suggesting that the San Andreas fault is 
extremely unfavourably oriented for frictional 
reactivation within the regional stress field, lying 
at 65-85 ° to the greatest compressive stress 
(Mount & Suppe 1987). Present knowledge of 
the frictional characteristics of rock materials 
suggests that, despite the problem of contain- 
ment, fluid overpressures are the most probable 
weakening mechanism that could account for 
this low frictional strength. As a consequence, a 

range of models accounting for the generation 
and maintenance of fluid overpressures in 
transcrustal fault zones have recently been 
proposed. A key issue in the different models is 
whether the high fluid pressures are derived 
from the fault zone acting as a migratory conduit 
for overpressured fluids (Sibson 1990a; Stark & 
Stark 1991; Rice 1992), or whether the fluid 
overpressures are continually regenerated from 
essentially the same fluid volume during cyclical 
loading (Byerlee 1990, 1993; Sleep & Blanpied 
1992). The development of extensive hydro- 
thermal veining in fault zones, especially the 
gold--quartz mineralization precipitated at struc- 
tural levels corresponding to the lower half of 
the seismogenic zone, provides geological evi- 
dence that fault zones, in at least some circum- 
stances, are acting as migratory conduits for the 
passage of rather substantial fluid volumes 
(Kerrich 1986). 

If fluid overpressures and associated fault- 
valve action leading to fluid pressure cycling are 
as widespread as evidence is beginning to 
suggest, then fluid pressure gradients within 
transcrustal fault zones must be regarded as 
time-dependent, affecting the shear resistance 
profiles derived from rheological modelling. 
Figure 9 is an attempt to illustrate the effects on 
rheology and fault-strength for a transcrustal 
fault zone that are likely to arise from fluid 
pressure cycling associated with fault-valve 
action. Both the depth and amplitude of the 
peak shear resistance become time-dependent. 
In addition, the integrated strength of the fault 
zone is at a minimum pre-failure and reaches its 
maximum value at the end of the post-failure 
discharge phase, before self-sealing occurs and 
fluid pressure starts to reaccumulate. Some of 
the implications of such a model for rupture 
nucleation and recurrence have been explored 
by Sibson (1992b) 

Discussion 

While static stress fields may induce directional 
permeability in the rock mass, textural evidence 
from hydrothermal veins hosted in fault/fracture 
systems suggests that fluid flux through such 
features is commonly episodic. Moreover, it is 
difficult to account for the great fluid mobility in 
the vicinity of fault zones in terms of static stress 
fields and constant permeability. It appears that 
in many circumstances fault and fracture per- 
meability must continually be renewed for them 
to remain as effective channelways. Stress 
cycling thus appears as the great modulator of 
fluid flow in deforming upper crust, affecting 
flow systems driven by long-term hydraulic 
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Fig. 9. General fault zone model incorporating fluid pressure cycling, assuming a linear geotherm of 
25 ° C km -1. The extent of the different fluid pressure regimes and their relationship to metamorphic 
environment is conjectural. 

potentials such as topography, intrusive heat 
sources, metamorphic dewatering, etc. 

A considerable range of mechanisms tied to 
the earthquake stress cycle may contribute to 
fluid redistribution around fault zones. 'Suction 
pump' effects at dilational jogs and bends have 
characteristic structural associations, as have the 
vein assemblages that result from 'extreme 
fault-valve action'. However, with the exception 
of hydrofracture dilatancy linked to extreme 
valve action, the relative importance for large- 
scale fluid redistribution of the various pumping 
mechanisms involving pre-failure dilatancy and 
post-failure fluid expulsion remains uncertain. 
From consideration of hydrothermal veining at 
the scale of individual outcrops, it may be 
difficult or impossible to discriminate between 
the different mechanisms for fluid redistri- 
bution. In evaluating the possibilities, critical 
account must be taken of the structural site, the 
mode of faulting at the time of hydrothermal 
deposition, the level of exposure, and the 
evidence for a predominantly hydrostatic or 
suprahydrostatic fluid pressure regime. Similar 
difficulties arise when attempting to attribute 
post-seismic discharge at the ground surface to a 
particular fluid redistribution mechanism (e.g. 
Sibson 1981; Rojstaczer & Wolf 1992; Muir 
Wood & King 1993). Systematic monitoring of 
discharge chemistry over extended time periods 

may help to distinguish varying depths of origin 
for the discharging fluids, and allow discrimi- 
nation between the different mechanisms. 

It is, however', becoming increasingly evident 
that fluid redistribution tied to the earthquake 
stress cycle has application to the development 
of fault-hosted mineralization and perhaps also 
to the migration of hydrocarbons in certain 
tectonic settings (e.g. Burley et al. 1989). 
Gold-quartz veins, especially, record the episo- 
dic passage of substantial volumes of aqueous 
fluid through fault zones and allied fracture 
networks (Cox et al. 1991; Boullier & Robert 
1992). Regions near the top and the bottom of 
the seismogenic zone are favoured sites for the 
development of fault-hosted mineralization, 
with fluctuations in stress and permeability 
acting as triggers for episodes of hydrothermal 
precipitation at different stages of the fault 
loading cycle (Sibson 1992a). Rapid slip transfer 
across upwelling hydrothermal systems hosted 
within dilational jogs and bends in extensional 
and transtensional fault systems leads to abrupt 
pressure reductions, triggering episodes of boil- 
ing within the epithermal environment and 
mineral deposition throughout the phase of 
aftershock activity. Disseminated epithermal 
mineralization may also develop from the 
to-and-fro passage of fluids driven by cyclic 
loading within intensely fractured portions of 
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the uppermost crust. At deeper levels in com- 
pressional/transpressional fault systems, intense 
valving action towards the base of the seis- 
mogenic zone gives rise to high-amplitude fluid 
pressure cycling and the formation of mesother- 
real gold-quartz lodes. 

There is, therefore, mounting evidence for 
mechanical involvement of fluids with all stages 
of the earthquake cycle. In the lower half of the 
seismogenic zone, the competition between 
creation and destruction of fracture per- 
meability plays a critical role in the accumulation 
of fluid overpressures, affecting earthquake 
nucleation and recurrence, while transient fluid 
pressure reductions at dilational jogs and bends 
contribute to rupture arrest and aftershock 
activity (Sibson 1992b). The cyclical character of 
fluid pressure gradients arising from fault-valve 
action on seismically active faults has the 
implication that rheological models of fault 
zones and crustal shear strength profiles must 
also be considered t ime-dependent ,  with inte- 
grated shear strength at a minimum pre-failure, 
but attaining a maximum value postfailure at the 
end of the discharge phase. 

Many of the ideas expressed here have arisen through 
interaction and conversations over many years with N. 
Brown, J. Moore, H. Poulsen, N. Price, and F. 
Robert, while S. Cox, I. Main, J.-R. Grasso and an 
anonymous reviewer provided constructive criticism 
of the manuscript. I thank the organizers of Geofluids 
'93 for the financial support which made my partici- 
pation in the conference possible. 
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