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The earth hath bubbles, as the water has,
And these are of them.
(Shakespeare 1623)

1 INTRODUCTION

SUMMARY

There have been several claims that seismic shear waves respond to ‘changes in stress
before earthquakes. The companion paper develops a stress-sensitive model (APE) for
the behaviour of low-porosity low-permeability crystalline rocks containing pervasive
distributions of fluid-filled intergranular microcracks, and this paper uses APE to
model the behaviour before earthquakes. Modelling with APE shows that the microgeo-
metry and statistics of distributions of such fluid-filled microcracks respond almost
immediately to changes in stress, and that the behaviour can be monitored by analysing
seismic shear-wave splitting. The physical reasons for the coupling between shear-wave
splitting and differential stress are discussed.

In this paper, we extend the model by using percolation theory to show that large
crack densities are limited at the grain-scale level by the percolation threshold at which
interacting crack clusters lead to pronounced increases in rock-matrix permeability. In
the simplest formulation, the modelling is dimensionless and almost entirely constrained
without free parameters. Nevertheless, APE modelling of the evolution of fluid-saturated
rocks under stress reproduces the observed fracture criticality and the narrow range of
shear-wave azimuthal anisotropy in crustal rocks. It also reproduces the behaviour of
temporal variations in shear-wave splitting observed before and after the 1986, M =6,
North Palm Springs earthquake, Southern California, and several other smaller
earthquakes.

The agreement of APE modelling with a wide range of observations confirms that
fluid-saturated crystalline rocks are stress-sensitive and respond to changes in stress by
critical fluid-rock interactions at the microscale level. This means that the effects of
changes in stress and other parameters can be numerically modelled and monitored
by appropriate observations of seismic shear waves.

Key words: earthquakes, fractures, shear-wave splitting, stress distribution, temporal
changes.

rocks, varies before earthquakes, and during hydraulic pump-
ing. These effects have been interpreted as the seismic response
to stress-induced changes in the geometry of distributions of
closely spaced fluid-filled microcracks and intergranular pore
space, known as extensive-dilatancy anisotropy or EDA
(Crampin, Evans & Atkinson 1984). Crampin (1994) reviewed

The critical role of fluid-filled inclusions in impending catas-
trophes has been recognized for over 350 years. There have
been several more recent claims that the seismic response,
specifically the time delay between split shear waves in low-
permeability low-porosity igneous and metamorphic crystalline
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data suggesting that EDA cracks are pervasive throughout
almost all rocks in the crust. In the companion paper, Zatsepin
& Crampin (1997), hereafter referred to as Paper I, we show
that low-permeability low-porosity crystalline rocks containing
fluid-filled intergranular EDA cracks are necessarily compliant
to small changes in differential stress. Paper I shows that
microcrack geometry in low-permeability low-porosity rocks
responds almost immediately to changes in stress by fluid
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diffusive mass transfer (and by fluid flow in porous rocks)
along pressure gradients between closely spaced fluid-filled
intergranular EDA cracks at different orientations to the stress
field. Numerical modelling based on an anisotropic poroelastic-
ity (APE) model (Paper I} of the behaviour of pre-stressed
fluid-saturated rock shows that such fluid-filled inclusions
necessarily become aligned when subjected to differential stress
and display the observed seismic anisotropy.

In this paper, we use APE to model temporal changes in
shear-wave splitting in response to changes in differential
stress. The concept of fracture criticality (Crampin 1994) and
simple estimates based on percolation theory (Kirkpatrick
1973; Dienes 1982) restrict the value of effective crack density
to yield the narrow range of shear-wave velocity anisotropy
observed in the crust.

A remarkable feature of APE modelling is that, in the simple
formulation for low-permeability low-porosity rocks (Paper 1),
the model is dimensionless and without free model parameters,
yet it reproduces, without adjustment and with few assump-
tions, the observed characteristics of shear-wave splitting,
including the behaviour before and after earthquakes. The
close relationship between the fracture criticality of fluid-
saturated rocks at the microscale level and self-organized
criticality of crustal rocks displayed in different scale-invariant
geological structures is discussed. We show that the observed
behaviour of shear-wave splitting is evidence of the proximity
of fracture criticality (and metastability) in pre-stressed fluid-
saturated crustal rocks. This has important consequences for
monitoring stress before earthquakes, as well as a wide range
of other geological and industrial applications.

The terminology for anisotropy used in this paper is that
suggested by Crampin (1989). The notation is listed in
Appendix A of Paper I.

2 SHEAR-WAVE SPLITTING AND
TEMPORAL VARIATIONS

Shear-wave splitting, where the polarizations of the faster
phase are subparallel to the direction of maximum horizontal
stress, was first positively identified in crustal rocks above
earthquakes during the three Turkish Dilatancy Projects
[TDP1: Crampin er al. (1980); TDP2: six papers, beginning
with Crampin, Evans & Uger (1985); and TDP3: three papers
beginning with Evans et al. (1987)]. The splitting was attributed
to propagation through distributions of near-parallel near-
vertical EDA cracks. Shear-wave splitting has also been
observed in exploration seismics in sedimentary basins
(Crampin 1984a; Crampin et al. 1986), and at the meeting of
the Society of Exploration Geophysicists in Houston, 1986,
several oil companies reported shear-wave splitting (including
Alford 1986; Willis, Rethford & Bielandski 1986). Since 1980,
shear-wave splitting has been widely observed in almost all
types of igneous, metamorphic, and sedimentary rocks, in
almost all types of tectonic and geological conditions (see
reviews by Crampin 1987 and Crampin 1994).

[Note that earlier observations of shear-wave splitting in
the crust (Byerly 1938; Gupta 1973) were recorded well outside
the shear-wave window (Booth & Crampin 1985). This makes
them difficult, if not impossible, to interpret directly in terms
of crustal anisotropy (Crampin et al. 1981).]

Temporal variations in traveltimes of P and S waves have
occasionally been observed before large earthquakes (Semenov

1969; Whitcomb, Garmany & Anderson 1973; and others),
and before the larger events in isolated swarms of small-
magnitude earthquakes (Aggarwal et al. 1973; Chiu et al. 1984).
It was suggested (Nur 1972; Aggarwal er al. 1975), as we now
think correctly, that such temporal variations were caused by
the movement of fluids during stress-induced modifications of
microcrack geometry in the dilatancy fluid-diffusion hypo-
thesis. At that time, however, such dilatancy was thought to
require the migration of fluids over substantial distances in
short periods of time, which was clearly unlikely. Consequently,
dilatancy was rejected, particularly as, despite careful analyses
of traveltimes before large earthquakes, changes in velocities
were not consistently observed.

Crampin (1978) showed that such stress-induced modifi-
cations would necessarily lead to stress-aligned microcracks
and effective seismic anisotropy. Consequently, changes in
body-wave velocities would only be expected for pagticular
source and receiver geometries depending on the focal mechan-
ism, the orientations of the stress field, and the locations of
the earthquakes.

Temporal variations in the time delays between split shear
waves have been reported before and after the M =6, North
Palm Springs earthquake of 1986 July 8 in Southern California
(Crampin et al. 1990, 1991), before and after a smaller earth-
quake in Arkansas (Booth et al. 1990), Parkfield (Liu et al.
1993; Liu 1995) and (two earthquakes) on Hainan Island,
China (Gao et al. 1997). These temporal variations show
patterns of changes varying with the direction of propagation.
The three-dimensional pattern of variations in time delays
could be simulated (Peacock, Crampin & Booth 1988; Crampin
et al. 1990, 1991) by increasing the aspect ratios of aligned
EDA cracks before the earthquakes, and decreasing the aspect
ratios to the initial values shortly after the earthquake (or in
one case immediately before the earthquake; Booth et al. 1990).
The observations of the North Palm Springs earthquake were
disputed by Aster, Shearer & Berger (1990, 1991), but their
arguments can be discounted as their results were based on
an automatic technique to read shear-wave time delays that
was demonstrably inadequate with errors of 200 per cent
(Crampin et al. 1991).

Note that it is difficult to monitor shear-wave splitting
before earthquakes because of the constraints on recording
geometry. Identifying changes of splitting before large earth-
quakes requires suitable three-component seismic networks
with high digital sampling rates sited within the preparation
zone of impending larger earthquakes. Since the build-up of
deformation before a large earthquake may occur over many
millions of cubic kilometres, this may not be a serious restric-
tion. However, a more severe requirement is the need for
sufficient small earthquakes within the shear-wave window
beneath the network stations to provide shear-wave sources
in order to obtain reliable data on the temporal variations of
time delays between split shear waves over a wide solid angle
of directions. These constraints are severe and have, to our
knowledge, only been met (serendipitously) in the four areas
identified above, which in all cases displayed temporal changes.
There are to our knowledge no contrary observations.

Identifying changes in shear-wave splitting (or any other
precursory phenomena) before larger ‘typical’ events in isolated
swarms of earthquakes, a long way from other seismic activity,
may be particularly valuable (Crampin 1991, 1993). The study
of such isolated swarms is informative as precursory
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phenomena may be seen before typical events, which repeat
frequently, sometimes every few days. Isolated swarms are rare,
and such studies have only been possible [other than at Blue
Mountain Lake, New York (Aggarwal et al. 1973, 1975)], at
Enola, Arkansas (Booth et al. 1990) and Hainan Island, China
(Gao et al. 1997)], as they are difficult to recognize and
instrument in the comparatively short time that they are active.
Again serendipity must be invoked!

Changes in shear-wave splitting have also been identified
during a hydraulic fracture experiment in the Lost Hills Qil
Field, California (Meadows & Winterstein 1994). These were
modelled in detail (Meadows & Winterstein 1994; Liu,
Crampin & Hudson 1997). More subtle changes in shear-wave
splitting have also been observed in the hot-dry-rock geother-
mal experiment at the Camborne School of Mines, Cornwall
while testing hydraulic pumping equipment (Crampin &
Booth 1989).

3 SHEAR-WAVE SPLITTING, FRACTURE
CRITICALITY, AND THE PERCOLATION
THRESHOLD

3.1 Observations of shear-wave splitting

Reviewing available publications, Crampin (1994) found shear-
wave splitting reported in almost all types of rocks in the
upper half of the crust. Crampin analysed all (46) published
observations of short-period shear waves where sufficient infor-
mation was reported to quantify the anisotropy. Half of these
reports were of observations in crystalline rocks above earth-
quakes and half from industrial controlled-source studies in
sedimentary basins. The range of percentage shear-wave veloc-
ity anisotropy in ostensibly intact unfractured in situ rock
below 1 km depth was found to be 1.5-4.5 per cent, independent
of rock type (igneous, metamorphic or sedimentary). These
percentages are equivalent to inferred effective crack densities
0.015<¢<0.045. This percentage rises to 10 per cent (¢x0.1)
or greater near the surface, and in anomalous regions such as
subduction zones, fault zones, regions of high heat flow, and
specifically heavily fractured layers (Crampin 1994). The only
rocks where stress-aligned azimuthal shear-wave splitting is
not observed are some clays and shales, where pore fluids are
tied to grain boundaries by chemical and electrical potentials,
slates with dominant lithological anisotropy, and some
carbonates with bizarre microstructures such as oolites.

The dimensionless crack density is usually written as e=
na’/v, where n is the number of cracks of radius @ in volume
v (Hudson 1981), and may be specified equivalently as ¢=
a®/L3, where the cube of crack radius is normalized by the
volume containing one crack I, where L is the characteristic
crack spacing. This notation allows distributions of equally
sized cracks to be imaged, and the values of inferred crack
density indicate closely spaced distributions of cracks. Even at
the lowest observed anisotropy of 1.5 per cent, the average
crack spacing is only about twice a crack diameter, and a
factor of less than two in average crack spacing separates the
1.5 per cent minimum anisotropy in intact rocks (L ~4a) from
the 10 per cent anisotropy (L & 2a) observed in heavily fractured
disaggregated near-surface rocks (Crampin 1994).
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3.2 Fracture criticality

The narrow range of shear-wave splitting observed in osten-
sibly intact rock implies pervasive crack distributions with the
crack density restricted by some critical phenomenon: the
fracture criticality of fluid-saturated crustal rocks (Crampin
1994). Crampin suggested that the value of crack density in
such pervasive crack distributions is limited by pronounced
increases in rock-matrix permeability caused by interacting
cracks, so that pore fluids disperse and the crack distributions
relax to a lower crack density. On the other hand, when pore
fluid pressure is less than the least principal stress, the closure
of pore space and various dehydration reactions tend to raise
pore fluid pressure (Brodie & Rutter 1985) so that high pore
fluid pressures are typical throughout crustal rocks (Neuzil
1995). As a consequence, a dynamic finely,tuned metastable
equilibrium of fluid-rock interactions or ,éracture criticality
must be expected (Paper I).

Consequently, the existence of critical or subcritical EDA
crack distributions must be expected for a rock mass containing
free (not chemically or electrically bonded) pore fluids even
for very low porosity. Microcracks are pervasive throughout
crustal rocks (Simmons & Richter 1976; Kranz 1983), and the
presence of free fluids at high pore fluid pressures (Neuzil
1995) in intergranular cracks or pores with volume concen-
trations of at least ¢ ~0.1 per cent is typical of low-permeability
crystalline rocks in the upper crust (Fyfe, Price & Thompson
1978).

The concept of fracture criticality is based on the assumption
that pore fluids disperse whenever the crack density is large
enough to create a subnetwork of crack clusters with enhanced
permeability. As we will show, the observed narrow range of
shear-wave anisotropy follows inevitably from the assumption
that the crack density is restricted by the percolation threshold
for uniform spatial crack distributions.

3.3 Percolation threshold

Following Dienes (1982) and Gueguen & Dienes (1989),
we consider a spatially uniform distribution of equally sized
cracks with random orientations (Paper I). Fig. | shows the
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Figure 1. Probability of intersection of uniformly distributed ran-
domly oriented equally sized cracks as a function of dimensionless
crack density ¢ with the range of different spatial characteristics
identified.
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probability of cracks intersecting, given by
P=1—exp[—(n/2)%], (3.1)

where we have written the probability of cracks intersecting
as a function of the dimensionless crack density .

For the moment, ignoring the dynamics of fluid-rock inter-
actions in interpreting (3.1), the effective crack densities corre-
spond to different types of spatial crack statistics. For £¢<0.1,
the probability of crack intersection P(g), given by (3.1), is less
than 1/4, and the crack distribution consists principally of
isolated cracks. In the narrow range of crack densities below
the percolation threshold ¢, there is intensive crack intersection
(crack clustering), resulting in an infinite (percolating) crack
cluster at ¢ =¢,. The percolation threshold ¢, has been evaluated
for different crack statistics and usually falls in the range
0.1<¢,<0.2 (see review by Lee & Farmer 1993). We take ¢,=
0.15 in the middle of this range, close to the value predicted
by Gueguen & Dienes {1989), where the percolation threshold
occurs for the crack intersection probability P(e,)=P,=1/3.
When &>¢,, through-going fractures exist and crack distri-
butions become permeable for pore fluids. However, the indi-
vidual elements of the rock mass remain intact up to some
critical crack density &;, the fragmentation threshold. When
crack density reaches this threshold, the rock is heavily frac-
tured and fragmented and close to disaggregation, and can no
longer be treated as an intact solid. The value of the fragmen-
tation threshold is not well established (Chelidze 1982, 1986)
and the region of fragmentation in Fig. 1 is presented only
schematically. Note that it is not useful to discuss the ‘correct’
value for the percolation threshold at the grain-scale level, as
the threshold depends on the complex geometry of pore space.
In this situation, &,~0.15 can be considered as a more or less
reliable approximation for the value of the percolation
threshold.

To show that the effect of crack clustering is large enough
to promote pore fluid dispersion, we first need to estimate
cragk-induced permeability for clustering cracks. The specific
permeability k. of spatially uniform distributions of equally
sized cracks just above the percolation threshold has been
calculated by Dienes (1982), and can also be presented in
terms of the dimensionless crack density &

kee=4(n/15)fg’ea’, (3.2)

where fx54(P—P,) is the percolation frequency, the fraction
of connected cracks, calculated by Gueguen & Dienes (1989)
using a four-coordinate Bethe lattice, and g is the crack aspect
ratio. Substituting the crack intersection probability P from
eq. (3.1) into (3.2), the increase in specific permeability caused
by percolation can be written

ke~ 54(4n/15) (1)2)* (e, )8 ca® (3.3)

for e>¢,.

Note that the infinite crack cluster permeability given by
(3.3) is a geometrical function of crack distribution variables
g, ¢, and a, and is without any reference to the physical or
mineralogical properties or stress state of in situ rock.
Consequently, it does not take into account the background
permeability caused by other permeable (interconnected)
microstructural elements. In the range e<e,, the background
permeability, k., of low-permeability intact rocks such as gran-
ites may be caused by a pipe network of intergranular micro-
tubes with high connectivity, or by a mixed structure of
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Figure 2. Increases in rock-matrix permeability of uniformly distrib-
uted randomly oriented cracks caused by percolation of crack/clusters
as a function of dimensionless crack density ¢ for two values of aspect
ratio. Crack radius is taken as 1 mm.

separate cracks connected by intergranular tubes (Géraud
1994), and is an approximately constant, slowly increasing
function of crack density. As a first approximation, the total
specific microscale permeability k; can be written as a sum
of the background permeability k, and a crack cluster
permeability k.. given by (3.3), where k, =k, + k.

Fig. 2 shows the possible behaviour of specific permeability
ks as a function of crack density for intact low-permeability
rocks with an initial background permeability of k,=10
nanodarcy (1072° m?) for two values of aspect ratio. When
crack density reaches and exceeds the critical percolation
threshold &,, permeability increases abruptly by some orders
of magnitude due to interconnected crack clusters. Such
increasing micro-scale permeability induced by cracking above
the fracture criticality limit was suggested by Crampin (1994)
to explain the observed range of seismic azimuthal anisotropy
in ostensibly intact rock. Consequently, the crack density limit
of fracture criticality, ¢, can be associated with the percolation
threshold, so that .~ ¢,

Consider the values of stress-induced seismic anisotropy that
can be expected from an initially isotropic randomly oriented
subcritical crack distribution with some crack density ¢ just
below the percolation threshold. As shown in Paper I, azi-
muthally isotropic subvertical crack distributions are an inevi-
table result of a distribution of initially randomly oriented
cracks, subjected to the differential stress of the vertical
overburden Aoy=o0y—0,>3/2¢° The critical stress ¢° was
introduced in Paper I as the inverse of the crack-space com-
pressibility c., and is directly related to the crack aspect ratio
g for the simple case of equally sized cracks. In this case the
effective crack density of subvertical (azimuthally isotropic)
crack distributions is given in Section 4 of Paper I as

by =6, COSPo=¢, (2 5v/3) 712, (3.4)

where ¢, is the orientation angle between the crack normal
and the vertical axis, separating the open crack system from
closed cracks transparent to propagating seismic waves, and
sy is the normalized dimensionless differential vertical stress
sy=Aay/c, taken to be positive for compressional vertical
differential stress (details in Section 5 of Paper I).

Fig. 3 shows the evolution of effective (normalized) crack
density and angle y, with increasing uniaxial loading. For a
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Figure 3. Upper diagram: evolution of normalized effective crack
density ¢y/ey, from an initially randomly oriented crack distribution
as a function of vertical differential stress, where ey, =¢y (sy=0). The
horizontal dashed lines mark the range of crack densities of near-
vertically aligned cracks in the evolution of an initially randomly
aligned distribution of EDA cracks subjected to increasing vertical
differential stress, 0<sy, <30. Lower diagram: evolution of angle ¥,
separating open cracks from closed cracks for increasing vertical
differential stress in a randomly oriented crack distribution. The
horizontal dashed line separates more nearly vertically aligned cracks
from more nearly horizontally aligned cracks.

vertical differential overburden stress sy>4.2 (oy>4.26° for
unnormalized dimensional stress), all subhorizontal cracks
with normals oriented closer than 45° to the vertical axis are
closed so that the crack distribution consists mainly of sub-
vertical cracks. Eq. (3.4) shows that, because of the exponent
—1/3, once the differential overburden exceeds sy=4.2, the
effective crack density is rather insensitive to overburden. Fig. 3
shows that for a wide range of dimensionless (normalized)
differential vertical stress, 4.2<sy <30, consistent with the
strength-bearing capacity of rocks of the upper crust, effective
crack density changes only within the comparatively narrow
limits 0.4e.<ey<0.7¢.. That is, ey=(0.554+0.15)¢, for all
expected differential vertical stress components.

In the presence of horizontal differential stress, subvertical
crack distributions will display seismic azimuthal EDA ani-
sotropy due to the differential closing of the subvertical inter-
granular cracks relative to the principal axes of the horizontal
stress field. The behaviour of effective crack density and
horizontal closure angle 6, (see Section 5 of Paper I) almost
exactly repeats the previous scenario for subvertical effective
crack density ey and angle y,. This results in another abrupt
drop in effective crack density with little further evolution for
increasing differential horizontal stress in the range of the
values for the normalized crack density ex(0.551+0.15)ey,
where ¢, 2 (0.5540.15)¢,. The total range of expected effective
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crack densities for azimuthally anisotropic crack distribution
is thus e~(0.55+0.15)(0.55 +0.15)¢,, approximately 0.15-0.5¢.
For the subcritical crack density & just below the percolation
threshold ¢,~0.14, say, the range of effective crack densities
for azimuthally anisotropic crack distributions is approxi-
mately 0.02<¢<0.07 for a wide range of expected differential
stresses in crustal rocks.

The magnitude of shear-wave splitting for near-vertically
propagated shear waves can be estimated for parallel vertical
cracks in a simple form:

AV/V=¢A, (3.5)

where AV/V is the difference in the velocities of the two split
shear waves normalized by the velocity of the faster wave V
and A=(8/3)(A+2w/(34+4u) is a dimensionless combination
of the Lamé constants 4 and pu (Crampin 1984b). For iz u
(Poisson’s ratio ~0.25), A=8/7~1 and/the percentage of
shear-wave splitting is approximately eqpal to the crack density
& [see also eq. (4.1) below]. This approximation was used by
Crampin (1994) to formulate the concept of fracture criticality.
As follows from eq. (3.5), the expected value of azimuthal
anisotropy for effective crack densities in the range
0.02 <¢<0.07 is a shear-wave velocity anisotropy of about 2-7
per cent. However, eq. (3.5) assumes parallel cracks. Stress-
aligned cracks with a distribution of orientations lead to the
lower values of shear-wave anisotropy for the given range of
effective crack densities, 0.02 <&<0.07. More accurate numeri-
cal calculations for distributed crack orientations give the
expected percentage of stress-induced shear-wave anisotropy
in the range about 1-5 per cent. The remarkable agreement
with observed values of 1.5-4.5 per cent (Crampin 1994)
suggests that the above analysis is appropriate for in situ rocks
in the crust.

3.4 Fracture criticality and scale-invariant distributions of
fractures

Although subcritical crack density ¢, just below the percolation
threshold ¢,~0.15, cannot be obtained directly from seismic
field data, this subcritical crack distribution is not a theoretical
artefact or a purely theoretical construction. On the intergranu-
lar microscale level with a characteristic crack size of the order
of grain size, the stress field affecting microcracks can be
considered as the sum of the average applied stress field o,
(local, regional and tectonic) and the perturbed intrinsic micro-
stresses o, Thus the total stress is

0=0,+0, (3.6)

where the perturbed stochastic component o, is of the same
order as the applied stress field o, due to the microscale stress
polarization (Section 4, Paper I) caused by differences in the
elastic constants of mineral grains, and pore-space inhomogen-
eities. This stochastic component of stress supports critical
crack distributions and plays a crucial role in the model
proposed in Paper I, which displays effective anisotropy
induced by applied stress o, only for physical processes effec-
tively averaging the influence of microscale stochastic stress
perturbations. We will show in the next section that propagat-
ing seismic waves effectively, and almost linearly, average the
stress field through the interaction with crack distributions.
Another possibly observable consequence of fracture criti-
cality is that there may be families of scale-invariant fractures
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related to the crack clusters of different sizes. The proximity
of crack density to fracture criticality and the percolation
threshold suggests that crack clusters are likely to be
distributed according to some scale-invariant power-law:

n(l)dl=Ni">dl, (3.7}

where n(l)d! is the volume concentration of crack clusters with
characteristic size /, N is a normalizing factor and x is the
exponent for the scale-invariant statistical parameters of the
distribution of crack clusters. A simple but reasonable assump-
tion that the total surface of crack clusters at different scales
equals the total surface of individual microcracks allows us to
estimate the statistical parameters N and x. We have

J (rP)NI™~dl=na*n, =ne/a, (3.8)
where n,=za"* is the volume concentration of microcracks.
Integration of eq. (3.8) immediately gives values N=¢ and x=
—4. The exponent x= —4 for a 3-D distribution (3.7) is
consistent with the field observation of fracture distributions
averaged over fracture lengths ranging from 107° to 10° m
(Heffer & Bevan 1990).

Note that recognizing that scale-invariant distributions of
fractures in crustal rocks are consistent with the idea of
microcrack coalescence at different scales is not new (Allégre,
Le Mouel & Provost 1982). Moreover, any direct application
of the results of percolation theory to the problem of scale-
invariant geological structures in crustal rocks, particularly in
the form of oversimplified estimates as in (3.1) (3.3), and (3.8),
must proceed with caution (Bebbington, Vere-Jones & Zheng
1990; Heffer & Bevan 1990), and requires further investigation.
Nevertheless, the existence of scale-invariant families of frac-
tures caused by the critical nature of fluid—rock interaction at
the grain-scales (the fracture criticality, or metastability, of the
stressed fluid-saturated rock mass) with the parameter N of
the order of the percolation threshold &, can be expected for
all types of fluid-saturated polycrystalline rocks, even for
osteﬁsibly intact crustal rocks. In the general case of fractured
crustal rocks with different geological histories, the microcrack-
induced families of scale-invariant fractures can define the
‘minimum’ expected value of the scale-invariant fracture density
N, of the order of the percolation threshold &,~0.1-0.2, which
seems to be consistent with the distribution of N reviewed by
Heffer & Bevan (1990). In this case, the narrow range of
observed stress-induced shear-wave velocity anisotropy,
1.5-4.5 per cent (Crampin 1994), is a further seismic demon-
stration of the self-organized criticality of crustal rocks
(Turcotte 1992), which appears to be the resuit of the critical
metastable nature of fluid-rock interaction at grain-scales in a
pre-stressed fluid-saturated rock mass. Such plausible concepts
have been demonstrated in several branches of physics, ranging
from solid-state physics to global cosmology, where self-
organized and self-similar macrostructures are a result of some
critical physical or chemical microscale phenomenon (Ma
1976).

4 PHYSICAL REASONS FOR COUPLING
BETWEEN DIFFERENTIAL STRESS AND
SHEAR-WAVE SPLITTING

It has long been recognized theoretically (Nur 1971; Crampin
1978, 1981), experimentally (Nur & Simmons 1969), and in

field observations (Crampin et al. 1980, 1985) that the pervasive
azimuthal shear-wave splitting observed in crustal rocks is a
stress-induced phenomenon caused by stress-aligned fluid-filled
EDA cracks (Crampin et al. 1984). However, the physical
behaviour of cracked rock, and the physics of crack distri-
butions responding to changes in the local and regional stress
fields, has not previously been formulated theoretically. One
of the barriers hindering such developments has been that in
conventional poroelasticity theory (Biot 1941, 1956a,b) shear
stresses are decoupled from pore fluid pressures so that the
shear modulus and the velocities of shear waves are insensitive
to pore fluid pressure and applied differential stress. In contrast,
numerous laboratory experiments with pre-stressed cracked
crystalline and sedimentary rocks (Nur & Simmons 1969;
Sayers 1988; Rai & Hanson 1988; Siegesmund, Kern &
Vollbrecht 1991; Sayers & van Munster 1991), and theoretical
modelling (Nur 1971; Crampin 1978; Sayers 1988; a;ﬁiongst
others), demonstrate that shear waves are very sensitive to
modifications of pore space caused by differential’stresses in
the range 1-100 MPa.

The concept of fracture criticality, suggesting a narrow range
of effective crack density for intact rock in the upper crust,
appears to be in conflict with the idea of a close relationship
between shear-wave splitting and varying stress field. The
effects of eq. (3.5) demand changes in the effective crack density
in response to small or moderate changes in differential
components of the stress field expected before earthquakes.
Moreover, the absence of significant variations in crack density
before the 1986, M =6, North Palm Springs earthquake
(Crampin et al. 1990) suggested that crack density remains a
more-or-less constant, or at most, slowly increasing, function
of increasing stress.

It was suggested (Peacock et al. 1988; Crampin et al. 1990,
1991) that the observed temporal variations in shear-wave
splitting along ray-path directions close to the boundary of
the shear-wave window quadrant perpendicular to the crack
strike were caused by systematic changes in aspect ratio of the
EDA crack distributions. Similar effects were modelled
(Peacock et al. 1988; Crampin et al. 1990) by increasing the
aspect ratio at a fixed crack density. The key question is
whether an increase of pore fluid pressure caused by an
increasing horizontal stress component, with subsequent micro-
scale pore fluid diffusion, preferentially increases the crack
aspect ratio or stimulates subcritical crack growth (Atkinson
1984), which would probably be indicated by an increase in
the effective crack density. It is possible that both processes
are important for the evolution of EDA crack distributions,
but are likely to have very different characteristic times in
response to the changes in stress field.

Since an increase of aspect ratio caused by differential
dilatation of pore space is a poroelastic response to an increase
of excess pore fluid pressure (Paper I), it seems likely that
increases of aspect ratio would take precedence over subcritical
crack growth for short-time changes in the stress field before
earthquakes, with a possible slow further evolution due to the
subcritical crack growth or other kinetic relaxation processes.
Observations before and after the North Palm Springs earth-
quake agree with this interpretation (Crampin et al. 1990,
1991). The velocity of subcritical crack growth is directly
proportional to the changes in differential stress components,
and very slow velocities (107! m s~! Wilkins 1980) have
been recorded in the laboratory for moderate values of
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differential stress. However, kinetic effects need to be taken
into account in self-consistent theoretical considerations. These
problems will be investigated in further publications for
different physical situations (changes in differential stress,
overburden pressure, pore fluid pressure, and temperature and
chemical activity of pore fluids, amongst others).

The crack distribution model developed in Paper I appears
to provide a simple explanation for the specific change in
shear-wave response to changes in the stress field before and
after earthquakes. The elastic constants of pre-stressed fluid-
saturated rocks for values of effective crack density ¢<0.1,
which according to the fracture criticality concept can be
considered as typical for almost all types of intact rocks in the
upper crust (see Section 3), can be written (Paper I) as

C=Cs+¢ JJ RO)C'()dQ, (4.1)

where Cij, is the tensor of elastic constants of uncracked
solid, Cly, is the first-order correction for elastic constants of
parallel cracks, R is the rotation matrix for fourth-order

tensors (Paper I) and
y=14pg/o°+a;mn;/o°=14+p+s;nn;, (4.2)

where excess pore fluid pressure p; is a function of the
differential component of the stress field ¢;; and is determined
by an integral equation [eq. (3.24), Paper I], n; is the ith
component of the unit vector to the crack face and dimen-
sionless p and s;; are, respectively, p; and o;; normalized by o°.
In the simple model of equally sized microcrack distributions,
y can be considered as the normalized aspect ratio in the
region of crack orientations where g>0. In the general case of
porous rocks, that is all rocks containing free fluids, y specifies
the differential dilation and closure of pore space. The main
consequence of eq. (4.2) is that the variations of y are related
to the first-order variations of the stress field, since

dy =nn{do;/6°)+(dpe/da ;) (da;/o°) . (4.3)

The response of the elastic properties dC, and consequently
the seismic-wave velocities, of the cracked rock to changes in
the stress field is determined through the variational derivative
of the elastic constants d C/dy. We have

OC=(0Cldy)dy=¢ JJ‘ R(Q)Cy + 6y)dQ

y+6y=0

~e f j RQ)C'(»)dQ, (4.4)
>0

which can be expressed as

5C=£ff R(Q)C'(y)dQ+st R(QYSCY/6p)6ydQ.  (4.5)
oy y=0

The first term in (4.5) corresponds to the variations in elastic
constants due to changes in the distribution of crack orien-
tations caused by the opening and closing of cracks at different
orientations to the stress field by microscale fluid migration.
The behaviour of shear waves due to such modifications of
crack geometry was considered in Paper I for different physical
situations. Note that because the value of the first term is
proportional to the region of integration oy, the elastic con-
stants are approximately linearly dependent on &y. Thus,
dy ~da;; from (4.3), and the effect of stress-induced variations
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to elastic properties, and consequently to velocities of seismic
waves, is of first order in dq;;/0°.

The second term in eq. (4.5) corresponds to variations in
the elastic constants caused by the changes in the geometry of
individual cracks, or more generally by differential dilatation
of pore space. As was shown in Paper I, the dependence of the
first correction C}y, on the crack geometry and properties of
fluid-filled cracks can be written as

Cliaoc t A pr/(14yr), (4.6)

where r=c0°=c¢/c,, 1s the normalized dimensionless pore
fluid compressibility ¢, and A’~1 is a dimensionless combi-
nation of Lamé constants, as in eq. (3.5). For normal fluids
(fluids with the properties of water under near-surface con-
ditions), r is about 10731072 for a critical stress ¢° in the
range 1-10 MPa. This means that the effects of changes in
stress on elastic properties caused by the second term in (4.5)
are negligible in comparison with those pf the first term.

However, for subcritical H,0-CO,—salt pore fluid composi-
tions under high pressure and temperature (Shmulovich,
Tkachenko & Plyasunova 1995; Shmulovich & Graham 1996),
the fluid compressibility ¢ is high and » can be of order unity,
so that the effect of crack dilatation due to the second term in
eq. (4.5) is of the same first order of magnitude in relation to
00;;/c° as the first term. This situation was discussed by
Crampin et al. (1990), where pore fluid properties were esti-
mated for high-P and -T conditions at depth in the crust in
order to explain the variations in shear-wave splitting observed
before and after the North Palm Springs earthquake. The
observations of shear-wave splitting showing such variations
were from small earthquakes with depths from 12 to 20 km,
with ray paths where pore fluid properties are expected to be
substantially different from those at near-atmospheric con-
ditions at the surface. The crack dilatation assumed by Peacock
et al. (1988) and Crampin et al. (1990, 1991) is now shown to
be a direct consequence of an increase in differential horizontal
stress inducing pore fluid migration along pressure gradients
between adjacent intergranular EDA microcracks at different
orientations to the stress field.

The above discussion of the underlying physical mechanism
for the stress-induced variations expected in the anisotropic
behaviour of seismic waves is based on the general equation
(4.5), and does not show how seismic waves will react to
changes in the horizontal differential stress field. In the next
section, we show that the principal effect of changes in differen-
tial stress is on ray paths close to the boundary of the shear-
wave window in directions oblique to the average strike of the
EDA cracks, in agreement with the interpretation of the
observed variations before the 1986 North Palm Springs
earthquake (Crampin et al. 1990).

It might be thought that the stochastic stress field discussed
in the previous section may seriously affect the sensitivity of
seismic waves to small variations in the average tectonic stress.
The above discussion of the physical reasons for the coupling
between shear waves and differential stress shows that this
coupling is approximately linear over do;;/6°. Thus the effective
elastic constants given by eq. (4.1) are a result of linear
averaging over crack distributions, at least for effective crack
densities £¢<0.1. When cracks are distributed uniformly in
space and consequently randomly affected by local stress
perturbations (local stress polarizations) due to variations in
grain lithology, pore shapes and other phenomena, variations
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in seismic velocities will follow the average changes in the
regional differential stress field where &y~ da;;/0° (eq. 4.3). The
kinetic effects of crack growth and healing may disturb this
simple coupling due to the changes in the effective crack
density of the quasi-stationary crack distribution (this effect
will be considered elsewhere), but nevertheless the conservation
law for pore fluid and the concept of fracture criticality is
likely to restrict possible changes in effective crack density.

5 MODELLING TEMPORAL VARIATIONS
IN SHEAR-WAVE SPLITTING

The only existing observations of temporal changes in shear-
wave splitting over a solid angle of directions wide enough for
the changes to be quantified are temporal variations in the
time delays between split shear waves reported before and
after the 1986, M =6, North Palm Springs earthquake,
Southern California (Crampin et al. 1990, 1991). [ There have
been a few reports of similar temporal variations before smaller
earthquakes, consistent with the observations, but these have
much less complete data sets (Booth et al. 1990; Liu et al.
1993; Gao et al. 1997) with much smaller coverage of the solid
angle.] Station KNW, where the observations were made, is
above a relatively simple geological structure characterized by
a great thickness (approximately 21 km) of nearly constant P-
and S-wave velocities (6.30 and 3.63 km s~ !, respectively;
Hartzell & Brune 1979).

To model the seismic response to the possible changes in
the differential component of (maximum) horizontal stress sy,
we have chosen a 3-D random distribution of cracks with an
initial fixed value of crack density just below the percolation
threshold pre-stressed by a fixed vertical differential stress sy =
20 (Aoy=0y—0,=200° for dimensional differential stress).
Note that Agy is the difference between the vertical and least
horizontal components of stress, and at depth is much less
than the lithostatic (overburden) pressure. In this case, the
model developed in Paper I is entirely constrained and has no
free parameters. The seismic response of rock with fluid-
saturated intergranular EDA cracks depends only on the
relationship between the dimensionless differential components
of the stress field. The insensitivity of the subcritical crack
distribution to the value of the differential vertical stress
demonstrates that the observed effects imply variations in
horizontal differential stress. Fig. 4 shows the evolution of split
shear waves in initially randomly oriented vertical cracks under
increasing sy in the range sy=0 to sy= 10, for s, <sy/2, where
sy=20 and s, =0. The dashed lines correspond to observations
of shear-wave splitting inferred from the seismic data (Peacock
et al. 1988; Crampin et al. 1990, 1991) for average stress
conditions, and we see that from an initially random distri-
bution of nearly vertical cracks the shear-wave splitting
becomes close to the behaviour observed at Anza. Note that
the 3-D pattern of stress-induced variations in the region of
the shear-wave window (effectively 45° from the vertical) is
similar to that which was initially proposed to explain the
observations by Peacock et al. (1988) and Crampin et al.
(1990, 1991).

Fig. 5(a) shows a simple stress—time history used to model
the smoothly increasing maximum horizontal stress before an
earthquake. The sequence begins with a linear build-up to a
maximum value of differential horizontal stress sy—s, =10,
and an abrupt decrease at the time of (or in one case shortly

before, Booth et al. 1990) the main shock. The lithostatic
(vertical) overburden stress and minimum horizontal stress are
assumed to be constant during the earthquake cycle.

It was recognized by Peacock et al. (1988) and Crampin
et al. (1990, 1991) that, in the stress conditions at Anza, time
delays are most sensitive to stress variations for ray-path
directions to the surface between about 45° and 75° to the
crack plane, in the quadrant of azimuths bisected by the s, to
sy plane. The difference between the split shear waves in these
directions, proportional to the time delay, is the solid area in
the top two diagrams of Fig. 4 for sy=7 and s,;=10. The ratio
between the solid area and the open area at less than 15° to
the crack plane is greater for sy =10 than for sy=7. Fig. 5(b)
shows observed time delays (stars) for angles between 45° and
75° to the vertical above small earthquakes in the, specific
azimuthal quadrant before and after the North Palm Springs
earthquake (Crampin et al. 1990). The lines are aveyﬁge values
of calculated time delays for ray-path directiong between 45°
and 75° in the azimuthal quadrant for the simplé stress history
in Fig. 5(a) of a linear increase and an abrupt decrease in sy
at the time of the earthquake. The solid line corresponds to a
pore fluid with the compressibility of water at atmospheric
temperatures and pressures. As the earthquakes were compara-
tively deep, approximately 20 km, the dashed line is the
expected effect of cracks filled with a fluid composition
H,0-CO,-salt at temperatures and pressures appropriate to
about 10 km depth (Shmulovich et al. 1995; Shmulovich &
Graham 1996), approximately halfway along the ray paths.
The dashed line is a good fit to the observations.

6 DISCUSSION

Numerical APE modelling of rock-mass deformation matches
observations for a wide range of different phenomena, as
listed below:

(1) APE modelling matches the minimum shear-wave veloc-
ity anisotropy in intact rock below 1 km depth (observed 1.5
per cent; modelled 1 per cent);

(2) APE matches the upper fracture-criticality limit of shear-
wave velocity anisotropy in intact rock below 1 km depth
{observed 4.5 per cent; modelled 5 per cent);

(3) APE matches the evolution of microcracked rock in a
crustal stress field in Fig. 4;

(4) there is compatibility between the fracture criticality
(percolation threshold) and the observed scale-invariant
distributions of fractures over 10 orders of magnitude;

(5) APE modelling matches the observed variations in shear-
wave splitting observed before and after the North Palm
Springs earthquake in Fig. 5 (and several smaller earthquakes
elsewhere) for a simple increase of differential horizontal stress.

What is particularly surprising is that the microscale APE
modelling matches macroscale observations of shear-wave
splitting despite the evident heterogeneities throughout all
crustal rocks. Occam’s razor suggests that APE modelling is
at least a good first-order approximation to the numerical
equation of state for the behaviour of a pre-stressed
fluid-saturated rock mass.

APE has several first-order implications. Microscale fluid
flow between adjacent intergranular microcracks and pores
largely controls small-scale deformation of in situ rock, which
is dominated by pore fluid migration. The immediate effect is
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Figure 4. Left-hand and centre diagrams: evolution of shear-wave velocities showing two approximately orthogonally polarized shear waves. Solid
lines: effects of increasing horizontal differential stress from bottom sy=0 (sy=sy), 5, 7 and 10, for sy=20 and s,=0. Dashed lines: velocities
inferred from Anza (Crampin et al. 1990) for a fixed model of parallel vertical EDA cracks. Velocities of the two split shear waves are shown in
two orthogonal planes of symmetry s, (0°) to sy (90°), and sy (0°) to sy (90°), where SP is polarized parallel and SR at right-angles to each plane
of variation. The solid areas in the top two diagrams at angles of incidence between 15° and 45° in the sy—s, are proportional to the time delays
along ray paths in these directions plotted in the lower diagram in Fig. 5. Right-hand diagrams: equal-area polar plots about the s, direction of

the line marking the boundary of the distribution of closed cracks.

to redistribute pore fluids between neighbouring microcracks
and pores by modifying effective aspect ratios at different
orientations to the stress field. The widely observed shear-
wave splitting in the crust (Crampin 1994) means that the
frequently neglected differential horizontal stress is typically
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sufficient to align the microstructure of rocks in the crust.
These microscales are the smallest elements of self-similar
structures controlling macroscale observations including distri-
butions of fractures and macroscopic observations of shear
waves (suggesting that the observational seismic gap between
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Figure 5. Upper diagram: possible time history of horizontal differen-
tial stress component sy in an earthquake cycle in the presence of a
larger vertical differential stress sy. The horizontal begins at an initial
level sy =7, increases linearly to s;= 10, and then decreases abruptly
near the time of the earthquake. The arrowhead marks the time of the
hypothetical earthquake. Lower diagram: Variations in time delays in
shear-wave splitting for ray-path directions between 45° and 75° to
the crack plane in the azimuthal quadrant bisecting the direction
normal to the crack plane before and after the North Palm Springs
earthquake. The solid line corresponds to the pore fluid with compress-
iBility of water at atmospheric temperatures and pressures for the
stress history in the upper diagram. The dashed line is the expected
effect of cracks filled with H,O0-CO,—salt pore fluid compositions at
temperatures and pressures appropriate to about 10 km depth
(Shmulovich et al. 1995; Shmulovich & Graham 1996), approximately
halfway along the ray paths. Observations (stars) are taken from
Fig. 3(d) of Crampin et al. {1990). The arrowhead marks the time of
the North Palm Springs earthquake.

P-wave observations at frequencies between 1 kHz and 30 Hz,
say, is at least partially transparent to shear waves). The
similarity between the modelled and observed behaviour before
earthquakes suggests that at least some earthquakes are the
result of comparatively simple increases in differential
horizontal stress, and that these changes can be monitored by
appropriate observations of shear waves. One of the most
important implications is that microscale behaviour can be
monitored with observations of macroscale shear-wave
splitting.

These implications are not exhaustive. The developments
lead, we suggest, to a new understanding of the behaviour of
all rocks containing free fluids and there may well be other
important implications and applications that are not yet
obvious.

What is not understood at present is the effect of frequency

and spatial dispersion of seismic waves in fluid-saturated
porous rocks (Dvorkin & Nur 1993; Hudson, Liu & Crampin
1996). The approximation used in this paper and Paper I is a
simple low-frequency calculation of the variations in seismic
wave velocities due to an applied stress field. We have demon-
strated that the anisotropic stress-induced crack distribution
is supported by intrinsic microstresses and, because of the
various stress-relaxation mechanisms modifying the internal
crack and pore geometry, is in a metastable condition.
Consequently, kinetic stress-relaxation processes will also affect
the evolution of quasi-stationary crack distributions in fluid-
saturated crustal rocks. These processes include subcritical
crack growth, crack healing, intracrystalline plasticity and
chemical fluid-rock interactions, amongst others. As we argued
in Paper I and in Section 3 of this paper, full relaxation of
intrinsic microstresses in continuously deformed pre-stressed
fluid-saturated rock is impossible. At microscale/ level there
will always exist perturbed stochastic stress components of the
same order as the average (applied) differential stresses caused
by differences in the elastic constants of different mineral
grains, and by pore-space inhomogeneities. These stochastic
stress components support metastable quasi-stationary crack
distributions with parameters defined by the average (applied)
differential stress. The anisotropic quasi-stationary EDA crack
distributions satisfy the microscale stress balance between the
average stress field with deviatoric components and the essen-
tially isotropic pore fluid pressure (Paper I). We have demon-
strated that such crack distributions are sensitive to even small
changes in the stress conditions of fluid-saturated crustal rocks.

7 CONCLUSIONS

We conclude that stress-induced variations in shear-wave
splitting in ostensibly intact rocks in at least the upper 15 km
of the crust is controlled by pressure-induced pore fluid
migration at the microscale level, leading to the stress sensi-
tivity and compliance of fluid-saturated crustal rocks. We have
demonstrated that the narrow range of observed stress-induced
anisotropy, 1.5-4.5 per cent, can be interpreted as confirmation
of the self-organized criticality of crustal rocks at the funda-
mental grain-scale level and the proximity of fracture criticality
in all fluid-saturated crustal rock. Theoretical modelling of the
stress-sensitive behaviour of split shear waves develops the
concept of extensive-dilatancy anisotropy (EDA), where the
fluid-rock interaction and pore fluid dynamics at the grain-
scale level are an integral part of the analysis. The qualitative
and quantitative agreement of theoretical results of microscale
modelling and field observations of macroscale seismic wave-
lengths is remarkable and suggests that both the modelling
and the interpretation of the observations are good first-order
approximations to fluid—rock interactions in in situ rock. We
have shown that much of the behaviour of fluid-saturated
stress-sensitive rock is essentially controlled by the frequently
neglected differential horizontal components of the in situ
stress field. Consequently, any analysis which neglects differen-
tial horizontal stress in the stress state of crustal rock is at
best incomplete, and at worse may introduce serious errors
into estimates of fluid—rock interactions.

This analysis also suggests that the microscale structure of
rock is sensitive to even small changes in the differential
horizontal stress field due to the proximity of metastability
and fracture criticality. Further, it suggests that such small
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changes in stress can be monitored by corresponding changes
in the behaviour of seismic shear waves. Since the stress state
of rock mass directly or indirectly depends on local and
tectonic stresses, pore fluid pressure, temperature, composition
and chemical activity, amongst others, this means that shear
waves are also sensitive to variations in all these parameters
and can be used to monitor the deformation of the
stress-sensitive fluid-saturated rock mass.
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