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Abstract

Azimuthally-aligned shear-wave splitting is widely observed in the Earth’s crust. The splitting is diagnostic of some
form of seismic anisotropy, although the cause of this anisotropy has been sometimes disputed. The evidence in this
review unquestionably indicates cracks, specifically stress-aligned fluid-saturated microcracks, as the predominant cause
of the azimuthally-aligned shear-wave splitting in the crust. Although, in principle, shear-wave splitting is simple in con-
cept and easy to interpret in terms of systems of anisotropic symmetry, in practice there are subtle differences from iso-
tropic propagation that make it easy to make errors in interpretation. Unless authors are aware of these differences,
misinterpretations are likely which has led to incorrect conclusions and charges of controversy where only misinterpre-
tations exist. As a consequence, stress-aligned fluid-saturated microcracks as the cause of azimuthally-aligned shear-wave
splitting in the crust is still not universally accepted despite there being distinguishing features that directly indicate
crack-induced anisotropy. This paper reviews observations and interpretations of crack-induced shear-wave splitting
and demonstrates that claims for aligned crystals and other sources of shear-wave splitting are due to fallacies in inter-
pretation. This review shows how previous contrary interpretations are resolved and discusses common fallacies and mis-
interpretations. It is suggested that this new interpretation of shear-wave splitting has such fundamental implications for
almost all solid-earth geoscience that it amounts to a New Geophysics with applications to particularly exploration and
earthquake geoscience but also to almost to all other branches of solid Earth geoscience.
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1. Introduction

Shear-waves propagating in anisotropic rocks split into two approximately orthogonal polarisations that
travel at different velocities and write characteristic easily-identifiable signatures into three-component seismic
wave trains [1]. Such shear-wave splitting (seismic birefringence) aligned azimuthally is widely observed in
almost all igneous, metamorphic, and sedimentary rocks in the Earth’s crust in almost all geological and tec-
tonic regimes [2–6]. There are only a few well-understood exceptions where azimuthally-aligned shear-wave
splitting has not been observed in the crust [7]. Such azimuthally-aligned shear-wave splitting was first iden-
tified in 1981, in both the crust [8] and the upper-mantle [9]; coincidently and independently, both reported in
the same volume of Nature. However, despite 25 years of observations, the causes and interpretation of shear-
wave splitting in the Earth’s crust are still often misunderstood. This review attempts to resolve some of these
misunderstandings.

Note that the phrase ‘azimuthally-aligned shear-wave splitting’ refers to splitting where the faster split
shear-waves are approximately parallel as illustrated schematically in Fig. 1. This distinguishes it from the
splitting, observed particularly in exploration seismology in finely-layered sedimentary strata, where the polar-
isations are controlled by the direction of propagation and are strictly SV and SH.

Anisotropic symmetries are discussed in Section 2.1, below. The evidence suggests azimuthally-aligned shear-
wave splitting observed in the Earth’s crust is invariably caused by stress-aligned parallel vertical microcracks.
This mechanism has the enormous benefit that the crack geometry has comparatively simple anisotropic sym-
metry that can be specified by three parameters: (1) orientation of the parallel vertical microcracks, imaged by
the strike of the nearly-parallel shear-wave polarisations; (2) crack density imaged, by one hundredth of the per-
centage of shear-wave velocity anisotropy; and (3) changes in crack aspect-ratios, imaged (less easily) by changes
in average time-delays between split shear-waves in a particular range of angles of incidence to the free-surface
[7]. Changes in crack aspect-ratios are important as we have shown in a recent more formal review of theory and
interpretation in Wave Motion [10] that their behaviour in the Earth’s crust demonstrates that the microcracks
are so closely-spaced they are critical-systems monitoring the low-level pre-fracturing deformation of in situ

rock. Consequently, shear-wave splitting is caused by stress-aligned near-vertical microcracks [2–6], and is
the key diagnostic of the New Geophysics: a new understanding of fluid-rock deformation which has profound
implications for many properties of in situ rocks [7,10,11]. This review provides the consistent interpretation of
shear-wave splitting necessary for understanding and promoting the New Geophysics.
Fig. 1. Schematic illustration of shear-wave splitting through distributions of stress-aligned fluid-saturated parallel vertical microcracks
aligned normal to the direction of minimum horizontal stress, rh. For propagation within 30� of the vertical, the polarisations of the faster
split shear-waves are parallel to the strike of the cracks and parallel to the direction of maximum horizontal stress, rH. Such parallel
vertical crack orientations are typically found below the critical depth (typically between 500 m and 1000 m), where the increasing vertical
stress, rV, becomes greater than rh, so that the minimum stress is horizontal. (After [6].)
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1.1. Background

In 1981, one of us published in Wave Motion [1] a review of theoretical and numerical aspects of wave
propagation in cracked and anisotropic media, particularly with reference to observations of anisotropy in
the Earth’s crust. The most diagnostic feature of azimuthally-aligned anisotropic wave propagation is
shear-wave splitting (seismic birefringence), where shear-waves split into differently polarised phases which
are azimuthally-aligned, travel at different velocities, and write easily-recognised symbols into polarisation dia-
grams (PDs), or hodograms, of three-dimensional particle motion. Shear-wave polarisations and time-delays
between split shear-waves, the two distinctive parameters in Fig. 1, can easily be identified and measured in
PDs.

Azimuthally-aligned shear-wave splitting was positively recognised in in situ rock in observations above
small earthquakes in Turkey [8,12], and later in seismic reflection surveys, and vertical seismic profiles in
oil exploration surveys [13,14] and other reports reviewed by Helbig and Thomsen [15]. Such shear-wave split-
ting with azimuthally-aligned polarisations is widely observed above small earthquakes (see for example [5,6],
and many papers cited throughout this review). Fig. 2 shows an example of shear-wave splitting above a small
earthquake in SW Iceland. The horizontal seismograms are rotated into faster and slower shear-wave polar-
isation directions showing different arrival times. PDs of the horizontal motion of the two split shear-waves
show linear motion with a difference in arrival times of �0.1 s. The enlarged PD of the horizontal motion
shows the linear motion of the faster split shear-wave where the deviations of linearity between the circled
shear-wave arrivals are less than the amplitude of the P-wave coda. It is interesting that, although shear-wave
splitting is a second-order phenomenon of small differences in shear-wave velocities, if split shear-waves are
rotated into faster and slower polarisations, as in Fig. 2a, the arrival times can often be read with first-order
accuracy.

Azimuthally-aligned shear-wave splitting is also observed in exploration seismology in a huge variety of
controlled source experiments in reflection profiles, vertical seismic profiles, and well logs as reviewed in Wave
Motion [10].

1.2. The new geophysics

Critical-systems are a New Physics [17]; a New Geophysics. Complex heterogeneous interactive systems ini-
tially interact locally, but when they approach singularities, bifurcations, or, in the case of the Earth, fracture-
criticality [2], they abruptly display coherent behaviour involving collective organisation of large numbers of
degrees of freedom: ‘‘It is one of the miracles of nature that huge assemblages of particles subject to the blind
forces of nature, are nevertheless capable of organising themselves into patterns of cooperative activity” [18].
Critical-systems and self-organisation are extremely common, including: quantum mechanics; superfluidity;
traffic clustering on roads the life cycle of fruit flies; stocks in the New York stock exchange; and a huge num-
ber of physical relationships including the Gutenberg–Richter relationship between the logarithm of the cumu-
lative number of earthquakes and the earthquake magnitude, which is linear (self-similar) over at least eight
orders of magnitude. Thus, in suggesting that the Earth’s crust is a critical-system of stress-aligned fluid-sat-
urated microcracks [11], we are merely suggesting that the Earth behaves like all other complex heterogeneous
interactive phenomena.

Critical-systems have a range of behaviour fundamentally different from conventional sub-critical physics
(and geophysics), including calculability (hence predictability), extreme (‘‘butterfly wing’s”) sensitivity to ini-
tial conditions leading to deterministic chaos [19]. This implies that fluid-rock deformation in the crack-critical
crust of the Earth can be: monitoredby analysing shear-wave splitting; modelled by the anisotropic poro-elas-
ticity (APE) model of fluid-rock deformation (see Section 3); future behaviour predicted (if the changing con-
ditions can be quantified); and in appropriate circumstances, future behaviour controlled by feedback [11].

These properties are fundamentally different from the sub-critical behaviour of the classic conventional
brittle-elastic upper crust. Thus, the understanding of the behaviour of deformation in the Earth’s crust
has advanced substantially from a conventional brittle-elastic crust to a dynamic compliant self-organised
crust. We now know that very small changes in rock mass conditions readily modify the geometry of fluid-sat-
urated microcracks and that these can be monitored by shear-wave splitting. These properties are so different



Fig. 2. Shear-wave splitting above a small earthquake (M 0.25) at Station SAU in SW Iceland. (a) Seismic traces from top: EW; NS;
Vertical; and rotated fast horizontal; and slow horizontal, where azimuths are determined from (b), below. Sampling rate is 0.01 s. Vertical
bars following ‘S’ are numbered 0.1-s intervals for polarisation diagrams (PDs). (b) Mutually-orthogonal PDs, where: U, D, L, R, T, and
A refer to Up-, Down-, and Left-, Right-, Towards-, and Away-directions from the source. The number top left is the time interval in (a).
Number top right is the relative amplitude factor (number of multiplications of the traces). Sample ticks are to the left of direction of
motion. Enlarged horizontal PD shows split shear-waves arrivals where start and end of linear time-delay are circled. (a and b) Screen
images from the semi-automatic measuring technique. (After [16].)
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from conventional sub-critical behaviour, that many geoscientists are (understandably) reluctant to accept the
idea of a highly compliant crack-critical crust of fluid-saturated stress-aligned microcracks, (see for example, a
recent book on rock mechanics [20]). A major difficulty for many geoscientists is that the diagnostic effects are
almost entirely confined to shear-wave splitting and shear-waves, and the behaviour of shear-wave splitting is
only now becoming understood.

1.3. Evidence summarised in this review

This review of azimuthally-aligned shear-wave splitting (seismic birefringence) shows three things:

(1) Azimuthally-aligned stress-aligned shear-wave splitting is almost invariably caused by propagation
through distributions of stress-aligned fluid-saturated microcracks, which are highly compliant to small
changes of stress.

(2) Stress-induced changes to microcrack geometry can be monitored by variations in shear-wave splitting
so that, in particular, at the approach of fracture-criticality, the times and magnitudes of impending lar-
ger earthquakes can be estimated by analysing shear-wave splitting.

(3) Characteristic temporal variations of shear-wave time-delays (typically, increases in normalised time-
delays, monitoring stress-accumulation, where the logarithm of the duration of the increase is propor-
tional to the magnitude of the impending earthquake) are now seen before earthquakes worldwide
(Table 1a).

We refer to such linear log–log relationships as self-similar. When there is sufficient seismicity before the
impending earthquake to provide shear-wave source events within the shear-wave window (9 cases out of
15 in Table 1b), the increasing time-delays show an abrupt precursory decrease (interpreted as stress relaxation
due to cracks coalescing onto the eventual fault break) immediately before the larger earthquake [6]. The dura-
tions of these decreases of time-delays are also self-similar with respect to the magnitudes of the impending
earthquakes [6,30]. There has been one successful real-time stress-forecast of time, magnitude and fault break
of a M 5 earthquake in SW Iceland, when the increase in time-delays was recognised before the earthquake
had occurred [25]. There are no contrary observations where adequate data sets have not shown characteristic
changes before large earthquakes.

We show in the next section (summarised in Table 2) that azimuthally-aligned shear-wave splitting in the
crust is almost invariably caused by propagation through stress-aligned fluid-saturated microcracks as illus-
trated schematically in Fig. 1. Fluid-saturated microcracks are the most compliant elements of the rock mass
and crack geometry will readily respond to changes in stress [1,7,41–43]. Consequently, variations in shear-
wave splitting are the most sensitive diagnostic indicators of variations in in situ microcrack geometry, and
such changes have been observed whenever there have been sufficient appropriate shear-wave ray paths before
larger earthquakes [5,21–31]. Changes in shear-wave splitting have also been observed before volcanic erup-
tions [5,32,33,47], and in hydrocarbon reservoirs following fluid-injection [34,35] and possible variations with
ocean tides [37].

However, claims that the rock mass is sensitive to small changes of stress is contrary to the concept of the
conventional brittle-elastic upper crust and some papers suggest aligned crystal mineralisation as the source of
the anisotropy. Some papers suggesting mineral alignments as the cause of shear-wave splitting [48], [49], and
[50], have been answered by Crampin [51], [52], and [31], respectively. These various exchanges are summa-
rised in Table 3. Papers [57] and [58] also questioned observations and interpretations of shear-wave splitting,
and were answered by Crampin et al. [29]. (Note that [59] suggests that all wholly-automatic measurements of
shear-wave splitting are likely to be inadequate.) Paper [60] questioned the statistics of the stress-forecast
earthquake [25] and was answered by Crampin et al. [61].

Unfortunately, detailed refutations, however well-founded, seldom receive as much attention as the original
criticisms, and misunderstandings and misinterpretations still persist [20,50]. This review discusses a further
range of papers reporting shear-wave splitting, and outlines the current understanding. The review demon-
strates that the only viable interpretation of azimuthally-aligned shear-wave splitting in the crust is propaga-
tion through compliant stress-aligned fluid-saturated microcracks that allow temporal changes in stress to be



Table 1
Reports of temporal variations in shear-wave splitting time-delays in Band-1a directions [7]

Earthquake (EQ) location and date Magnitude Approx.
duration (days)

Approx.
distance (km)

Ref.

a) Observations of inferred stress-accumulation before earthquakes

1 Swarm at BRE, N Iceland, 2002 Mb 1.7 P 0.055 7 [6]
2 Swarm at BRE, N Iceland, 2002 M 2.5 P 0.21 7 [6]
3 SW Iceland, 1997 M 3.4 47 10 [5]
4 Dongfang, Hainan, China, 1992 ML 3.6 21 9 [21]
5 Enola Swarm, Arkansas, USA, 1982 ML 3.8 4 3 [6,22]
6 SW Iceland, 1997 M 3.8 40 14 [5]
7 Parkfield, California, USA, 1989 ML 4 P 220 14 [23]
8c SW Iceland, 1997 M 4.4 83, 77 10, 43 [5]
9c SW Iceland, 1998 M 4.7 123, 106 10, 43 [5]
10c Grı́msey Lineament, Iceland, 2002 M 4.9 247, 263, 0 50, 92, 96 [20]
11c SW Iceland (successful forecast), 1998 M 5d 127, 121 2, 36 [6,25]
12 Shidan, Yunnan, China, 1992 Ms 5.9 400 35 [6,26]
13 N Palm Springs, California, USA, 1988 Ms 6 1100 33 [6,27–29]
14c SW Iceland, 2001 Ms6.6/M 5.6 75, 151 3, 46 [30]
15 Chi–Chi Earthquake, Taiwan, 1999 Mw 7.7 600 55 [31]

(b) Observations of inferred crack coalescence before earthquakes

1 Swarm at BRE, N Iceland, 2002 M 1.7 0.0306 7 [6]
2 Swarm at BRE, N Iceland, 2002 M 2.5 0.0465 7 [6]
3 Enola Swarm, Arkansas, USA, 1982 ML 3.8 0.123 3 [6,22]
4 Grı́msey Lineament, Iceland, 2002 M 4.9 24 50 [24]
5 SW Iceland (successful forecast), 1998 M 5 4.4 2 [6,25]
6 Shidan, Yunnan, China, 1992 Ms 5.3 38 35 [6,26]
7 N Palm Springs, California, USA, 1988 Ms 6 69 33 [6]
8c SW Iceland, 2001 M 5.6/Ms6.6 38, 21 3, 46 [30]
9 Chi–Chi Earthquake, Taiwan, 1999 Mw 7.7 131 55 [31]

c) Observations of inferred stress-accumulation before volcanic eruptions

1c Gjàlp,Vatnajökull Ice Field, Iceland,
(increasing time-delays), 1996

Large fissure
eruption

120, 120, 120 230 S, 240 SW, 245
WSW

[5]

2c Mount Etna, Sicily (increasing and decreasing
time-delays and 90�-flips), 2001

Minor eruption 66e 1, 5 [32]

3c Mount Ruapehu, New Zealand (90�-flips),
1992–2002

Minor eruption – 2–15 [33]

Location Observations and interpretation

d) Observations of changes in time-delays elsewhere

1 Vacuum Field, New Mexico, USA Changes in split shear-waves in reflection surveys after
high-pressure and low-pressure CO2-injections in a
hydrocarbon reservoir. High-pressure injections cause
90�-flips in shear-wave polarisation. Shear-wave splitting
exactly modelled by APE at correct injected pressures.

[34,35]

2 Observations at 4–9-km depth in the KTB
well, SE Germany

Fluid-injection at 9-km depth induced microseismicity
which showed a � 2% decrease in time-delays to recorders
at 4-km depth.

[36]

3 Borehole observations of induced events
in N. Sea oil field

Analysis of borehole records of shear-wave splitting from
acoustic events during hydrocarbon production show
evidence of changes with ocean tides.

[37]

4 SMSITES experiment: cross-borehole
transmission parallel to Húsavı́k-Flatey
(Mid-Atlantic Ridge) transform fault in
N Iceland

Travel times of P-, SH-, SV-, SV-SH-waves at 500-m
depth between boreholes offset 315 m, NS and EW GPS,
and water-well level changes all show great sensitivity to
low-level seismicity (106 events M 6 2.8 approximately
equivalent to one M3.5, say) at 70 km distance.

[38]
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Table 1 (continued)

Location Observations and interpretation

5 Surface observations of small events induced
by hydraulic pumping in a hot-dry-rock
experiment, Cornwall, UK

Initial pumping tests showed shear-wave polarisations
parallel to measured stress directions, whereas
polarisations after hydraulic fracturing began were
7� different and parallel to joints and fractures in
granite outcrops.

[39]

6 Variation of time-delays with fluid-injection
near Krafla Volcano, Iceland, and at
Cocos Geothermal Field, CA, USA.

Initially large values of time-delays (normalised to
path length) are found to decrease during fluid-injection
both at Krafla Volcano, Iceland, and Cocos Geothermal
Field, California. This behaviour is not yet understood,
but attributed to effects of high pore-fluid pressures.

[40]

a Band-1 directions are ray paths in the double-leafed solid angle between 15� and 45� to the plane of the average crack.
b Iceland Seismic Network Bulletins magnitude where M � mb.
c Observed at a network of stations.
d Older magnitude value compatible with other listed magnitudes, given as M 4.9 in current catalogue.
e As interpreted by this paper.
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monitored by changes in shear-wave splitting. This review also establishes that, whenever there are adequate
source data, characteristic patterns of behaviour of shear-wave time-delays are observed before larger earth-
quakes. Again there are no contrary observations.

2. Azimuthally-aligned shear-wave splitting

The polarisations of split shear-waves in a homogeneous anisotropic medium vary in three dimensions but
are fixed for propagation along any particular ray path direction. The time-delays depend on the length and
the degree of velocity anisotropy along the ray path. For shear-waves observed within the shear-wave win-
dow at the free-surface there are three distinct discriminatory patterns of anisotropic shear-wave polarisa-
tions. The first is in hexagonal symmetry (transverse isotropy) with a vertical axis of cylindrical symmetry
where split shear-wave are always strictly SV- and SH-wave polarisations, and hence are always parallel
or perpendicular to the direction of propagation. The second pattern (the subject of this review) is in hex-
agonal symmetry with a horizontal axis of symmetry where split shear-wave polarisations are parallel in a
broad band of directions across the centre of the shear-wave window. We refer to this as azimuthally-aligned
shear-wave splitting. The seldom observed third pattern is where polarisations vary with azimuth and inci-
dence angle of the ray path to the surface. These variations are found in all other symmetry systems and in
all other orientations of hexagonal symmetry. In this pattern, polarisations usually vary rapidly with angles
of incidence and azimuth, and cannot be mistaken for the first two patterns, unless the anisotropic symmetry
systems are very similar.

2.1. Origins of azimuthally-aligned shear-wave splitting

Note the caveat azimuthally-aligned. Horizontally-stratified structures display shear-wave splitting into
purely SV- and SH-polarisations with no azimuthal variations. Such media include propagation in finely-lay-
ered sedimentary sequences in hydrocarbon exploration surveys [62–64]; shales, clays, mudstones, where pore-
space is typically constrained between horizontal platelets frequently of mica aligned during deposition [65,66];
and horizontal layering in crust and the upper-mantle [67]. When the wavelength of the shear-wave is greater
than the dimensions of the inclusions or the separation of the layers, the anisotropic symmetry of these con-
figurations leads to transverse isotropy (hexagonal anisotropic symmetry) with a vertical axis of symmetry,
sometimes referred to as TIV- or VTI-anisotropy. In such TIV media, shear-waves split into strictly SH-
and SV-polarisations, where the SV-polarisation radiates with the ray path from the source with no velocity
variation in the horizontal plane and with no anisotropy-induced azimuthal variations. Since hydrocarbon res-
ervoirs are often in finely-layered sedimentary basins, TIV-anisotropy is frequently observed in seismic
exploration.



Table 2
Summary of the main reasons why stress-aligned shear-wave splitting is highly indicative of distributions of stress-aligned fluid-saturated
microcracks

Observed phenomena Interpretation Ref.

[R1] Worldwide observations of azimuthally-aligned
shear-wave splitting at the surface above small
earthquakes in all types of rock and terrain typically
show polarisations of the faster split shear-wave
aligned approximately parallel (or occasionally
orthogonal – see [R5], below) to the direction of the
maximum horizontal stress, rH.

The only anisotropic symmetry system with leading
to parallel polarisations within the shear-wave
window at the surface is hexagonal symmetry with a
horizontal axis of cylindrical symmetry, or a minor
variation thereof. The only common geological
phenomenon having such symmetry is fluid-saturated
stress-aligned microcracks which (like hydraulic
fractures) tend to be aligned perpendicular to the
direction of minimum compressional stress [77].
Polarisations above earthquakes are only
approximately aligned because of disturbances to
microcrack geometry caused by high pore-fluid
pressures on all seismogenic faults (see [R5], below).

[1,5,7,10,41,42]

[R2] Temporal variations in shear-wave time-delays have
been observed (in retrospect) before some 15
earthquakes with magnitudes M 1.7 to M 7.7
(including one real-time successful stress-forecast of
time, magnitude, and location) (Table 1). Whenever
there is adequate data, these characteristic patterns of
temporal variation are seen before all larger
earthquakes.

Fluid-saturated microcracks are the most compliant
elements of the rock mass. All other sources of
anisotropy are likely to be fixed or vary more slowly.
Only fluid-saturated microcracks can rapidly respond
to changes of low-level stress. (Note that these
patterns of behaviour are typically in very sparse
data sets and can rarely be quantified statistically.)

[5–7,21,41–43]

[R3] The Anisotropic Poro-Elastic (APE) model of
evolution of fluid-saturated microcracks
approximately matches 15–20 different observational
phenomena (and innumerable individual source-to-
geophone ray paths) above small earthquakes and in
seismic exploration operations pertaining to cracks,
stress, and shear-wave splitting.

The underlying rationale of APE assumes a critical-
system of fluid-saturated grain-boundary cracks and
aligned pores and pore-throats in all sedimentary,
igneous, and metamorphic rocks in the crust. Hence,
the approximate match of APE to observations is
strongly indicative of distributions of critical-systems
of fluid-saturated microcracks in almost all crustal
rocks. The matches are only approximate because of
the difficulty of getting accurate in situ measurements
of crack parameters at depth in the crust.

[11,41–43]

[R4] Temporal variations in shear-wave splitting have
been observed in both high- and low-pressure CO2-
injection in a fractured carbonate hydrocarbon
reservoir. The variations are matched exactly by
synthetic seismograms modelled with APE for
appropriate injection pressures.

This direct match of fluid-rock interaction strongly
indicates critical-systems of compliant stress-aligned
fluid-saturated microcracks. These results are the
best in situ calibration of the APE model to-date.

[34,35]

[R5] Earthquakes appear to occur when temporal
variations in time-delays reach levels of fracture-
criticality.

A necessary condition for fracturing is that cracks
are so closely-spaced (at fracture-criticality) that
shear-strength is lost and rocks fractures whenever
there is any disturbance.

[2,5–7]

[R6] Evidence for 90�-flips in shear-wave polarisations is
observed above all seismogenic faults and in
critically-high-pressurised reservoirs.

These highly distinctive diagnostic changes can be
modelled by APE as the effects of stress-induced
modifications to compliant critical-systems caused by
critically-high pore-fluid pressures on all seismogenic
faults.

[5,35,44,45]

[R7] Observations of time-delays above small earthquakes
typically show a ±80% scatter about the mean, which
does not occur for controlled source observations
away from seismogenic faults.

These well-established observations cannot be
explained by conventional (sub-critical) geophysics
but (assuming critical-systems of cracks) can be
modelled by APE as 90�-flips in shear-wave
polarisations caused by critically-high pore-fluid
pressures rearranging local microcrack orientations
surrounding all seismogenic faults.

[5,44,45]

References to items in this table will be referred to as [R?].
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Table 3
Summary of earlier contrary interpretations denying compliant fluid-saturated microcracks; previous comments, and originator’s
responses

Contrary interpretations Summary of previous comments Summary of originator’s response

1) Brocher and Christensen [48] interpreted
20% P-wave velocity anisotropy in an
azimuthally-varying reflection–refraction
survey in the highly irregular topography of
the Chugach Terrane in Southern Alaska as
caused by heavily-foliated schists.

Crampin [51] suggested that P-wave arrival
times are sensitive to so many different
phenomena that wandering multidirectional
surveys in extreme topography are difficult
to interpret reliably. Several possible
misinterpretations in [48] are suggested by
Crampin [51]. In particular, foliated schists
causing P-wave velocity anisotropy require
nearly uniform alignments over a large
complicated area. This is highly unlikely and
unproven. Aligned cracks are the default
interpretation.

Brocher and Christensen [51] repeated their
original arguments for heavily-foliated
schists. This review’s comments: Table 2 [R1,

R2] suggests that crack anisotropy must be the

default interpretation for azimuthally-aligned

anisotropy in the crust unless there is direct

evidence otherwise. Neither the original Paper

[48] nor their response to our comments

(included in) [51] presented other evidence.

2) do Nascimento et al. [49] observed shear-
wave polarisations, above very shallow
earthquakes in Brazil, which were orthogonal
to the direction of maximum tectonic stress
and hence, they suggest, cannot be caused by
stress-aligned fluid-saturated microcracks,
which are parallel to stress.

Crampin [52] notes that all the earthquakes of
[49] are exceptionally shallow (2–5-km deep).
Most studies of shear-wave splitting use
source earthquakes below 5-km depth. Thus
the orthogonal polarisations in [49] are likely
to be 90�-flips, caused by the critically-high-
pressures found on all seismogenic faults,
where the normally pressurised paths above
the faults are too short to remove flipped
polarisations around the fault [44,45].

The response of do Nascimento et al. [53]
does not counter arguments of [52], but



In contrast, whenever there are appropriate source-to-receiver geometries, near-parallel azimuthally-
aligned shear-wave splitting, the second pattern, is always observed throughout the Earth’s crust with the fas-
ter split shear-waves polarised typically in the direction of maximum horizontal stress. There are two inescap-
able implications. Firstly, the only anisotropic symmetry system that produces such parallel polarisations
(within the shear-wave window at the surface) is transverse isotropy of (hexagonal anisotropic symmetry) with

a horizontal axis of symmetry, or a minor variation thereof [1,7,68]. This is often referred to as TIH- or HTI-
anisotropy. Secondly, the only geological configuration common to sedimentary, igneous, and metamorphic
rocks that has TIH-anisotropy, is stress-aligned fluid-saturated microcracks [15,69], at one time referred to
as extensive-dilatancy anisotropy or EDA-cracks [70]. These two implications are paramount. Azimuthally-
aligned shear-wave splitting, where the leading polarisation is parallel (or occasionally orthogonal) to the
stress-field, is almost invariably caused by parallel vertical stress-aligned microcracks. No other mechanisms
are possible except in exceptional conditions. Consequently, the default interpretation of azimuthally-aligned
shear-wave splitting with parallel polarisations is necessarily in terms of systems of stress-aligned fluid-satu-
rated microcracks.

Such fluid-saturated microcracks are the most compliant elements of in situ rocks. In principle, microcracks
in strongly aligned minerals might modify microcrack orientations, but this has not been demonstrated in
practice. With minor exceptions, we know of no adequate demonstrations of other sources of shear-wave split-
ting for wholly crustal ray paths, except for well-understood observations of the first polarisation pattern of
TIV-anisotropy in exploration seismology. Henceforth, all references to shear-wave splitting in this paper will
refer to azimuthally-aligned crack-aligned shear-wave splitting with TIH-anisotropy.

Anisotropy caused by fluid-saturated microcracks is confirmed by observations of temporal variations in



complicated and heterogeneous. Even at the specimen scale, Babuška [75] notes that rock samples that are
seismically isotropic often have mineral alignment obvious to the eye. He attributed this to the anisotropies
of different mineral species cancelling each other when they are all aligned by the same stress-field.

More technically, the comparatively-narrow upper and lower limits of shear-wave velocity anisotropy uni-
formly observed in all types of rock (1.5% and 4.5% [2,5,7]) are difficult to reconcile with crystal anisotropy as
the main cause of the observed shear-wave splitting. The theoretical limits of crystal anisotropy are from zero
(randomly aligned with no anisotropy) to the frequently very large single crystal anisotropy of a mineral (over
100% for some micas [76]). Consequently, aligned crystalline minerals are unlikely to be the cause of the com-
paratively-uniform low values of shear-wave splitting almost universally observed in the crust. Of course, it is
possible that a chance combination of circumstances might lead to mixtures of crystals with the same parallel
alignments of shear-wave polarisations and the same percentages of velocity anisotropy. However, this is
untenable for the huge variety of in situ rocks where azimuthally-varying shear-wave splitting has been
observed, and no such source has been identified (see Appendices A, B, C, D, E, below). Consequently, the
default explanation for the cause of the widely observed parallel shear-wave polarisations is necessarily
stress-aligned fluid-saturated microcracks. Seven reasons why parallel stress-aligned shear-wave splitting indi-
cates fluid-saturated stress-aligned microcracks are summarised in Table 2.

Fluid-saturated cracks (and hydraulic fractures) tend to open and remain open perpendicular to the direc-
tion of minimum compressional stress [77]. At the surface, the minimum stress is typically vertical so that near-
surface cracks (and fractures opened by hydraulic pumping) may be horizontal. As the vertical stress increases
with overburden, a critical depth is reached, usually between 500 m and 1500 m, where the vertical stress, rV,
equals the minimum horizontal stress, rh. Below this depth, the minimum stress is typically horizontal and
microcracks (and hydraulic fractures) are aligned parallel and vertical, normal to the direction of minimum
horizontal stress and strike approximately parallel to the direction of maximum horizontal stress, rH, yielding
TIH-anisotropy as shown schematically in Fig. 1 [77]. Although the general behaviour of both body- and sur-
face-wave propagation in anisotropic rocks has been understood for many years [1,78], the cause of the shear-
wave splitting in almost all rocks in the crust (fluid-saturated stress-aligned cracks and microcracks) is still
questioned. This is perhaps surprising in view of the irrefutable arguments in this section and Table 2. This
present review of the preferred understanding of azimuthally-aligned shear-wave splitting demonstrates that
the azimuthally-aligned shear-wave splitting along crustal ray paths is almost invariably caused by stress-
aligned cracks and microcracks.

2.2. Five additional phenomena associated with shear-wave splitting and seismic anisotropy

1) There are a large number of papers reporting observations of azimuthally-aligned shear-wave splitting in
seismic exploration literature. These observations and applications are exclusively interpreted as caused by
fluid-saturated stress-aligned cracks [15]. It is only in the context of earthquake seismology and upper-man-
tle anisotropy that other interpretations have been suggested which we review in the Appendices.

2) The shear-wave window at a horizontal free-surface is the solid angle of incidence directions with radius
sin�1Vs/Vp(=�35�, for a Poisson’s ratio of 0.25) within which the apparent velocity of shear-waves, par-
allel to the surface, is so great that S-to-P conversions cannot occur for incident SV-waves on a (hori-
zontal) free-surface [79–81]. Outside the window, the waveforms of shear-wave arrivals are so seriously
disturbed that meaningful SV-wave arrival times are unreadable, although SH-wave arrivals are not
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3) P-waves, unlike shear-waves, do not have distinctive diagnostic behaviour indicating propagation
through anisotropic solids. Anisotropy does cause P-wave velocity anisotropy, but P-wave travel times
are sensitive to so many phenomena that purely anisotropy-induced effects are difficult to isolate. P-
waves are usually only marginally affected by thin fluid-saturated microcracks [83] and small changes
in microcrack geometry are generally invisible to P-wave propagation through thin cracks. Conse-
quently, variations in shear-wave splitting are key observables for recognising and quantifying stress-
aligned anisotropy in the crust.

4) The human eye has little ability to interpret polarisation information in multi-component ‘‘wiggly-line”

seismograms. However, shear-wave splitting writes characteristic signatures into polarisation diagrams
(PDs, or hodograms) of abrupt nearly-orthogonal changes in particle motion direction, and the human
eye does have the ability to recognise patterns in two-dimensional PDs (as in Fig. 2) in many difference
circumstances. Experience of interpreting both field and synthetic seismograms suggests that visual
inspection of PDs is an optimal way to identify and measure shear-wave splitting arrivals.

5) However, plotting and measuring PDs is time-consuming and tedious. Consequently, many authors have
devised various automatic or semi-automatic techniques for measuring the parameters of shear-wave
splitting. In a review of such techniques, [59] suggests that wholly-automatic techniques are never likely
to be wholly successful except on high signal-to-noise ratio near-classic examples of shear-wave splitting,
which in most circumstances are infrequent. This means that data has to pass rigorous selection criteria
that sometimes exclude 50% to 70% of the original arrivals before fully automatic techniques can be used
to reliably measure shear-wave splitting [84]. Such severe selection can seriously bias any interpretation
and such wholly automatic techniques are best avoided.

Consequently, Gao et al. [12] have developed a Shear-Wave Analysis System (SWAS) for semi-automatic

measurement of shear-wave splitting. Using an Expert Analysis System for initial picks of shear-wave arrivals,
the picks are optimised by switching between screen images of: PDs; original NS and EW horizontal seismo-
grams; and seismograms rotated into preferred orientations, in a user-friendly environment, thus combining
the advantages of previous techniques (Fig. 2 shows screen images of this process). SWAS reduces the time
taken for visual measurements by a factor between 10 and 50, and obtains satisfactory measurements for
�85% of arrivals [16]. Developed for interpreting seismograms from the SIL seismic network in Iceland
[85,86] via Internet data, it is intended that SWAS will be generally available for measuring and analysing
shear-wave splitting.

3. A brief review of the properties of fluid-saturated microcracks in the earth’s crust

The crack density of a uniform distribution of parallel microcracks is e = N a3/V, where N is the number of
cracks of radius a in volume V [2,46,88–90]. This crack density is approximately equal to one hundredth of the
percentage of shear-wave velocity anisotropy in aligned cracks in a medium with a Poisson’s ratio of 0.25
[2,87]. Thus, the observed percentage of shear-wave velocity anisotropy in intact unfractured rock, the narrow
range 1.5–4.5%, can be equated to the narrow range of crack density e = 0.015–0.045 [2,7,88].

Fig. 3 is a schematic (dimensionless) illustration of observed distributions of fluid-saturated microcracks in
ostensibly intact rock [2] that have the observed shear-wave velocity anisotropy of 1.5–4.5%. Fig. 3 suggests
that between crack densities of e = 0.045 and 0.1 there is a level of fracture-criticality when cracks are so clo-
sely-spaced that shear-strength is lost and rocks fracture if there is any disturbance. Fracture-criticality is now
approximately identified with fluid-percolation threshold when cracks are so closely-spaced there are through-
going fractures [2,10,42,43]. At fracture-criticality, fracturing and earthquakes necessarily occur whenever the
rock mass is disturbed in any way.

3.1. Modelling fluid-rock evolution with anisotropic poro-elasticity (APE)

The evolution of such highly compliant fluid-saturated microcracks in response to changing conditions can
be modelled by anisotropic poro-elasticity (APE) [41,42], where the mechanism for deformation is fluid
movement by flow or dispersion along pressure gradients between neighbouring microcracks at different



Fig. 3. Cross-sections of uniform dimensionless distributions of parallel stress-aligned fluid-saturated microcracks representing observed
shear-wave velocity anisotropies in percent (�1.5% to �4.5%), crack density e, and crack radius a, where e is equal to one hundredth of
percent shear-wave velocity anisotropy. Fracture-criticality is at e = �0.055 (�5.5% shear-wave velocity anisotropy) [38]. (After [2].)
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orientations to the stress-field. Fig. 4 gives a schematic (dimensionless) illustration of APE-modelling increas-
ing stress in distributions of vertical randomly aligned fluid-saturated microcracks. Hexagons are elastically
isotropic so that the two solid hexagons in Fig. 4 are a small selection of randomly oriented cracks.

APE-modelling helps to explain the lower and upper bounds of shear-wave velocity anisotropy: as increas-
ing stress begins to align fluid-saturated intergranular cracks for initially very low-levels of stress, although
some fluid moves round each grain there is initially no crack closure and no effective anisotropy. However,
when a critical stress, normalised to one in Fig. 4, bottom left, is reached and cracks first begin to close,
the anisotropy immediately jumps from isotropy (no splitting) to approximately the 1.5% minimum shear-
wave velocity anisotropy actually observed. The lower left image in Fig. 4 is similar to the left-hand image
Fig. 4. Schematic illustration of APE-modelling the evolution of crack aspect-ratios in an initially random distribution of vertical cracks
(solid lines) for four values of increasing maximum horizontal differential stress, rH, normalised to the critical value at which cracks first
begin to close. Minimum horizontal stress, rh, is zero. Pore-fluid mass is preserved and aspect-ratios are chosen to give a porosity of /
� 5%. Paper [39] gives a detailed interpretation. (After [39].)
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in Fig. 3, showing that the two approaches are compatible. The upper bound in intact unfractured rock,
�4.5%, is close to the fluid-percolation threshold, which for parallel cracks is approximately 5.5%,
e = 0.055 [42].

Note that conventional dilatancy, stress-induced opening of new cracks, is a high stress phenomenon.
Whereas APE-modelling is an extremely low-stress phenomenon: the critical stress in Fig. 4 must be low as
stress-aligned shear-wave splitting is observed in almost all in situ rocks, regardless of the level of tectonic
stress.

APE-modelling in Fig. 4 is highly constrained yet approximately matches a large (20+) range of different
phenomena [7,10,11,42–45]. The reason for this universality is that microcracks in the Earth’s crust are so clo-
sely-spaced they verge on fracture-criticality and fracturing, as indicated in Fig. 3. Verging on critical points
(singularities or bifurcations) is one of the defining characteristics of critical-systems. Critical-systems are a
New Physics, a New Geophysics, where the statistics are nearer to those of other critical-systems than they
are to the specific sub-critical physics and much of the behaviour is calculable [7,10,11,18,19,41,42,91,92].
The universality of critical-systems is the underlying reason that APE-modelling, with minimal parameters,
matches such a wide range of phenomena. This behaviour has been reviewed by Crampin and Peacock [10].

The clearest quantifiable demonstration of stress-induced changes in shear-wave splitting in exploration
seismology is during hydraulic pumping in a hydrocarbon reservoir [34], where the response was accurately
modelled by APE [35].

3.2. Variation of time-delays with direction: band-1 and band-2

The most sensitive response of fluid-saturated stress-aligned microcrack geometry to low-level increases of
stress during stress-accumulation before earthquakes is increasing crack aspect-ratios [7,42,43]. Such changes
in aspect-ratio can be monitored by changes in the average time-delay in Band-1 directions within the shear-
wave window [7]. Band-1 is the double-leafed solid angle of ray path directions making angles 15� to 45� to the
average crack plane. For thin cracks, Band-1 has a range of positive time-delays, but also includes a small
solid angle of negative time-delays, so that averages need to be taken to estimate increases or decreases when
the actual ray paths cannot be exactly identified. Band-2 is the solid angle of ray path directions ±15� to either
side of the average crack plane which is sensitive to crack density but is insensitive to changes in aspect-ratio.
Fig. 5 shows the ray path geometry for Band-1 and Band-2 directions. Only changes in crack density will sig-
nificantly change time-delays in Band-2 [7], and crack density is insensitive to low-level deformation [42,43].

Fig. 6 shows temporal increases and precursory decreases in normalised time-delays before six earthquakes
ranging in magnitude from a M 1.7 swarm event in Northern Iceland [6], to the Ms 6 1986 North Palm Springs
Earthquake in California [27–29]. The consistency of the left-hand and right-hand images is strong confirma-
tion that shear-wave splitting is modelling earthquake source related phenomena.

3.3. Negative time-delays

The shear-wave time-delay is the difference in arrival time between the two split shear-waves. Positive time-
delays are usually taken as those when the polarisation of the faster split shear-waves are parallel to the planes
of the parallel cracks. When the faster and slower arrivals exchange polarisations, as in 90�-flips [35,37,44], the
sign of the time-delays reverses. There are several common situations when this occurs.

(1) When the velocity variations of the two waves intersect at the point-singularities common to all systems
of anisotropic symmetry (except hexagonal symmetry, which has line-singularities) [93]. This behaviour
showing exchanges of polarisations has been theoretically modelled [94,95] and has been observed and
modelled in multi-offset VSPs in the Paris Basin [96].

(2) When the directions of shear-wave ray paths cross line-singularities in systems of hexagonal symmetry,
such as that of parallel microcracks [94]; see observations in Sections B2.5, D2.2 and D2.3.

(3) When microcrack orientations are re-arranged in the presence of critically-high pore-fluid pressures in
hydrocarbon reservoirs causing 90�-flips in shear-wave polarisations [35,95] and on seismically-active
fault lines [38,44,45].



Fig. 5. Ray path geometry for Band-1 and Band-2 directions. ABCD is the crack plane of parallel vertical cracks. S is the recorder
position on a horizontal free-surface. Band-1 directions to the horizontal free-surface, where time-delays are sensitive to crack aspect-
ratios. are those within the solid angle EFGHS subtending 15� to 45� to the crack plane (within the effective shear-wave window). Band-2
directions to the horizontal free-surface, where time-delays are dominated by crack densities, are those within the solid angle ADEHGS
subtending 0� to 15� to the crack plane. Both Band-1 and Band-2 directions include the equivalent solid angles reflected in the other side of
the imaged crack plane.
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3.4. The ±80% scatter in time-delays above small earthquakes

Above small earthquakes, time-delays typically display a ±80% scatter [45]. This cannot be explained by
conventional geophysics [46], but the scatter, and the occasionally observed 90�-flips in shear-wave polarisa-
tions above large faults, can be modelled by 90�-flips associated with the critically-high pore-fluid pressures
expected on all seismically-active faults [45] as a consequence of the New Geophysics [10,11,92]. 90�-flips
near a fault-plane result in ‘negative’ time-delays. Surface observations are a combination of a negative
time-delays near a fault, and positive time-delays in the normally pressurised remainder of the ray path
to the surface. With a large fault the negative delays associated with the ‘flipped’ polarisations dominate
the polarisations and may be observed at the surface [44]. However, for the majority of earthquakes on smal-
ler deeper faults, the ‘positive’ time-delays of the normally pressured path to the surface dominate, and typ-
ical stress-aligned polarisations are observed at the surface. The modelling of Crampin et al. [45] shows that
small differences in the ratio of the length of ‘flipped’ to of the length of the normally pressurised ray paths
can easily lead to the ±80% scatter in time-delays observed at the surface. These phenomena require the
compliance of microcracks rather than the stiffness of macro-cracks to cause variations of shear-wave
splitting.
3.5. The sensitivity of Band-1 time-delays

The sensitivity of Band-1 time-delays allows the stress-accumulation before large earthquakes to be iden-
tified if there are sufficient shear-wave arrivals in Band-1 directions in the shear-wave window above a swarm
of small earthquakes. The average time-delays are observed to increase until a level of fracture-criticality is
reached, typically between 4 [27] and 18 ms/km [5] depending on the particular stress and heat-flow regime,
when the impending earthquake occurs. The logarithm of duration of the increase is observed to be propor-
tional to the magnitude of the earthquake (Fig. 7a). Shear-wave splitting has been observed in records of nat-
ural and induced events with frequencies from 0.5 Hz [97] to mHz [98], but the more restricted data sets where
temporal changes have been observed before larger earthquakes are typically from 10 Hz to 20 Hz [5].

Whenever appropriate source-recorder geometry exists, with sufficient observations in Band-1 directions
near a large earthquake or some other change in in situ stress, changes in shear-wave splitting above small



Fig. 6. Increases and decreases in time-delays observed in both field and laboratory. Temporal variations of shear-wave time-delays
normalised to ms/km before earthquakes and laboratory experiments plotted against time duration for earthquakes and increments of
applied stress for laboratory. (a) Ms 6 North Palm Springs Earthquake [23]. Left-hand-side: time-delays with a least-squares line showing
increase for 3 years before the earthquake. Right-hand-side: enlarged time scale for dotted box in left-hand-side, with dashed line showing
precursory decrease in time-delays starting 68 days before the earthquake. (b) Ms 5.3 earthquake (the last of three closely-spaced Ms 5+
earthquakes) in Shidian, Yunnan, China [6,22]. Notation as above with poorly resolved increase before the Ms 5.9 earthquake, but
precursory decrease of 38 days before the Ms 5.3 earthquake. (c) M 5 earthquake in SW Iceland [21]: with increase for 5 months and
precursory decrease of 4.4 days. This earthquake was stress-forecast [21]. (d) ML 3.8 Enola Swarm event [6,18]: Notation as in (a) with
increase for 4.1 days and precursory decrease of 3.5 hours. (e) M 2.5 and Ms 1.7 earthquakes in a swarm beneath Flatey Island. Northern
Iceland [6] with increases for 5.0 and 1.3 h, respectively, and precursory decreases of 1.12 and 0.73 h, respectively. (f and g) Variation in
time-delays in two samples of marble, subjected to uniaxial stress increments until fracturing and fragmentation, for ray paths
perpendicular to uniaxial stress [6]. The time-delays vary with time before spontaneous fracturing. (After [6].)

690 S. Crampin, S. Peacock / Wave Motion 45 (2008) 675–722
earthquakes have always been identified (summarised in Table 1). We do not claim that all aligned shear-wave
splitting is necessarily caused by aligned cracks. Clearly, aligned crystals may cause splitting, but we know of
no wholly authenticated observations of azimuthally-aligned shear-wave splitting along wholly crustal ray



Fig. 7. (a) Logarithmic duration–magnitude relationship for the increases in time-delays (interpreted as stress-accumulation) for the
earthquakes listed in Table 1a [20], omitting four earthquakes with questionable durations due to overlays with other earthquakes. (b)
Logarithmic duration–magnitude relationship for the decrease in time-delays (interpreted as crack coalescence) for earthquakes listed in
Table 1b [20]). The earthquakes labelled NPS and CCT refer to the 1988 Ms 6 North Palm Springs Earthquake, California, and the 1999
Ms 7.7 Chi–Chi Earthquake, Taiwan, respectively, which may well be subject to different rates of strain/stress increase than other
earthquakes [20].
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paths due to crystalline anisotropy. Fluid-saturated stress-aligned cracks must be the default interpretation.
We also do not claim that azimuthally-aligned shear-wave splitting is invariably caused by microcracks

(grain-boundary cracks and preferentially oriented pores) rather than macro-cracks with dimensions in tens
of centimetres to tens of metres, say. There is also some controversy over the dimensions of cracks causing
the splitting. However, heavily fractured beds with large cracks tend to severely attenuate the slower split
shear-waves so that they are difficult to observe [14]. Equally, typical examples of microcrack-induced
shear-wave splitting, as seen almost universally elsewhere, are also seen in rocks without significant visible
fractures [98].



Table 4
Common fallacies in measuring and interpreting azimuthally-aligned shear-wave splitting above small earthquakes

Fallacies Summarya of preferred interpretation Ref.

[F1] Polarisations of split shear-waves are
orthogonal.

Shear-waves propagating along seismic rays at the group velocity
have polarisations which are not strictly orthogonal except in a few
specific symmetry directions. Body-wave polarisations are
orthogonal in all phase-velocity directions, but phase-velocity
propagation is difficult to observe.

[1,7]

[F2] Polarisations of split shear-waves are
fixed, parallel to cracks, or normal to
spreading centres.

Polarisations of shear-wave splitting always vary (three-
dimensionally) with azimuth and incidence within the shear-wave
window, even when propagating through parallel cracks, or normal
to spreading centres.

[1,7,11]

[F3] There is the same percentage of shear-
wave velocity anisotropy in all directions,
through any given set of parallel cracks,
or through upper-mantle anisotropy.

Percentage of shear-wave velocity anisotropy always varies (three-
dimensionally) with azimuth and incidence angle. When propagating
through parallel cracks, or parallel to spreading centres, percentages
may vary from positive to negative, within the shear-wave window.
(Time-delays become negative when faster and slower split shear-
waves exchange polarisations.) These may lead to very low or
negative time-delays in some directions of propagation, and maximal
values in other directions separated by as little as 30�.

[1,7]

[F4] Polarisations observed at the free-surface
are the polarisations along the ray path.

Incident polarisations are wholly preserved for surface
observations only at normal incidence to a horizontal free-surface.
Polarisations and orthogonality may be seriously disturbed at all
other angles of incidence, where horizontal observations are
projections of original polarisations onto the horizontal plane.

[1,7]

[F5] Temporal changes in shear-wave splitting,
caused by any plausible stress-induced
changes in crack geometry, cause changes
in time-delays for all ray paths within the
shear-wave window.

Small changes in low-level stress are only likely to affect crack aspect-
ratios, which will change the average time-delay in Band-1b

directions of the shear-wave window (values may be positive or
negative in particular directions within Band-1). Band-1 has mostly
positive, say, time-delays but has a small solid angle of negative time-
delays, so that averages need to be taken to measure overall
variations in amplitude. Only large changes in stress will change
crack density and modify time-delays in Band-2.

[7,11]

[F6] The shear-wave window, in which shear-
waves can be observed at the free-surface
undistorted by S-to-P conversions, is
aligned normal to the horizontal plane.

The shear-wave window is normal to the free-surface within about
a wavelength of the seismic recorder. Since earthquakes are
typically beneath irregular surface- (and subsurface-) topography,
shear-wave splitting observed above small earthquakes may be
severely distorted even within the nominal shear-wave window.
Irregular topography may seriously modify shear-wave
polarisations but has less effect on time-delays.

[80,81]

[F7] Large percentages of crack-induced
shear-wave velocity anisotropy, exceeding
5%, are possible.

Assuming crack-induced anisotropy (as we must for azimuthally-
aligned shear-wave splitting; see Table 2, particularly [R1, R2]), only
shear-wave velocity anisotropy in the range 1.5% to 4.5% (crack
densities 0.015 to 0.045) is permissible in ostensibly intact rock.
Higher crack densities imply such disaggregated rock that the slower
split shear-wave is likely to be highly attenuated and probably
unobservable [14]. Note, however, that higher levels of shear-wave
velocity anisotropy are found in areas of high heat-flow in Iceland
and near volcanoes. The cause of these high values is not yet fully
understood.

[7,41,42]

[F8] Shear-wave splitting observed at the free-
surface is confined to the uppermost few
kilometres.

Assuming crack-induced anisotropy, confining the anisotropy to
the near-surface often would imply impossibly-high crack densities
[F7]. Although there may be higher crack-induced anisotropy near
the surface, there appears to be pervasive shear-wave splitting
throughout most levels of the crust. *Saiga [104], observed shear-
wave splitting down to 30 km in Tokai, Japan, and *Gledhill [54]
observed uniform shear-wave splitting down to 34.8 km in
Wellington Peninsular, New Zealand.

[7]
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Table 4 (continued)

Fallacies Summarya of preferred interpretation Ref.

[F9] The scatter in time-delays and polarisations
observed at station networks implies
anisotropy confined to near-surface layers.

The large ±80% scatter in time-delays and polarisations
invariably observed above small earthquakes is caused by
the sensitivity of shear-wave splitting to the critically-high
pore-fluid pressures on all seismically active fault-planes.
Without clear direct evidence of shallow anisotropy,
observed scatter does not imply near-surface anisotropy.
See also [F7] and [F8].

[44,45]

[F10] Lack of correlation of time-delays with epicentral
distance or depth indicates that the anisotropy is
confined to the near-surface.

The large ±80% scatter [F9] and the theoretical variation
of time-delays in Band-1 [F5] frequently hide correlations
of time-delays with distance or depth, except for very
substantial data sets, when averages are meaningful.

[7,42,44,45]

[F11] Temporal variations in (normalised) time-delays
can only be compared along nearly identical
ray paths.

Even along identical ray paths above small earthquakes,
rapid localised changes in pore-fluid pressure are likely
to cause (seemingly) random fluctuations in cumulative
delays, so that a large data set of arrivals, well distributed
in time, is necessary to detect overall temporal changes.
Two or three arrivals from the same ray path are not
sufficient to demonstrate the presence or absence of
temporal change, even if they are from events with
apparently similar waveforms. The large scatter in time-
delays [F9] means that only average values (in Band-1,
say) can be compared and variations for different ray
paths are hidden: also see [F10].

[7,44,45]

[F12] 90�-flips in polarisations are caused by orthogonal
shear-induced fractures near faults.

APE-modelling shows that critically-high pore-fluid
pressures cause fault-parallel cracks rather than cracks
oriented by regional stress. It is these fault-parallel
fractures which result in 90�-flips in shear-wave
polarisations. APE models the mechanism for inducing
fault-parallel fractures.

[7,44,45]

[F13] Crack anisotropy always decreases with depth as
fluid-filled cracks are closed by lithostatic pressure.

Fluid-filled cracks are only closed by pressure
if the fluid is removed by chemical absorption,
drainage into sinks at depth, or by dispersion or flow
towards the surface. The amount of chemical absorption
is limited, pressure sinks at depth are rare, crystalline
rocks usually have low permeability, and impermeable
seals are common above sedimentary oil reservoirs. The
presence of fluids (and hence fluid-saturated cracks at all
depths) is confirmed by deep oil reservoirs, fluids at 12-
km depth in the Kola deep well, and by high conductivity
in the lower crust, also see [F7, F8].

[93,94,106,107]

[F14] Interpreting the lack of observed temporal changes
in shear-wave splitting during aftershock sequences

as evidence that shear-wave splitting does not
vary with earthquakes.

During sequences of aftershocks, stress distributions
undergo fluctuating disturbances as stress is repeatedly
released by earthquakes, with foci typically alternating
between ends of the fault. This means that fluid-saturated
microcrack geometry is likely to be sporadic and
irregular. Consequently, consistent variations of shear-
wave splitting are not expected and have not been
recognised during aftershock sequences. In addition,
aftershock sequences typically release a very small
percentage of the energy of the main shock so any stress-
induced anomalies thereafter are likely to be small.

[F15] Signal-to-noise ratios of shear-wave splitting above
small earthquakes can be improved by stacking.

As time-delays and polarisations each vary with both
incidence angle and azimuth of propagation [F2, F3, F9,
F12], stacking arrivals from similar or different ray paths
above small earthquakes invariable degrades the
consistency of the signal and decreases signal-to-noise
ratios. Only with a controlled source is stacking useful.

[1,7]

(continued on next page)
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Table 4 (continued)

Fallacies Summarya of preferred interpretation Ref.

[F16] Plotting maps of polarisations at epicentral
locations rather than observing seismic station.

Since time-delays and polarisations vary with both incidence angle
and azimuth of propagation [F2, F3], maps of these parameters
plotted at epicentres (or halfway to the epicentre) may be
misleading as they do not convey consistent three-dimensional
information. Plotting polar projections of variations at seismic
stations is believed to be meaningful and is at least an actual
observable.

[1,7]

[F17] Use cross-correlations as the main technique
to show presence or absence of temporal
changes in shear-wave splitting.

Temporal changes in shear-wave splitting are typically so small
(typically less than 0.2 s, usually substantially less) that it usually
impossible to define a suitable cross-correlation window small
enough, on large-amplitude irregular seismograms, to be sensitive
to a small differential changes.

[25,59]

References to items in this table will be cited as [F?].
a The summarised interpretations are expanded in the cited references.
b Band-1 and Band-2 are specified in the last paragraph of Section 3.
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4. Common fallacies about shear-wave splitting

Undisturbed in situ rock is totally inaccessible below the uppermost few metres. Boreholes penetrating dee-
per rock seriously disturb the surroundings, by stress release, temperature anomalies, and fluid invasion, to at
least six times the borehole radius [98], and certainly much further. Consequently, behaviour in boreholes, as
seen by borehole televiewers, sonic or dipole logs, and other logging devices, is not representative of conditions
in the intact undisturbed rock mass many diameters away from the well. Hence, the true behaviour of com-
pliant fluid-saturated in situ microcracks is difficult to ascertain and easy to misinterpret. It is also easy to
make judgments about shear-wave splitting at one location, cherry-picking evidence, without taking into
account the implications of the overall evidence, which we try to present in this review (Table 2). These are
currently areas of apparent controversy, which this review hopes to resolve.

Table 4 lists some 17 common fallacies about shear-wave splitting. Note that our understanding of shear-
wave splitting has recently advanced substantially and some of the listed fallacies have only recently become
apparent. In the Appendices, we discuss a range of further papers, in addition to the five in Table 3, many of
which were published before all the listed fallacies were recognised. Consequently, the interpretation of many
of these papers was based on an earlier less-complete understanding of shear-wave splitting, and some of the
earlier interpretations can now be discounted. We particularly comment on papers relating to compliant
stress-aligned fluid-saturated microcracks showing temporal variations in shear-wave splitting, which directly
indicate critical-systems of fluid-saturated stress-aligned microcracks.
5. Review of observations of temporally-varying shear-wave splitting

There are now probably well over fifty publications observing and interpreting azimuthally-aligned shear-
wave splitting above small earthquakes. These are far too many to review individually, and we shall review
only to a few ‘‘type” examples, particularly those which display temporal variations in shear-wave splitting,
that we suggest are key papers for the interpretation of shear-wave splitting. In view of what we suggest is
irrefutable evidence for stress-aligned fluid-saturated microcracks as the dominant cause of shear-wave split-
ting listed in Section 2.1 and Table 2, we concentrate on demonstrating how the fallacies listed in Table 4, have
led to misinterpretation of the cause and distribution of shear-wave velocity anisotropy and fluid-saturated
microcracks.

The typical temporal variations before earthquakes are that the increase in the average shear-wave time-
delays (in Band-1 of the shear-wave window, sensitive to changes of stress) is self-similar with the earthquake
magnitude (the logarithm of the duration of the increase is proportional to the magnitude of the impending
event [5]) as shown in Fig. 7a. This is believed to monitor stress-accumulation before the earthquake. In
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addition, in all cases where there is sufficient data to show the phenomenon, the increase in time-delays
abruptly begins to decrease shortly before the earthquake [6], where the logarithm of the duration of the
decrease is again self-similar to the magnitude of the impending event as shown in Fig. 7b. This stress relax-
ation is believed to monitor crack coalescence before the actual fault break. Fifteen earthquakes where
increases have been seen are listed in Table 1a. Of these, nine, where there were sufficient source events, also
show precursory decreases (Table 1b). We refer to these increases and decreases as classic examples of self-sim-
ilar time-delay variations before earthquakes. Fig. 6 shows typical examples of increases and precursory
decreases in Band-1 time-delays for seven earthquakes and two laboratory stress cells.

There have been extensive studies in two regions: California, where temporal variations in shear-wave split-
ting before earthquakes were first identified; and Iceland, where recent studies form the background to much
of our current understanding of shear-wave splitting. Observations and interpretations of shear-wave splitting
including those where classic temporal variations before earthquakes have been observed are summarised in
Appendices: (A) California; (B) Iceland; and (C) elsewhere. We also add Appendix D): temporal changes in
shear-wave splitting observed before, during, and after volcanic eruptions, and Appendix E): temporal
changes in shear-wave splitting observed during other phenomena.

For convenience, throughout the appendices and the reference list, papers reporting shear-wave splitting
where temporal variations have been recognised, either by the authors or by our re-interpretations, have
the citation and reference marked by an asterisk ‘�’. The section heading for each paper discussed in the
appendices will include those crack properties [R?] (Table 2) and/or fallacies [F?] (Table 4) most relevant to
the particular paper or papers. Note that papers published on data from Iceland, Italy, and China, have gen-
erally known and avoided the fallacies listed in Table 2.

6. Summaries of appendices

6.1. Temporal changes in shear-wave splitting before earthquakes in California

Appendix A cites more than ten papers referring to observations of shear-wave splitting in California,
where temporal variations were first identified. These various observations, when examined in the context
of worldwide observations of shear-wave splitting, are without exception consistent with distributions of com-
pliant stress-aligned fluid-saturated microcracks pervading the crust. The classic self-similar temporal varia-
tions of increases and decreases in Band-1 time-delays are seen before two earthquakes, the MS 6, 1986,
North Palm Springs Earthquake [6,27–29], and a ML 4, 1989, Parkfield Earthquake [23]. Other less classic
examples of temporal changes are also seen above small earthquakes in the Los Angeles Basin [99] and in var-
ious analyses above earthquakes observed by the seismic network of Parkfield Earthquake Prediction Project
[100,101].

6.2. Temporal changes in shear-wave splitting before earthquakes in Iceland

Appendix B briefly outlines the extensive observations of shear-wave splitting in Iceland, where much of
the current understanding of shear-wave splitting was first established. Iceland has persistent swarm-type
seismicity associated with transform faults of the Mid-Atlantic Ridge which unusually run onshore and
provide ideal sources for studying shear-wave splitting within the shear-wave window above the source.
Classic stress-accumulation increases have been identified in retrospect before some eight earthquakes in
Iceland [5,6,24,30] and one M 5 earthquake was successfully stress-forecast in real-time [25] (Table 1).
It is likely that had the improved seismic catalogue (with magnitudes down to M 0 and below) been avail-
able at the time, the pair of Ms �6.6, June 2001, earthquakes, the largest in Iceland for some decades,
would also have been stress-forecast in real time [30]. Iceland is highly active tectonically, and shear-wave
splitting time-delays have been shown to be sensitive to changes in stress due to magmatic as well as seis-
mic activity. Small magmatic episodes disrupt the classic variations in time-delays before earthquakes,
except for long duration increases before larger earthquakes, short duration increases before very small
earthquakes, and during the 2-year stress adjustment following the large Vatnajökull eruption when minor
magmatic disturbances were absent [5].
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6.3. Temporal changes in shear-wave splitting before earthquakes elsewhere

Appendix C reports that temporal changes in shear-wave splitting time-delays before earthquakes are a
widespread phenomenon that has been observed in a variety of different regions worldwide. Classic examples
of temporal changes in shear-wave splitting before earthquakes have been observed in: Arkansas, USA; two
areas in China; two areas in Italy; and probably before distant earthquakes near the Wellington Peninsula,
New Zealand. There are no contrary observations where adequate source earthquakes have not shown vari-
ations in time-delays before larger earthquakes.

There are several studies from New Zealand, Gledhill [54,102] and Balfour et al. [103], where the shear-
wave splitting has complicated polarisations, almost certainly caused by the severe topographic irregularities
in both locations. Gledhill and Balfour et al. did not find evidence for temporal changes. This was at least
partly because the significance of Band-1 and Band-2 directions had not been established when Gledhill’s mea-
surements were originally made. However, Gledhill’s data may show both increases and precursory decreases
before distant offshore earthquakes.

6.4. Temporal changes in shear- wave splitting before volcanic eruptions

Appendix D reports temporal changes in shear-wave splitting time-delays before three volcanic erup-
tions. The 1996, Gjàlp eruption, in the Vatnajökull Ice Field, in Iceland showed increases in Band-1
time-delays at �240-km distance in three directions (Table 1c). Gjàlp did not show a precursory decrease,
but following the eruption the time-delays showed a gradual decrease over about 2 years [5]. Bianco et al.
[32] report several 90�-flips in shear-wave polarisations before a flank eruption on Mt. Etna which also
showed precursory decreases immediately before the eruption. The interesting feature of this behaviour
is that the increase in time-delays and the precursory decrease is very similar to the classic increase
and decrease in Band-1 time-delays observed by Del Pezzo et al. [104] before an earthquake on Mt. Vesu-
vius. Miller and Savage [33] report 90�-flips in shear-wave polarisations at Mt. Ruapehu, New Zealand,
which they attribute to the effects of high-pressures before magma erupts at the surface, and speculate that
eruptions can be predicted by such behaviour [47].

Clearly, more observations of temporal variations in shear-wave splitting before eruptions are needed to
determine whether both the stress-accumulation increase and the precursory decrease in time-delays are uni-
versal for all eruptions, as they appear to be for all earthquakes. There is a wide variety of different types of
eruption and it is possible that shear-wave splitting may show behaviour distinguishing types of eruption.

6.5. Other observations of temporal variations in shear-wave splitting

Appendix E reports six other examples of temporal changes in shear-wave splitting. Angerer et al. [35]
use APE to successfully model the response of a fractured carbonate reservoir to both high- and low-pres-
sure CO2-injections. This is the most direct in situ calibration of APE-modelling to-date and confirms the
existence of critical-systems of fluid-saturated stress-aligned microcracks. Bokelmann and Harjes [36]
report changes in shear-wave splitting following fluid-injection at 9-km depth in the KTB Fracture Exper-
iment in SE Germany caused systematic changes in splitting at 4-km depth in the 190-m offset pilot well.
Teanby et al. [37] report possible tidal variations in borehole observations of shear-wave splitting in pro-
duction-induced events in the North Sea. Crampin et al. [38] report the SMSITES cross-hole seismic
experiment in Iceland where well-recorded anomalies coincide with distant low-level seismic activity which
indicates the great sensitivity of the crack-critical crust to minor disturbances. Crampin and Booth [39]
report changes in polarisations of shear-wave splitting during hydraulic pumping in a hot-dry-rock exper-
iment in Cornwall. In initial pumping tests, shear-wave polarisations were parallel to joints and fractures
in outcrop rocks, whereas when hydraulic fracturing began, polarisations changed by �7� to became par-
allel to the measured direction of maximum horizontal stress. Tang et al. [40] report anomalies during
fluid-injection near the Krafla volcano, Iceland, and in the Cocos Geothermal Field, California. The cause
of these anomalies, see Section E2.6, is not understood but is believed to be due to local behaviour in the
proximity of the injection points.
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6.6. Overall summary

The appendices discuss some 30 reports of temporal changes in shear-wave splitting at some 20 different
locations. Many of which are the classic variations of longer term increases in Band-1 shear-wave time-delays
and shorter precursory decreases immediately before the impending events. There are no contrary observa-
tions, and we conclude that the immediate effect of low-level changes of stress on the rock mass, as in the
stress-accumulation before earthquakes or the inferred crack coalescence stress relaxations, is to modify
microcrack geometry that can be monitored by shear-wave splitting.

7. Discussion

Since the interior of the Earth is largely inaccessible it is difficult to directly prove even the existence of fluid-
saturated stress-aligned compliant microcracks at depth in the crust. The arguments in Table 2 [especially R1]
and Section 2 that parallel shear-wave splitting polarisations imply TIH-anisotropy, and that stress-aligned
vertical cracks are the only cause of TIH common to almost all rocks, are diagnostic and compelling, but tech-
nical. The most direct demonstrations of in situ cracks are: (1) fluid-saturated microcracks are the only imme-
diately compliant element of in situ rocks; and (2) since shear-wave splitting monitors microcrack geometry,
the observed short-term temporal variations in shear-wave splitting necessarily imply distributions of fluid-sat-
urated microcracks. This raises the question of whether we can distinguish between temporal and spatial vari-
ations, and whether the anisotropy is shallow or deep in the crust.

7.1. Temporal versus spatial variations of shear-wave splitting?

The appendices report changes in shear-wave time-delays before 15 earthquakes, before three volcanic
eruptions, and changes during six other investigations. A crucial question is whether these changes are due
to temporal variations in shear-wave splitting caused by stress-induced changes to microcrack geometry as sug-
gested above, or whether the changes are caused by spatial migration of shear-wave source events, as suggested
by Liu et al. [50,56].

The locations of swarms of earthquakes used as the shear-wave source events are seldom wholly random
distributed and sometimes display migration of foci with time. However, the effect of changes of source loca-
tion on measurements of time-delays to seismic stations is difficult to evaluate because, even in a wholly uni-
form stable anisotropic structure, the degree of seismic anisotropy varies with direction of propagation in
three dimensions, as well as varying temporally as the local stress-field is modified by every small earthquake
[45].

Enlarging on the arguments summarised in Table 2, we discuss evidence for changes being temporal vari-
ations in anisotropy rather than spatial variations in shear-wave source events.

(1) All 15 earthquakes (Table 1a), where temporal changes have been observed, show similar variations with
a long-term increase of normalised time-delays (in Band-1 of the shear-wave window) before larger
earthquakes, which can be modelled as stress-accumulation [7].

(2) Whenever there are sufficient source events (nine cases out of 15, Table 1b), the normalised time-delays
also display a precursory decrease immediately before the larger earthquake. Fig. 6 shows six examples
of increases and precursory decreases scaled with time.

(3) The logarithms of durations of both increases and decreases are self-similar with the magnitude of the
impending earthquakes [5,6,24,30].

For the effects of source migration to give characteristic self-similar patterns of systematic behaviour in 15
different source zones (Table 1) along paths to arbitrary distributions of seismic stations (as in Fig. 6) would be
extremely unlikely coincidences. We conclude that the observations of temporal variations in shear-wave split-
ting are monitoring (at least partially understood) temporal variations in microcrack geometry.

Two controlled source experiments directly confirm temporal changes in shear-wave splitting and hence of
the compliance of fluid-saturated microcracks. Angerer et al. [35] (Section E2.1) used APE to model the effects
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of both high-pressure and low-pressure CO2-injections on shear-wave splitting, and Crampin et al. [38] (Sec-
tion E2.4) reported measurements of cross-hole seismics showing temporal variations of the rock mass
responding to seismic release equivalent to a M 3.5 earthquake at an epicentral distance of �70 km.

7.2. Shallow versus deep anisotropy?

Observations of azimuthally-aligned velocity variations and shear-wave splitting are always a combination
of the anisotropy along the whole of the ray paths and do not directly identify the depth-range where the
anisotropy occurs. Consequently, other information must be used to infer depths. The association of the
anisotropy with stress-aligned microcracks (Table 2) imposes limits on depths. Since cracks are generally
aligned perpendicular to the direction of minimum compressional stress, near the free-surface where the min-
imum stress is vertical, horizontal cracks may be expected in the uppermost 500–1500 m of the crust [5,7,43],
and anomalous observations must be expected above these depths. Since observations of velocity variations
and shear-wave splitting of TIH-anisotropy are consistently aligned with the direction of horizontal stress,
whenever this can be identified or inferred, stress-aligned anisotropy is indicated below 500–1500 m world-
wide. Observations suggest that such stress-aligned anisotropy is uniformly distributed below such depths
throughout at least the upper half of the crust.

Several of the papers reviewed in the appendices argue that, because shear-wave time-delays and polarisa-
tions change rapidly between neighbouring seismic stations, and because the time-delays do not uniformly
increase with length of ray path, the anisotropy is necessarily confined to the near-surface. It is difficult to eval-
uate the depth-range because observed shear-wave time-delays are the cumulative sum of the time-delays
along the whole of the ray path (assuming similar anisotropic orientations, as is often the case). Any observed
time-delay may be caused by stronger anisotropy at either end of the ray path, or by uniform but weaker
anisotropy along the whole length of the ray path. There are two main causes of variations in surface obser-
vations: (1) shear-waves have strong reactions with surface topography, so that irregular topography modifies
the effective slope of the free-surface in the shear-wave window. Most small earthquakes, and hence most
shear-wave source events, tend to be in hilly and mountainous areas, where the slope around the seismic recor-
der may seriously modify observed shear-wave polarisations; and (2) the scatter in time-delays caused by high-
pressure-induced 90�-flips in shear-wave polarisations above small earthquakes introduces a ±80% scatter in
observations of time-delays [45]. This means that shear-wave time-delays are heavily scattered. Consequently,
variations in time-delays are only statistically valid in averages of substantial data sets, and substantial data
sets of seismic data before larger earthquakes are scarce, with perhaps only one wholly adequate statistically
valid example to-date [27]. However, in all cases where there are sufficient source events (Table 1a and 1b),
despite the scatter least-squares averages indicate stress-accumulation increases, and crack coalescence
decreases. In addition, concentrations of anisotropy in the near-surface would typically lead to unacceptably
high crack densities. Arguments for the preferred interpretation of similar anisotropy along the whole of the
ray path are summarised in Table 4 in fallacies [F6, F8,F9,F10].

Japan and New Zealand have both shallow and intermediate depth earthquakes which allow specification
of the depth-ranges for anisotropy. *Saiga et al. [105] observed consistent shear-wave splitting down to 30 km
in the Tokai region, Honshu, Japan. *Gledhill [54] found consistent shear-wave splitting throughout the crust
down to 35 km. Elsewhere, both Graham and Crampin [106] in Turkey, and Yegorkina et al. [107] in Armenia,
observed consistent polarisations of shear-wave splitting throughout the whole thickness of the crust from
shear-waves from regional earthquakes refracted from the Moho estimated as 29-km deep in Turkey, and a
notional 33-km deep in Armenia. In both cases, shear-wave time-delays of 1 s or more throughout the crust
imply anisotropy of the lower crust at least twice as strong as in the upper crust.

A comprehensive P-wave refraction experiment beneath Mount Hood, Oregon [108] provides information
about possible crack fluid content at depth [109]. The P-wave anisotropic velocity variations could be inter-
preted in terms of stress-aligned fluid-filled cracks filled with, successively from the surface: liquid water;
super-critical water [110]; and fluid melt. Equating temperatures beneath Mount Hood with equivalent tem-
peratures elsewhere in the crust suggests that shear-wave splitting in the lower half of the crust is, at least par-
tially, due to cracks filled with super-critical water which has temperature- and pressure-sensitive acoustic
velocities [109]. Cracks filled with super-critical water in high-temperature regimes in the crust is the probable



Table 5
Arguments for aligned melt-filled cracks as the cause of upper-mantle shear-wave splitting (After [111])

Observations in upper-mantle Interpretation

1 Fast shear-waves aligned parallel to stress/fluid-flow for a polar
window to at least 30� incidence.

This is the symmetry of vertical parallel cracks aligned parallel
to stress directions. Crystalline anisotropy does not usually
result in parallel polarisations over such a wide angle of
symmetry [1].

2 Shear-wave velocity anisotropy of typically 1% to 5%. 1% to 5% is the typical velocity anisotropy of cracks in intact
rock in the crust [2]. Crystalline anisotropy of upper-mantle
constituents may have shear-wave velocity anisotropy of up to
more than 30% depending on crystal type and purity. Hence
crack anisotropy is appropriate to the upper-mantle [1].

3 As Items 1 and 2, above. As crystals approach melting temperatures, melting begins
along grain-boundaries, leading to distributions of liquid
(hydrated) melt-filled films along grain boundaries, analogous
to liquid (water) filled microcracks in the crust.

4 Time-term anisotropy analysis of P-wave reflection/refraction
surveys around the high-temperature crust beneath Mount
Hood, Oregon, USA [108].

Anisotropy analysis yields P-wave velocity variations
suggesting that stress-aligned cracks are filled with liquid
(water) at 1-km depth; super-critical fluid (water) [110] at 3.7-
km depth; and liquid melt-filled cracks below 8.5 km, implying
aligned melt-filled cracks in the upper-mantle [109]. Equating
high temperatures beneath Mount Hood to equivalent crustal
temperatures suggests that the lower crust is pervaded by cracks
containing super-critical water, and the upper-mantle by cracks
containing (hydrated) melt [109].

5 Mechanisms of earthquakes in the mantle generally appear to
be similar to those of crustal earthquakes

Since it is commonly argued that earthquake mechanisms in the
crust are largely controlled by fluids as in microcrack
deformation [41,42], it is highly likely that earthquakes in the
mantle are also controlled by the deformation of fluid-saturated
cracks.

6 As Items 1, 2, and 3, above. Items 1, 2, and 3 suggest that the crust is a critical-system of
fluid-saturated microcracks. The universality of critical-systems
(one of the properties of critical-systems [17–19]) suggests that
they apply over all available space, that is all fluid-saturated
rocks [10,38,42]. Since the upper-mantle contains cracks filled
with hydrated melt, the universality of critical-systems suggest
the cause of the shear-wave splitting is aligned fluid-filled cracks
in the upper-mantle.
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explanation of the high time-delays seen in Iceland. In most regions of the crust without high heat-flow, nor-
malised levels of fracture-criticality when rocks fracture, are between 4 and 8 ms/km [7,27], whereas in Iceland,
where heat-flow is high, fracture-criticality is typically between 10 and 18 ms/km [5].

The interpretation of melt-filled cracks at depth beneath Mount Hood suggests that cracks or microcracks
filled with films of hydrated melt would explain many features of shear-wave splitting observed in the mantle
from various core phase arrivals [111]. Table 5 summarises the evidence for crack-induced anisotropy in the
upper-mantle.
8. Conclusions

Table 2, particularly [R1], suggests that distributions of stress-aligned fluid-saturated microcracks are the
predominant cause of the nearly universal observations of azimuthally-aligned shear-wave splitting both in
the Earth’s crust, and arguably in the upper-mantle (Table 5). The various appendices, together with APE-
modelling, support the hypothesis that the stress-aligned fluid-saturated grain-boundary cracks in crystalline
rocks and preferentially oriented pores and pore throats in sedimentary rocks are the most compliant elements
of in situ rocks, so that changes of stress before earthquake will systematically modify shear-wave splitting
before larger earthquakes. The appendices confirm that shear-wave splitting monitors the deformation of
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microcracks and shows systematic changes before impending earthquakes. The precision of controlled source
observations (Sections E2.1 and E2.4), as opposed to the scatter associated with earthquake sources, indicates
that cross-hole seismics in borehole stress-monitoring sites (SMSs) can monitor the accumulation of stress
before impending earthquakes and estimate the time, magnitude, and estimated location of impending large
earthquakes (see Section E2.4). Although the quality of the various data sets varies widely, there are no con-
trary events where appropriate data do not show temporal changes before large earthquakes.

This means that in principle, cross-hole seismics at appropriate directions and depths can monitor the
build-up and precursory decrease of stress before earthquakes and stress-forecast the time and magnitude
of the impending event where other precursory phenomena indicate the approximate location.

Finally, as an aside, it is fortunate for geoscientists that the observed pattern of shear-wave splitting polar-
isations in the Earth are typically oriented either parallel, the result of TIH-anisotropy, or radial, the result of
TIV-anisotropy Hexagonal symmetry (transverse isotropy) in these two orientations is a particularly simple
easily-specified easily-understood symmetry system. All other anisotropic symmetry systems with the third
polarisation pattern are much more complicated and would be much harder to interpret and exploit.
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Appendix A. Temporal changes in shear-wave splitting before earthquakes in California (Appendix A is

summarised in Section 6.1.)

Note that throughout the appendices and reference list, papers where temporal changes in shear-wave split-
ting have been recognised, either by the original authors or by our re-interpretations, are marked by ‘�’.

A.1. Introduction

*Peacock et al. [27] and *Crampin et al. [28] measured shear-wave time-delays in polarisation diagrams at
Station KNW of the Anza Seismic Network, Southern California, before the Ms 6, 1986, North Palm Springs
Earthquake, �30 km from KNW, and were the first to identify temporal variations in shear-wave splitting
before earthquakes. The variations in polar projections of time-delays were attributed to increases in crack
aspect-ratios in distributions of stress-aligned fluid-saturated microcrack, as strain accumulated (now referred
to as ‘stress-accumulation’) for 3 years before the earthquake. This behaviour, initially hypothetical, was the-
oretically confirmed when the anisotropic poro-elastic (APE) model of fluid-rock evolution was developed by
Zatsepin and Crampin [41] and Crampin and Zatsepin [42]. (Later, *Gao and Crampin [6] also identified, on
the same data set, an abrupt decrease in time-delays some 70 days before the onset of the earthquake.) The
hypothesis for the sensitivity of shear-wave splitting to stress changes before earthquakes generated a number
of papers by Aster, Shearer, Fletcher, and others reported in this Appendix, investigating surface seismic and
borehole evidence for distributions of fluid-saturated stress-aligned microcracks. This appendix will discuss
key papers relevant to temporal variations of shear-wave splitting in California in chronological order.

A.2. Observations and interpretations of shear-wave splitting

A.2.1. Aster et al. [57] (subject to fallacies: [F4,F8,F9,F10,F13,F17], Table 4)

Aster et al. [57] used an automatic technique to analyse shear-wave splitting in the same data set where
*Peacock et al. [27] and *Crampin et al. [28,29] recognised temporal variations of time-delays before the
1986, Ms 6, North Palm Springs Earthquake in Southern California. However, no satisfactory wholly-auto-
matic technique for measuring shear-wave splitting has yet been developed [59], and *Crampin et al. [29]
showed that the automatic technique of [57] gave errors of up to 200% (factors of 3) in shear-wave time-delays.
Such errors are so severe that results and conclusions based on these automatic evaluations of time-delays in
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[57] can be discounted. The comment and response is summarised in Item 4 of Table 3. The misinterpretations
of Aster et al. [57] may be attributed to fallacies [F4,F8,F9, F10,F13,F17] in Table 4.

A.2.2. Fletcher et al. [112] ([R1], Table 2. There are no notable fallacies.)
Fletcher et al. [112] studied near-surface site effects at two 300-m deep boreholes. One borehole, KNW-BH,

was 391 m from the surface seismic station KNW near the San Jacinto Fault in Southern California, where
*Peacock et al. [27] and *Crampin et al. [28] had observed temporal changes. Both KNW and KNW-BH
are in areas of irregular surface topography. The other borehole (at Piñon Flat) did not record local earth-
quakes and is irrelevant to this discussion.

Conclusions of Fletcher et al. [112] relevant to this review.

(1) Deeper granitic rocks at KNW-BH are competent and have few obvious cracks or discontinuities, but
near-surface structure at KNW-BH, particularly above 70-m depth, is highly disturbed. Fletcher et al.
conclude that this is likely to complicate observations of shear-wave splitting at the surface, where
high-frequencies from recordings of local earthquakes may mask the lower-frequency split shear-wave
arrivals.

(2) Consequently, they suggest that interpretations using only particle motion diagrams (polarisation dia-
grams, PDs) as used by *Peacock et al. [27], and many papers by *Crampin et al., at single stations,
are suspect as it is impossible to separate deep effects from local structure.

(3) Fletcher et al. also conclude that shear-wave splitting studies should concentrate on data sets where there
are multiple arrivals from neighbouring stations (or borehole arrays) to identify the effects of near-sur-
face interference.

Comments:

(1) Recognition of competent basement rocks agrees with the interpretations of *Peacock et al. [27] and
*Crampin et al. [28,29], where the characteristic temporal variations they observed are now seen
worldwide ([5,6,43,45], Table 1, and throughout this review). Surface observations of shear-wave
splitting above small earthquakes typically have frequencies of 10–20 Hz with wavelengths of several
hundred metres, and are unlikely to be heavily disturbed by the uppermost 70 m (unless the rock is
wholly incompetent). However, near-surface interactions may contribute to the ±20� scatter in polarisa-
tions and the ±80% scatter in time-delays typically observed above small earthquakes [2,5,45] and
high-frequencies could mask slower split shear-wave arrivals on seismograms as Fletcher et al. suggest.
Abrupt changes of particle motion direction write characteristic signatures into PDs, and the uniformity
of the observations of scatter, seen in a wide variety of source zones and surface conditions worldwide
(Table 1), suggests that local conditions are not the primary source of the scatter. The effect of critically-
high pore-fluid pressures on all seismogenic faults in a crack-critical crust is the preferred explanation of
the scatter [45].

(2) The key diagnostic for identifying the arrival of both faster and, particularly, slower split shear-waves is
the abrupt nearly-orthogonal change in particle motion direction which are most clearly seen in PDs (see
discussion in Item 4 of Section 2.2). It is certainly true that shallow and deeper effects cannot be easily
distinguished in PDs, but this is true of all measures of shear-wave splitting.

(3) It is certainly desirable to study shear-wave splitting at arrays of stations rather than single stations.
Unfortunately, the geometrical source-to-recorder constraints on observing shear-wave arrivals within
the shear-wave window, particularly with the need for large earthquakes to be nearby if temporal
changes are to be investigated, are extremely constrained [7]. Consequently, there are few earthquake
swarms and few individual earthquakes that are in the shear-wave window of more than one seismic sta-
tion, and little progress would be made if studies of shear-wave splitting were restricted to multiple sta-
tion observations.

Summary: The borehole observations of Fletcher et al. [112] are generally compatible with fluid-saturated
stress-aligned microcracks causing shear-wave splitting.



A.2.3. Daley and McEvilly [113] [F3]

Daley and McEvilly [113] report a three-offset multi-azimuth VSP with orthogonal orientations of shear-
wave vibrators to a permanently-installed string of three-component geophones to 1.4-km depth in the Varian
Well of the Parkfield Earthquake Prediction Experiment on the San Andreas Fault, Southern California. This
was intended to be the first of a series of repeated VSPs to monitor temporal changes in shear-wave splitting
associated with what appeared to be a regular �20-year sequence of M 6 earthquakes at Parkfield. Unfortu-
nately, the cable to the cemented geophones failed, so that the VSP study of Daley and McEvilly [113] could
not be repeated. The anticipated M 6 earthquake did not occur until 28th September, 2004, some 12 years late.
However Daley and McEvilly showed that the Varian VSP displayed clear near fault anisotropy which they
assign to fluid-saturated cracks.

Conclusions of Daley and McEvilly [113] relevant to this review. Daley and McEvilly conclude that shear-
wave splitting at Varian displayed TIH-anisotropy with a horizontal axis of symmetry perpendicular to
San Andreas Fault. They found increasing time-delays as ray paths approach the vertical, which they interpret
as implying more pronounced cracking in the stronger shear-fabric nearer the fault.

Comments. The polarisations and time-delays of the TIH-anisotropy observed at Varian are consistent with
shear-wave splitting reported elsewhere in this review implying pervasive distributions of stress-aligned fluid-
saturated microcracks. Note that in a uniform distribution of TIH-anisotropy, time-delays would theoretically
increase as ray paths become closer to the vertical [7]
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(2) The polarisations at KNW are N40�W, approximately fault-parallel, and the shear-wave splitting
observed at KNW and the neighbouring borehole KNW-BH ‘‘most likely results from palaeo-strain
mineral alignment . . . perhaps abetted by similarly aligned cracks near the surface . . . and that initial
shear-wave particle motion directions do not necessarily indicate the present maximum compressive
stress orientation”.

(3) Aster and Shearer suggest that the 2.3 ± 1.7% shear-wave velocity anisotropy estimated for unweathered
rock between 150 and 300 m can be accounted for by 3% per volume of aligned biotite crystals along the
ray paths.

Comments:

(1) The shear-wave splitting at five of the Anza Stations is compatible with that caused by stress-aligned
fluid-saturated microcracks as now observed extensively elsewhere.

(2) There are two phenomena that argue strongly against mineral alignment as the source of the anom-
alous polarisations at KNW (see Section 2.1 and Table 2). Anisotropy caused by mineral alignment
does not typically lead to the near-parallel shear-wave polarisations within the shear-wave window
indicative of TIH-anisotropy [R1] [1,7]. For mineral alignments to lead to the observed TIH-anisot-
ropy, the minerals must have either hexagonal symmetry, or orthorhombic or other symmetry with
mutual alignment along one axis but random orientation of the others. Furthermore, the axis of align-
ment would need to be horizontal and parallel to the slow shear-wave polarisation so that the perpen-
dicularly polarised waves arrive first.Secondly, the anisotropies of mineral crystals typically have
shear-wave velocity anisotropy much greater than the 1.5–5.5% shear-wave velocity anisotropy typi-
cally observed in most unfractured rocks in the crust [7] [F7]. Certainly, an unusual combination of
minerals could lead to TIH-anisotropy with appropriate velocity anisotropy, but it would be an unu-
sual and would be unlikely to lead to the almost universal observations of azimuthally-varying shear-
wave splitting observed elsewhere.

(3) The elastic moduli of biotite (in the 3% per volume of biotite suggested by Aster and Shearer [116]) have
exceptionally large �70% shear-wave velocity anisotropy (for pure biotite). For 3% biotite to be the
cause the shear-wave splitting observed at KNW would require an exceptional coincidence: the proposed
3% mix of this highly anisotropic mineral with an isotropic matrix leading to the shear-wave velocity
anisotropy of 1.5–5.5%, as observed by shear-wave splitting worldwide [2,5,7], would need to be stable
throughout most of the crust. This seems unlikely.

Again the results of Aster and Shearer [116] are generally compatible with the compliant stress-aligned
fluid-saturated cracks advocated in this review. Note that the fault-parallel shear-wave polarisations are some
40� from the directions of tectonic stress-aligned shear-wave polarisations observed at other stations of the
Anza Seismic Network [27–29]. These can be attributed to the complicated effects of 90�-flips in shear-wave
polarisations caused by the high pore-fluid pressures on all seismogenic faults [44,45]. Such polarisation anom-
alies can be observed at the surface near such major tectonic features as the San Andreas Fault in California
and the Húsavı́k-Flatey Fault in Iceland, where major faults traverse most of the thickness of the crust [44]. At
smaller faults the anomalies cause scatter in time-delays [45]. Fallacies [F7, F8,F9,F10,F12,F13] contribute to
the misinterpretations of Aster and Shearer [116].

A.2.6. *Li et al. [99] [F9]
*Li et al. [99] examined shear-wave splitting above small earthquakes in the Los Angeles Basin. Assuming

crack-induced anisotropy, they observed stress-aligned shear-wave splitting with the typical ±80% scatter
observed elsewhere. Unfortunately, the time-delay data points are too sparse in time to show temporal vari-
ations before the several M 4 and M 5 earthquakes recorded during the observations, however there are
enough source earthquakes to show that time-delays did decrease following a Montebello double-event,
and then gradually rose to the average level. These observations are consistent with the presumed crack-
induced observations seen elsewhere.
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A.2.7. Zhang and Schwartz [117] [F2,F7,F8,F9,F10]

Zhang and Schwartz [117] examined shear-wave splitting above aftershocks of the 1989 Loma Prieta earth-
quake on a segment of the San Andreas Fault system. The aftershocks are scattered over a 30 km by 50 km
area divided lengthwise by the nearly-parallel San Andreas, Zayante, and Sargent Faults. The polarisations of
the leading split shear-waves are approximately fault-parallel (NW–SE) except at Station WAWA, some 7 km
SW away from the Zayante Fault on the SW edge of the Basin, which are approximately NE–SW and parallel
to the regional maximum direction of stress, rH. Zhang and Schwartz did not report temporal variations
(which in any case are not expected and have not yet been observed during aftershock sequences [F14]).

Conclusions of Zhang and Schwartz [117] relevant to this review:

(1) The varying polarisations indicate anisotropy confined to the very shallow (uppermost 2 km) of the crust.
There is a contrast between NE–SW at WAWA outside the fault zone and NW–SE within the fault zone.

(2) The lack of correlation of time-delays with depth and hypocentral distance also indicates shallow anisot-
ropy above 2 km. Principally on the basis of these two conclusions, Zhang and Schwartz [117] infer that
the cause of the fault-parallel polarisations is not wholly stress-aligned microcracks throughout the rock
mass but also ‘‘may result from mineral or fracture alignment caused by shearing along the plate
boundary”.

Comments:

(1) The shallow crust would need to have such strong fracture-induced anisotropy to achieve the observed
time-delays over short near-surface ray paths that the slower split shear-wave would be severely atten-
uated [F7]. The consistency of the many similar waveforms of the faster and slower split shear-waves
illustrated by Zhang and Schwartz suggest this is not the case. If fluid-saturated cracks are the source
of the anisotropy, as evidence in this review suggests, then the crack densities in the shallow crust sug-
gested by Zhang and Schwartz would need to be so high that the crust would be close to disaggregation
and the passage of any coherent shear-wave would be unlikely [F7]. The more consistent explanation is
that the fault-parallel polarisations are 90�-flips caused by the high pore-fluid pressures near all seism-
ogenic faults, which are observed at the surface only along major tectonic faults reaching nearly to
the surface [43,44]. Station WAWA outside the fault zone has polarisations parallel to the regional stress
field. This is exactly analogous to the pattern of polarisations at Parkfield [23] and at the Húsavı́k-Flatey
Fault in Iceland [38]. The polarisations of shear-wave splitting at most stations of the Parkfield Network
are parallel to the regional stress-field, whereas the polarisations at Station MM immediately above the
San Andreas Fault, which at this point has a narrow fault zone, show 90�-flips and are fault-parallel and
interpreted as the result of the critically-high-pressures on all seismogenic faults [44]. There is similar
behaviour at the Húsavı́k-Flatey Fault [38].

(2) The ±80% scatter of time-delays and lack of correlation of time-delays with distance is typical of shear-
wave splitting observed above all small earthquakes [5,6,45,46]. When the time-delays have such a large
scatter, and a shear-wave velocity anisotropy that varies from positive to negative within the shear-wave
window, any detailed correlation with distance or depth is likely to be hidden [F9, F10].

We suggest that the interpretations of Zhang and Schwartz [117] are subject to several fallacies particularly
[F2,F7, F8,F9,F10]. The observed shear-wave splitting appears to be typical of that seen elsewhere, whose
behaviour can be comprehensively interpreted as the result of compliant stress-aligned fluid-saturated micro-
cracks throughout at least the upper half of the crust.

A.2.8. *Nadeau et al. [100] [F17]
*Nadeau et al. [100], as part of the Parkfield Earthquake Prediction Project, identified clusters of nearly iden-

tical earthquakes (doublets) for the years 1987–1992 within 5 km of a 25-km segment of the San Andreas Fault.
They classified clusters by high cross-correlation coefficients in 63% of some 1700 earthquakes localised onto
about 300 doublet-clusters of closely-spaced earthquakes. The analysis showed no progressive changes in wave-
form similarity amongst cluster members. The conclusion was that the structure around the cluster was stable.
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Comments. The cross-correlation cluster analysis, as reported in [100], was principally aimed at identifying
differences in P- and S-wave arrival times and was restricted to vertical component seismograms, including
both P-wave and S-wave arrivals, where S–P time-delays were about 2 s. S-wave arrivals on vertical seismo-
grams of local earthquakes are highly disturbed and cannot be used for reliable measurements [118]. Horizon-
tal shear-wave seismograms within the shear-wave window are much more sensitive to small changes in stress,
as a result of the critical nature of the distributions of stress-aligned fluid-saturated microcracks [7,38] but, as
always, are subjected to the ±80% scatter in all observations of time-delays above small earthquakes [45].
Later (unpublished) discussions with Robert Nadeau confirmed that there were small, less than 0.1 s, changes
between shear-wave arrivals on horizontal seismograms arrivals in each cluster which were too small to sig-
nificantly affect the cross-correlation coefficients of the vertical components in the comparatively large time
windows but are compatible with the time-delays reported elsewhere in this review [F17]. Thus, the seismo-
grams analysed by *Nadeau et al. [100] are consistent with distributions of stress-aligned fluid-saturated micro-
cracks showing temporal variations as suggested in this review. As far as we know, the horizontal seismograms
of this data set have not been specifically examined for temporal changes in shear-wave splitting.

A.2.9. *Karageorgi et al. [101]
*Karageorgi et al. [101] analysed P- and S-wave recordings (1987–1995) at the 10-station Parkfield Earth-

quake Prediction Experiment network by repeated excitation of a shear-wave vibrator at up to six sites. Search-
ing for evidence of temporal changes, they apparently did not specifically examine shear-wave splitting, but
found several (20 to 30 ms) anomalies in P- and S-wave travel times that appear to be associated with
earthquake source behaviour, such as variations in creep rate. They attribute these changes to variations in fluid
content and are able to exclude near-surface water table changes. Although they do not mention cracks (or
shear-wave splitting), the observations are generally compatible with changes due to the stress-sensitive fluid-
saturated stress-aligned microcracks advocated in this review (also see Section A2.8, and *Nadeau et al. [99]).

A.2.10. Zinke and Zoback [119] [F2,F3,F4,F7, F8,F9,F10]

Zinke and Zoback [119] examined shear-wave splitting at Station HQR above small earthquakes before and
after the 1986 Tres Piños earthquake in the South San Francisco Bay Area, California. The Tres Piños earth-
quake on the Quien Sabe Fault was 10 km east of the Calaveras Fault. Zinke and Zoback monitor splitting
from two swarms. One small swarm (CP) is immediately beneath Cibo Peak �2 km west of the Calaveras
Fault; and a larger swarm (QS) spanning the approximately parallel Quien Sabe fault system 10 km west
of the Calaveras Fault. The polarisations of the CP swarm average NE–SW, approximately in the direction
of the maximum horizontal compressional stress, rH, whereas polarisations at the QS swarm are approxi-
mately orthogonal and fault-parallel, averaging WNW-ESE.

Conclusions of Zinke and Zoback [119] relevant to this review.

(1) The upper layer of the crust (2–4 km) appears to be isotropic, as two different but stable polarisation
directions are observed at the same station.

(2) The anisotropy around the Quien Sabe Fault appears to be controlled by the fault itself and probably
caused by high pore-fluid pressures.

(3) In contrast, the anisotropy of the CP swarm, 4 km east of the Quien Sabe Fault system, appears to be
controlled by the regional stress-field and is consistent with fluid-saturated microcracks.
Comments:

(1) The two swarms, CP and QS, with different polarisations can be interpreted as the effects of uniform
crack distributions on the 3D variations in directions of propagation. Polarisations from CP events, well
within Band-1 directions to HQR [7], are parallel to the maximum horizontal stress direction rH, whereas
polarisations from QS at the edge of the shear-wave window, on the edge of Band-1, are approximately
parallel to the minimum horizontal stress, rh [7]. This is analogous to the 3D polarisations variations
interpreted by *Gao and Crampin [24] (Section B2.5) and the 3D borehole observations of
*Teanby et al. [37] (Section E2.3), where the effects of the 3D variations in polarisations were recognised.
However, as always with shear-wave splitting, it is difficult to exclude alternative explanations, but



Table A1
Other observations of shear-wave splitting in California interpreted in terms of fluid-saturated stress-aligned microcracks

Reference Source Location and date Possible temporal changes in shear-wave
splitting time-delays.

Shih and Meyer
[120]

Local earthquakes South Moat of Long Valley
Caldera (3 months, 1982).

Shih and Meyer [120] were not searching for
temporal variations and time-delays are not plotted
against time, but observations are generally
consistent with stress-aligned fluid-saturated
microcracks.

*Liu et al. [23] Local earthquakes Parkfield, San Andreas Fault
(SAF) (1988–1990).

*Liu et al. [23] observed characteristic increases and
precursory decreases before a ML 4 earthquake
comparable with those seen elsewhere, consistent
with fluid-saturated stress-aligned microcracks.

Cochran et al. [121] Local earthquakes recorded
by six linear 800m arrays
spanning the SAF.

Aftershocks of 1999, M 7.1,
Hector Mine Earthquake
during 1 year, 1999–2000).

Cochran et al. [121] did not observe temporal
variations, but systematic changes are not expected
in aftershock sequences [F14].
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interpreting the observations as the expected azimuthal variations of a single widespread crack distribu-
tion, seems more likely than proposing the first known example of two differently polarised stress ori-
ented anisotropic materials immediately next to each other. (Note that the other phenomena
imposing orthogonal changes, 90�-flips associated with high pore-fluid pressures on seismogenic faults
can probably be excluded. Such flips only occur within the immediate volume surrounding the fault,
and paths from QS showing flips would need to pass immediately above the CP swarm which does
not show flips.)

(2) Comment 1 suggests that the anisotropy around the Quien Sabe Fault is not fault controlled.
(3) Comment 1 also suggests that the anisotropy is almost certainly controlled by fluid-saturated microcracks.
A.2.11. Other observations of shear-wave splitting in California

Table A1 summarises three other studies of shear-wave splitting in California interpreted in terms of fluid-
saturated stress-aligned microcracks, one of which showed temporal variations. *Liu et al. [23] observed char-
acteristic (stress-accumulation) increases and (crack coalescent) decreases before a M 4 earthquake at Park-
field on the San Andreas Fault.

Appendix B. Temporal changes in shear-wave splitting before earthquakes in Iceland (Appendix B is summarised

in Section 6.2)

B.1. Introduction

Iceland is above an offset of the Mid-Atlantic Ridge where, probably uniquely, two transform zones run
onshore. Transform zones are highly seismic, and since there is an efficient seismic network and analysis sys-
tem in Iceland [85], now accessible over the Internet, Iceland is a good place for studies of shear-wave splitting
above earthquakes. Since 1996, there have been several EC-funded projects, PRENLAB 1 and 2, SMSITES,
and PREPARED, during which shear-wave splitting has been continuously monitored. The monitoring still
continues, but intermittently. Temporal variations in shear-wave time-delays monitoring stress-accumulation
before earthquakes were recognised in Iceland by [5,46], and in 1988, the time, magnitude, and location of a M

5 earthquake in SW Iceland was successfully stress-forecast in a tight magnitude/time window [25].
As a result of some 10 years of monitoring in a region of persistent seismicity, much of our current under-

standing of shear-wave splitting above small earthquakes has come from analysis of shear-wave splitting
recorded in Iceland. There are sufficient observations elsewhere to show that the Iceland results commonly
apply worldwide (Appendices A, C, D and E). These studies pioneered the current understanding of shear-
wave splitting as the result of propagation through distributions of stress-aligned fluid-saturated microcracks
so closely-spaced that they are critical-systems verging on fracture-criticality, fracturing, and earthquakes
[10,11,41,42]. Many aspects of this study are summarised in Table 2 of the main text, and will not be repeated
here. Only the more significant items are listed below.
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B.2. Observations of shear-wave splitting

B.2.1. Menke et al. [55] [R1]

Menke et al. [55] were probably the first to report shear-wave splitting in SW Iceland. The splitting was
attributed to vertical stress-aligned cracks. The results and conclusions are generally compatible with the
observations of *Volti and Crampin [5,46] and others in SW Iceland suggesting the cause is stress-aligned
microcracks. The possibility of temporal variations was not examined.
B.2.2. *Crampin et al. [25] [R1,R2,R3, R6]

The first successful stress-forecast earthquake. In October 1998, *Crampin et al. [25] recognised during the
4-year study reported in Section B2.3, below, that shear-wave time-delays were increasing in Band-1 directions
at stations BJA and SAU in SW Iceland. The rate of increase was similar to that before a M 5.1 earthquake some 6
months earlier near BJA [5]. Based on the estimated duration of the increase and approach to levels of fracture-
criticality, an email alert was sent to the Iceland Meteorological Office (IMO) on 10th November, 1998, stating
that ‘‘. . . an event could any time between now (M P 5) and end of February (M P 6).” Following an earlier email
on 27th October, 1998, Ragnar Stefánsson (IMO) had suggested that the increase might be linked to the contin-
uing seismic activity associated with the previous M 5.1 earthquake. Three days later, on 13th November IMO
reported ‘‘. . . there was a magnitude 5 earthquake just near to BJA (preliminary epicentre 2 km west of BJA) this

morning 10 38 GMT”, fulfilling the forecast in a narrow time/magnitude window [25]. We suggest that this is the
first scientifically, as opposed to precursory or statistically, predicted earthquake, and provides direct proof that
variations of shear-wave splitting can forecast earthquakes. Logarithms of the duration of the increases are
approximately proportional (self-similar) to the magnitudes of the eventual earthquakes.

Note that Seher and Main [60] commented adversely on the statistics underlying the forecast. *Crampin
et al. [61], in response, demonstrated that the criticisms of Seher and Main were invalid for analysing isolated
increases superimposed on a continuous time series (see Item 5, Table 3).

Note that the successful stress-forecast [25] has not been repeated because the severe restrictions on appropri-
ate source–geophone-earthquake geometry are difficult to meet. (The appropriate geometry requires sufficient
shear-wave ray paths in Band-1 directions with in the shear-wave window.) The only other suitable earthquake
was not stress-forecast because of seismic quiescence at a critical time so that there were insufficient shear-wave
source events and the stress-accumulation was not recognised [30] (see discussion in Section B2.6, below).
B.2.3. *Volti and Crampin [5,46] [R1,R2, R3,R6]
*Volti and Crampin [5,46] reported a 4-year study of shear-wave splitting in Iceland. This study and its asso-

ciated papers established much of the current understanding of shear-wave splitting. Changes of shear-wave
time-delays were observed before five earthquakes (the last of which was the successfully stress-forecast earth-
quake, see previous section). These five earthquakes occurred during a 2-year approximately linear decrease in
normalised time-delays of �2 ms/km/year following the 1996, Gjàlp eruption, on the Vatnajökull Ice Cap,
during which extraneous magma-induced disturbances were minimal (Section D2.1). Since that time, minor
magmatic activity has considerably disturbed the typical self-similar behaviour of time-delays before earth-
quakes and no further earthquakes have been stress-forecast in real-time, but see Section B2.6, below.
B.2.4. *Gao and Crampin [6] [R1, R3,R6]
*Gao and Crampin [6] recognised that, at the ends of the increases of time-delays in Band-1 directions inter-

preted as monitoring stress-accumulation before larger earthquakes, there are also decreases in time-delays
immediately before impending earthquakes. These occur in all cases where there were sufficient source data
before the event. Such a decrease was first recognised in the Enola Swarm, Arkansas by *Booth et al. [22].
*Gao and Crampin initially interpreted these decreases as some form of (unspecified) stress relaxation. How-
ever, it is now recognised [24,30,44,45] that the decrease is the result of coalescence of microcracks into larger
cracks as the eventual fault-plane is identified during the stress-accumulation. Fig. 6 is a key figure from [6]
showing the consistency of the increases and decreases of time-delays before larger earthquakes. The
logarithms of the durations of both stress-accumulation increases and crack coalescence decreases are self-sim-
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ilar and separately proportional to the earthquake magnitudes (Fig. 7). Note that this paper [6] is included in
this Appendix on Iceland as three of the six earthquakes are in Iceland.

B.2.5. *Gao and Crampin [24] [R1, R2, R3, R5, R6]
*Gao and Crampin [24] showed that spatial changes in the location of shear-wave source earthquakes, show-

ing temporal variations before a M 4.9 earthquake in N Iceland, could cause anomalies in shear-wave polar-
isations, which are not caused by high-pressure-generated 90�-flips. For thin parallel stress-aligned fluid-
saturated microcracks the polarisations of the faster split shear-waves are parallel to the direction of maximum
horizontal stress in a ±�30�-wide band across the centre of the shear-wave window [7]. Outside this band, but
still within the shear-wave window, the polarisations are approximately orthogonal to the stress direction.
Gao and Crampin show that the spatial variations in locations of the source earthquakes are compatible with
this interpretation. Zinke and Zoback [119] (see our re-interpretation, Section A2.10) and *Teanby et al. [37]
(Section E2.3) display similar ray path-dependent variations in polarisation.

B.2.6. *Wu et al. [30] [R1, R2, R3, R5, R6]
*Wu et al. [30] re-examined shear-wave splitting before a pair (4 days apart) of Ms �6.6 earthquakes in June

2001 in SW Iceland. These were the largest earthquakes in Iceland for several decades and had not been stress-
forecast by variations in shear-wave splitting. This was because there was a 2-month quiescence of the source
events at the beginning of the (now identified) 6-month stress-accumulation. Without shear-wave source earth-
quakes the increase was not recognised. *Wu et al. [30] showed that quiescence before this earthquake was
extensive over most of Iceland. In order to examine this earthquake in more detail the Iceland Meteorological
Office extended the seismic catalogue (and Internet seismograms) to include earthquakes down to magnitude
M 0 and below. Using this extended data set, *Wu et al. [30] showed that the Ms �6.6 earthquakes displayed
the characteristic stress-accumulation increase and the crack coalescence decrease typical of earthquakes
worldwide. *Wu et al. also showed that durations of both the increase and decrease were (separately) self-sim-
ilar with those of the other Iceland earthquakes (Fig. 7).

Appendix C. Temporal changes in shear-wave splitting before earthquakes elsewhere (Appendix C is summarised

in Section 6.3)

C.1. Introduction

Apart from California (Appendix A) and Iceland (Appendix B), and to a lesser extent Italy (C2.4) and New
Zealand (C2.7 and C2.8), below, the Band-1 constraints on observing temporal changes, studies of shear-wave
splitting elsewhere are met only for chance coincidence of swarms of earthquakes, seismic stations within the
shear-wave window, and suitable larger earthquakes nearby. These larger earthquakes were sometimes within
the swarm sequence itself and sometimes nearby.

C.2. Observations of shear-wave splitting

C.2.1. Arkansas, USA: *Booth et al. [22] [R1, R2,R3]

The first observation of precursory (crack coalescence) decreases: *Booth et al. [22] observed shear-wave
splitting at a temporary network operating for 12 days above a swarm of small earthquakes near Enola,
Arkansas. *Booth et al. identified an increase in time-delays in Band-1 of the shear-wave window, on a sparse
data set, 4 days before a magnitude ML 3.8 swarm earthquake interpreted as monitoring stress-accumulation.
*Booth et al. [22] also identified a precursory decrease starting 12 h before the earthquake. This was the first
time a decrease indicating some form of precursory stress relaxation had been recognised. (The precursory
decrease before the North Palm Springs Earthquake, *Peacock et al. [27], was not recognised until *Gao
and Crampin [6] identified precursory decreases before five other earthquakes, see Section B2.4, above.) These
decreases are now interpreted as the effects of crack coalescence as micro- and macro-cracks converge on the
impending fault break. Such decreases have now been identified before some nine earthquakes worldwide
(Table 1b). The logarithms of the durations of both increases representing stress-accumulation, and decreases
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representing precursory crack coalescence, are self-similar and approximately proportional to the earthquake
magnitudes (Fig. 7).

C.2.2. China: *Gao et al. [21]; *Gao et al. [6,26] [R1,R2,R3]
There have been two observations of temporal changes in shear-wave splitting before earthquakes in

China. *Gao et al. [21] observed temporal changes before a magnitude ML 3.6 earthquake above a swarm
of small earthquakes near Dongfang, Hainan Island, China, but the data are sparse. The logarithm of
the duration of the stress- accumulation increase has a similar self-similar relationship with magnitude
as those observed elsewhere. The data were too sparse to indicate a consistent decrease. *Gao et al.
[6,26], in another sparse data set, observed temporal increase in time-delays before a MS 5.9 earthquake
in Shidan, Yunnan, China and a precursory decrease before a MS 5.3 earthquake nearby. Both increase
and decrease have similar self-similarity relationships with magnitude to those seen elsewhere. In both
cases, observations and interpretations are consistent with the fluid-saturated microcracks reported in this
review.

C.2.3. Hawaii: Munson et al. [122] [F2,F5,F6, F7,F8,F9,F10]

Munson et al. [122] examined shear-wave splitting recorded at a permanent Station AIN before and after
the 1983 ML 6.6 Kaoiki Earthquake in Southern Hawaii and also later at four temporary arrays. The tempo-
rary arrays were deployed within 30 km of the earthquake epicentre for several months in 1990, some 7 years
after the Kaoiki Earthquake.

Conclusions of Munson et al. [122] relevant to this review.

(1) The observed shear-wave polarisations are generally consistent with information on stress orientation
and indicate crack-induced anisotropy. However, although the polarisations are generally consistent
within each array, there are ‘‘sharp” variations in polarisations at different arrays, which [122] interpret
as indicating shallow anisotropy.

(2) A weak correlation of time-delays with epicentral distance and focal depth also suggest shallow anisot-
ropy with shear-wave velocity anisotropy exceeding 10%. This indicates a highly fractured upper crust
suggesting the possibility of strong near-surface structural anisotropy.

(3) There was no evidence reported for temporal variations in delay-times before and after the main shock.

Comments:

(1) Shear-wave polarisations are extremely sensitive to surface topography. The free-surface beneath the
temporary arrays on Hawaii has highly irregular topography, as demonstrated by ‘‘gulch” in the
names of two of the four arrays, and the polarisations necessarily display topography-induced scat-
ter. Shear-wave polarisations, and the effective shear-wave window, are highly dependent on the inci-
dence angle to the free-surface. The overall topographic slope of �1/8 (�7�) at the arrays on the side
of the volcano, as well as the local irregularities, will modify the edge of the effective shear-wave
window and disturb polarisations. The overall directions of polarisation of three of the arrays point
are approximately up-slope towards Mauna Loa, the highest volcano in Southern Hawaii. This sug-
gests: that either polarisations are controlled by the topographic slope rather than the subsurface
anisotropy [F6]; or that maximal horizontal stress radiates from the summit; or most likely a com-
bination of both phenomena. The exception is Bird Park Array, which is within 5 km of the large
caldera of the highly active Kilauea volcano, where local movement of magma is expected to modify
the stress-field, modify microcrack orientations, and hence modify shear-wave polarisations. These
various anomalies suggest that polarisations are dominated by topographic irregularities rather than
stress orientations.

(2) The known ±80% scatter in time-delays, typically observed above small earthquakes due to 90�-flips in
shear-wave polarisations [45], is so large that correlation of time-delays with epicentral distances or focal
depths are typically weak or hidden as in Hawaii [F10]. Consequently, strong shallow anisotropy cannot
necessarily be inferred.
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(3) Observations of temporal variations in time-delays require stringent source-to-recorder geometry. Only
time-delays in Band-1 directions of the shear-wave window are sensitive to the low-level changes of
stress accumulation before earthquakes [7]. Time-delays were recorded at Station AIN for 230 days
before and 10 days after the main shock. Band-1 and Band-2 data points are not identified, but
the equal-area polar projections indicate that there are very few, perhaps 6–10 data points (5–10%
of the total), with Band-1 directions, and temporal variations in time-delays would not be expected
in substantially Band-2 directions which do not typically display temporal variations for low-level
changes of stress [7].

We suggest that the interpretations of Munson et al. [122] are subject to several fallacies particularly
[F2,F5, F6,F7,F8,F9,F10] in Table 4. Again the shear-wave splitting observed by Munson et al. appears
to be typical of that seen elsewhere, whose behaviour can be comprehensively interpreted as the result of com-
pliant stress-aligned fluid-saturated microcracks.

C.2.4. Italy: *Del Pezzo et al. [104] [R1, R2,R3,R6]
*Del Pezzo et al. [104] monitored shear-wave splitting at a network of seismic stations above a swarm of

small earthquakes 2–4 km lower than the summit crater of Mt. Vesuvius. Both the surface and internal topog-
raphies are irregular. The two stations, BKN and BKE, nearest to the summit are on an approximately hor-
izontal surface within the larger ancient caldera (Mt. Somma) and earthquakes within the shear-wave window
display fast split shear-wave polarisations approximately in line with the summit cone suggesting maximum
stress radiating from the central volcano pile. Time-delays, normalised to s/km, in Band-1 directions at the
nearest station, BKN, 1 km to the north of the summit crater, display a �86-day increase (our interpretation)
and precursory �10-day decrease, before a larger magnitude ML 3.6 earthquake (October 1999), which was
the largest earthquake within the Vesuvius region since 1944. *Del Pezzo et al. [104] recognise that the
shear-wave splitting is monitoring crack deformation.

The Band-1 time-delays at the next-nearest station, BKE, 1.5 km to the east of the summit, are much more
scattered. They show an irregular less-pronounced increase, no precursory decrease, and another more minor
increase �30 days after the 3.6 earthquake.

Note that *Del Pezzo et al. [104] also report temporal changes in the b-value of the Gutenberg–Richter rela-
tionship and the coda decay rate for this ML 3.6 earthquake.

Comments. The increase in Band-1 time-delays at BKN, interpreted as stress-accumulation, and the
decrease, interpreted as crack coalescence, are typical of those observed elsewhere as reported throughout
this review and are compatible with shear-wave splitting monitoring fluid-saturated microcrack geometry.
However, the values of the normalised time-delays of up to �40 ms/km are much larger than are usually
observed elsewhere. Larger values, up to �20 ms/km are found in Iceland, where they are attributed the
effects of the generally high heat-flow [5,46]. The size of time-delays depends on many parameters includ-
ing: Poisson’s ratio; P- and S-wave velocities of the rock matrix; and temperature [83]. High heat-flow is
believed to be the cause of high values on Vesuvius. The reason for the exceptionally large duration of
�86 days before a small ML 3.6 earthquake again is not understood. It is probably related to the excep-
tional stability of Vesuvius, which has minimal seismic and volcanic activity. The durations of the
increases in time-delays are thought to be related to the rate of stress/strain increase in the surrounding
area, and there is no known reason why the rates should be similar for earthquakes and volcanoes in dif-
ferent regions.

Note that only 18-point moving averages of time-delays are plotted. This leads to simplification of varia-
tions with time, but hides the ±80% scatter which appears to be a diagnostic and characteristic feature of time-
delays above all small earthquakes [10,45]. 18-point moving averages could also hide significant variations,
such as the duration of increasing stress, if the variations are only represented by a few data points. This
can be compared to plotting a least-squares line without plotting the data points: valuable inferences may
be hidden.

Note also that the plots of temporal changes of time-delays before the ML 3.6 earthquake on Vesuvius of
*Del Pezzo et al. [104] are almost identical to the variations seen before a flank eruption at Mt. Etna, Sicily by
*Bianco et al. [32], discussed in Section D2.3 of Appendix D.



S. Crampin, S. Peacock / Wave Motion 45 (2008) 675–722 711
C.2.5. Japan: Kaneshima [123] [R1,R3]; Volti et al. [124]; *Saiga et al. [105]; *Hiramatsu et al. [125]

Kaneshima [123], in 1990, in an early review of extensive observations of shear-wave splitting reported
shear-wave splitting in Honshu and Shikoku, Japan. Kaneshima did not seek nor report evidence of temporal
changes. Volti et al. [124] identified sea-mounts in the Nankai Trough by their effect on shear-wave polarisa-
tions but did not seek temporal changes. Two papers studied temporal changes associated with the 1997, MW

5.7, Aichi-ken Tobu earthquake beneath the Tokai region of Honshu, Japan [105,125].
*Saiga et al. [105] monitored shear-wave splitting above small earthquakes for �11 years before and �2

years after Aichi-ken Tobu earthquake. The shear-wave polarisations are consistent with the regional
stress-field from earthquake fault-plane mechanisms. *Saiga et al. did not report temporal changes before
the earthquake but identified increases in time-delays (in seconds) at the time of the MW 5.7 earthquake in
both Band-1 and Band-2 directions for source earthquakes in both the crust (depth <25 km) and the subduct-
ing slab (depth P25 km). A neighbouring station INU showed shear-wave splitting but did not show temporal
variations at the time of the earthquake. Both stations showed the typical ±80% scatter about the mean. The
level of shear-wave velocity anisotropy at 0.6% was very low, and *Saiga et al. concluded that the Aichi-ken
Tobu earthquake was too deep at 39 km and the velocity anisotropy too small to show precursory changes in
time-delays as identified in [27–29].

*Hiramatsu et al. [125], continuing the analysis of *Saiga et al., studied the increase of (normalised) time-
delays following the Aichi-ken Tobu earthquake. The time-delays for both crustal and slab source earthquakes
peaked in value and in both cases decreased to the ambient level over about 18 months. Hiramatsu et al. inter-
preted this as indicating crack healing similar to that reported in laboratory experiments.

Comments: *Saiga et al. [105] did not report changes in time-delays before the Aichi-ken Tobu earthquake,
however, Fig. 7 of that paper shows five-point moving averages of time-delays (in seconds) at STN before the
event where both crustal and slab source events show increases from the average ambient level. For both crus-
tal and slab sources, the time-delays approximately double in value over about 18 months before the event.
Thus the time-delays show similar stress-accumulation increases with rates of increase as those observed else-
where. The data is sparse and it is difficult to access the exact duration of the increase. Crack coalescent
decreases are not visible.

*Hiramatsu et al. [125] did not separate Band-1 and Band-2 directions, and this is the first time that peaks of
time-delays have been identified after earthquake. It may be the shear-wave splitting behaves differently in sub-
ducting slabs. The combined directions do not show the stress-accumulation increase of *Saiga et al. [105].

C.2.6. Kamchatka: Krasnova and Chesnokov [126]; Luneva and Lee [127] [R1,F6]

Krasnova and Chesnokov [126] monitor shear-wave splitting at ten stations near Petropavlovsk, Kam-
chatka, for shear-wave arrivals from 35- to 55-km deep earthquakes up to 100 km offshore in the Gulf of Ava-
cha. One station, PET, shows orthogonal changes in rose-diagrams of shear-wave polarisations before and
after an offshore M 4.5 earthquake. Other stations show minor variations in shear-wave polarisations, but
not orthogonal changes. Krasnova and Chesnokov [126] suggest these changes are temporal variations in
shear-wave splitting.

Comments. Many of the earthquakes are outside the straight-line shear-wave window (see Item 2, Section
2.2) for some or all of the stations. For shear-wave propagation in distributions of thin vertical cracks, the
faster split shear-wave is theoretically polarised parallel to the direction of maximum horizontal stress in a typ-
ically ±40�-wide band across the centre of a polar projection [7] (allowing for refraction through low-velocity
layers). This was observed by *Teanby et al. [37], *Gao and Crampin [24], and in our interpretation of Zinke
and Zoback [119]. For arrivals outside this band, the shear-wave polarisations are approximately perpendic-
ular to the polarisations within the band. Epicentres of the earthquakes in the [126] data set have different dis-
tributions before and after the M 4.5 event, and the changes in polarisation are almost certainly caused by
spatial rather than temporal variations, as demonstrated by *Gao and Crampin [24]. If the [126] data set does
show temporal changes, it is the only occasion that changes in polarisations have been observed to occur dur-
ing earthquake preparation (as opposed to 90�-flips before volcanic eruptions [32,33]), and this seems unlikely.
All other examples of temporal changes before earthquakes only show changes in time-delays.

Luneva and Lee [127] also monitor shear-wave splitting at Station PET using shear-waves from 40- to 184-
km deep earthquakes off-shore at less than 100 km from PET and are within the shear-wave window. They
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divide their shear-wave source earthquakes into two sets above and below 80-km depth. The normalised time-
delay points are sparse: 19 earthquakes above and 32 below 80 km, set in our Band-1 (their Band-2) directions
in 3 years. Their three-point moving averages of statistical interpolation show variations with time that are
interpreted as indicating temporal changes in shear-wave splitting.

Comments. The association of variations with large earthquakes is weak and suspect, because the data are
sparse and the ±80% scatter always observed above earthquakes [45] is ignored. Hence temporal variations in
shear-wave splitting in Kamchatka are unproven in both [126] and [127] data sets.

C.2.7. New Zealand I [R1,F2,F7, F8,F9,F10]

Shear-wave splitting in the Wellington Peninsula. There have been several studies of shear-wave splitting in
the crust in New Zealand (*Gledhill [54,102,128], Audoine et al. [129,130], amongst others), but temporal vari-
ations were not identified and were specifically denied. *Gledhill [54] records nearly-parallel shear-wave polar-
isations above 15- to 60-km deep earthquakes at a temporary deployment of seismic stations on the
topographically-irregular Wellington Peninsula, New Zealand. The Wellington Peninsula has irregular topog-
raphy varying in height from sea level to 500 m.

*Gledhill [54] conclusions relevant to this review:

(1) Large station-to-station changes in polarisations are observed, even for stations as close as 3.5 km, which
is interpreted as indicating anisotropy confined to the uppermost few km of the crust.

(2) Similar polarisations (and time-delays) are seen for direct arrivals from an earthquake at 34.8-km depth
as for P-to-S conversions at the plate boundary implying consistent shear-wave anisotropy throughout
the crust.

(3) Gledhill finds no evidence for temporal changes.

Comments:

(1) The variations in polarisations are almost certainly due to the highly irregular surface topography
around each station disturbing the effective shear-wave window [118].

(2) The observed consistency of splitting throughout the crust is an important indication of the depth-range
of crack-induced shear-wave splitting. See discussion in Section 7.2 of the main text.

(3) *Gledhill [54] plots the variation of time-delays with time duration at four stations but does not
identify temporal variations in the typical ±80% scatter. However, the plots at three of the stations
show initially high values of time-delays within the first 45 days of the deployment, a drop in val-
ues, and all four stations show an average increase from day 45 for the whole of the remaining
�160 days duration of the network. *Gledhill [102] continuing the study of shear-wave splitting
in the Wellington Peninsula lists large earthquakes nearby. The two largest events associated with
the recording period of the *Gledhill [54] deployment were a M 5.1, 151-km deep, earthquake at
157 km epicentral distance immediately after the drop in time-delays at about day 45 in the plots of
*Gledhill [54], and a M 6, 122-km deep, earthquake at 135 km distance some 30 days after the end
of the recording period at day 164. Thus it is possible that the increase in time-delays monitors the
stress-accumulation before the M 6 earthquake. Certainly, evidence elsewhere suggests that a M 6
earthquake would be expected to modify shear-wave splitting at such distances [5,24,46], and the
115 days duration of the increase is compatible with the self-similarity seen elsewhere [24,30]. Plots
at three of the stations also show evidence for precursory decreases monitoring crack coalescence
before the M 5.1 event. Thus it appears that *Gledhill [54] presents plots showing examples of tem-
poral variations in shear-wave splitting before earthquakes compatible with those observed
elsewhere.

Note that the plots in *Gledhill [54] cannot be interpreted directly as the plot includes arrivals within the
whole of the shear-wave window. Most of the data points appear to be in Band-2 directions which are typi-
cally not sensitive to small changes of stress, and only a small proportion of the data points are Band-1 direc-
tions, which are sensitive to stress-accumulation [7].
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Note also that shear-wave polarisations at the three stations showing temporal variations are approxi-
mately WSW-ENE close to the orientation of the pervasive faults, SW-NE, throughout the Peninsula, whereas
polarisations at the other station are approximately orthogonal at NNW-SSE in the direction of the ambient
regional stress-field. These temporal variations in time-delays for both fault-parallel and stress-parallel polar-
isations confirm that the shear-wave splitting is caused by microcracks, as at KNW, California [27], despite the
reasons for the changes in polarisations not being wholly understood.

C.2.8. New Zealand II [R1, F1,F2,F7,F8,F9, F10]

Shear-wave splitting in the Marlborough Region. Balfour et al. [103] is a comprehensive study of
stress and shear-wave splitting in the Marlborough Region of South Island, New Zealand, some
�50 km across the Cook Straight from the Wellington Peninsula, North Island [54]. Balfour et al.
make very consistent stress-inversions of fault-plane mechanism, which lead to a WNW-ESE maximum
horizontal stress making an angle of about 60� to the dominant WSE-ENE faulting throughout the
Marlborough Region. They analyse shear-wave splitting for earthquakes less than 25 km in depth.
There is a wide scatter in shear-wave polarisations but the average polarisation is approximately
fault-parallel at about 60� to the stress direction. Balfour et al. do not search for temporal variations
in time-delays.

Conclusions of Balfour et al. [103] relevant to this review:

(1) Since the stress is �60� to the average fault strike, they conclude that the faults are weak due to a low
coefficient of friction or a high pore-fluid pressure.

(2) The spatial variations in shear-wave polarisations suggest that the anisotropy is in the uppermost 15 km
of the crust.

(3) The shear-wave polarisations are �60� to the stress-field and are thought to be not induced by crack
geometry but ‘‘related predominately to the geological structure and not to the ambient stress-field”

(and crack geometry).

Comments:

(1) Weak faults due to high pore-fluid pressures agrees with the interpretation and modelling of
shear-wave splitting time-delays by Crampin et al. [44,45] and many other studies throughout this
review.

(2) The Marlborough Region is highly irregular topographically with mountains over 2000 m and many
slopes of 10� to 20�. The sensitivity of shear-wave polarisations to irregular topography is almost
certainly the cause of the observed scatter. A large scatter, in particularly of shear-wave polarisa-
tions, is one of the inescapable penalties of recording shear-wave splitting in mountainous areas
[5,45,46,118].

(3) The geological structure-parallel polarisations and stress-parallel polarisations in the Marlborough
Region are broadly similar to the polarisations in the neighbouring Wellington Peninsula of *Gledhill
[54], see previous section, which we suggest shows evidence of temporal changes in time-delays that
are necessarily caused by crack anisotropy. The shear-wave polarisations in the shear-wave window
directly imply TIH-anisotropy, or a minor variation thereof, and strongly suggests stress-aligned
microcracks. Other anisotropic symmetries may lead to very different polarisations. Polarisations
in the Marlborough Region are generally restricted to parallel rose-diagrams which are strongly diag-
nostic of distributions of parallel vertical cracks [R1]. (The principal exceptions are Stations GOHM2
and ALIE5 which display a wide range of polarisations, typical of stations sited near mountainous
peaks where scatter in polarisations is expected due to the interaction of shear-waves with surface
topography [5,24].)

Note the nearly-parallel polarisations and corresponding nearly-parallel rose-diagrams for ray paths over
the whole range of the shear-wave window. It is highly unlikely that geological configurations other than
stress-aligned microcracks could lead to the observed polarisations.
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Appendix D. Temporal changes in shear-wave before volcanic eruptions (Appendix D is summarised in Section

6.4.)

D.1. Introduction

Changes in Band-1 time-delays are believed to monitor low-level changes of stress [7,43]. Such stress
changes are expected to occur before earthquakes (Appendices A, B, C), but also before other changes of
stress during other tectonic activity such as preparations for volcanic eruptions. This appendix presents evi-
dence for temporal changes in shear-wave splitting before eruptions at three volcanoes: a major eruption of
Gjàlp. beneath the Vatnajökull Icefield, Iceland; and more minor volcanic episodes on Mt. Ruapehu, New
Zealand, and Mt. Etna, Sicily.
D.2. Temporal changes before volcanic eruptions

D.2.1. Iceland [R1, R2,R3,R6]
*Volti and Crampin [5] observed temporal increases in Band-1 time-delays for 5 months at �240-km dis-

tance in directions N, SW, and WSW before the 1996 Gjàlp Eruption on the Vatnajökull Icefield, which
was the largest eruption in Iceland for several decades. The eruption opened a 10 km, approximately NS fis-
sure. The increasing time-delays were interpreted as indicating the accumulation of stress as the ascending
magma magma fractures the upper crustal surface layers (presumed to be equivalent to hydraulic fracturing
in the oil industry).

The pattern of increase in time-delays was typical of the increases now seen before many earthquakes in
Iceland and elsewhere, except that time-delays before earthquakes characteristically decrease immediately
stress is released at the time of the earthquake or (when data is available) in a crack coalescence stress relax-
ation immediately before the earthquake. However, the increase in normalised time-delays at Gjàlp does not
decrease at the time of the eruption but gradually declines at about 2 ms/km/year over the following 2 years
visible in both Band-1 and Band-2 directions at four widely separated Stations BJA, GRI, KRI, and SAU in
Iceland. The expanded magma-filled fracture (dyke) is a permanent feature and the 2-year decrease in time-
delays following the eruption is interpreted as the Mid-Atlantic Ridge adjusting to the movement of Iceland
imposed by the massive dyke injection.

Iceland is highly active tectonically. Following Gjàlp, there have been several changes of time-delays
which appear to be associated with minor volcanic episodes but are difficult to evaluate, particularly as
the magnitude of magmatic activity is difficult to assess and quantify. This magmatic activity also makes
it more difficult to interpret the increases before earthquakes. The 2-year decrease in time-delays was
approximately linear, and there appeared to be no other significant magmatic disturbances during this
time, which was the interval when changes before five earthquakes, some small, were recognised (Table
1) [5,25].
D.2.2. New Zealand [R1,R2,R3, R5,R6] [F2,F5, F12]
*Miller and Savage [33] report orthogonal changes in shear-wave polarisations during an eruption of Mt.

Ruapehu, New Zealand, where the shear-waves are from earthquakes deeper than 50 km. Their conclusions
are that increased magmatic pressure in injected vertical dykes, striking parallel to the regional stress direction,
caused 90�-flips in shear-wave polarisations which are reversed, when the eruption releases some of the pres-
sure. Such shear-wave polarisations orthogonal to regional stress are claimed to be a possible indicator of
impulsive andesite eruptions, which are otherwise difficult to predict.

Comments. These changes in polarisation appear to be the magmatic equivalent of the 90�-flips
observed and modelled when there are critically-high hydraulic pressures [35,44,45]. In a later paper,
*Gerst and Savage [47] prefer to argue for magmatic pressure-induced reorientation of large fractures
as the cause of the orthogonal changes in shear-wave polarisations, rather than the microcrack 90�-flip
model. Since effective shear-wave splitting requires wavelengths greater than crack dimensions, distribu-
tions of large fractures are unlikely to yield effective shear-wave splitting from high-frequency crustal
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earthquakes. Fixed orientations, inducing sufficient 90� changes in orientation to alter shear-wave polari-
sations also seems unlikely.

Note that the changes in polarisation in the 90�-flip model of Crampin and Zatsepin [42] are the result of
fluid pressures modifying the directions of maximum horizontal stress in a (usually) small volume surrounding
the source of the pressure by critically-high-pressure fluids on the impending fault. This suggests that the vol-
ume will also display fault-plane mechanisms with anomalous stress directions as well as 90�-flips in shear-
wave splitting. Such 90�-flips as crack reorientations above 50-km deep earthquakes as observed beneath
Mt. Ruapehu also supports the suggestion of Crampin [111] that shear-wave splitting in the upper-mantle
is, at least partially, caused by crack-induced anisotropy, where the cracks are films of hydrated melt around
partially melted grains.

D.2.3. Italy [R1, R2,R3,R5, R6]
*Bianco et al. [32] monitored shear-wave splitting recorded by two stations of a permanent seismic network,

above a swarm of earthquakes on Mt. Etna, Sicily, before and after a flank fissure eruption. One station, MNT
was very close to the fissure and was damaged by the erupted lava. The other station, ESP, was further from
the fissure but still within Band-1 directions in the shear-wave window above an earthquake swarm below the
fissure. Note that, as with *Del Pezzo et al. [104], only 18-point moving averages of time-delays are plotted,
which lead to simplified more-easily interpretable variations but hide the characteristic ±80% scatter in
time-delays.

There are changes in time-delays at MNT and ESP, and changes in shear-wave polarisations at MNT. The
plot of time-delays shows the typical characteristic behaviour: a long-term increase at both stations starting
‘‘at least 20 days before the eruption” and a decrease ‘‘starting 2–3 days before” the eruption. These are similar
to those observed before earthquakes elsewhere [5,6]. (Our preferred interpretation of the plots suggests that
the increase starts �66 days before the eruption and the decrease some 5 days before, however the 18-point
moving average tends to hide these details.)

The polarisations of the faster split shear-wave at ESP showed little variation. However, the polarisations at
MNT show several abrupt 90� changes interpreted as the effects of 90�-flips in crack orientations caused by
high fluid pressure, as in the critically-high pore-fluid pressures on all seismically-active faults [42–44]. The
most persistent 90�-flip starts �66 days before the eruption when the time-delays begin to increase, and
reverses (to the initial polarisation oriented towards the volcanic cone) at the time of the eruption, just before
MNT was damaged by the eruption.

Comments. 90�-flips can be interpreted as reorientations of fluid-saturated microcracks in the immediate
vicinity of the dyke injection as the pressures approach levels inducing fracture-criticality when the magma
fractures the surface layers as the eruption begins. This is similar to the 90�-flips seen before the eruption
of Mt. Ruapehu by *Miller and Savage [33], see previous section. The flips are also seen above major faults
cutting the crust [40] and can be modelled as the cause of the ±80% scatter in time-delays observed above
all seismically-active faults [45].

These observations are compatible with the anisotropy-induced by stress-aligned fluid-saturated micro-
cracks. One interesting feature of these observations, is that the variation of time-delays with time before
the eruption is almost identical with variations before the M 3.6 earthquake in the swarm of earthquakes
on Mt. Vesuvius (BKN in Fig. 9 of *Del Pezzo et al. [104], see Section C2.4). This suggests two phenomena:
(1) shear-wave splitting monitors the effects of stress on the fluid-saturated microcracks in almost all rocks
independent of the source of the stress change; and (2) the strong similarity of both the accumulation of
stress and the suggested crack coalescence suggests that the stress regimes in the source zones of earth-
quakes and, at least some, volcanic eruptions are similar. However, a major difference is that following
an earthquake, time-delays (and inferred crack geometries) abruptly return to the background values as
stress is released by fault slip, whereas following eruptions time-delays do not immediately return to back-
ground levels, but relax more slowly as the crust responds to the injected magma. Following this eruption,
the time-delays at ESP on Mt. Etna [32] returned to the background level in a two-stage process over �50
days. Following the much larger Gjàlp Eruption in Iceland, the return to the background level took 2 years
[5] (Section D2.1, above).



716 S. Crampin, S. Peacock / Wave Motion 45 (2008) 675–722
Appendix E. Other observations of temporal variations in shear-wave splitting (Appendix E is summarised in

Section 6.5.)

E.1. Introduction

When small earthquakes are used as a source of shear-waves, the source is poorly understood and uncon-
trollable. Consequently, controlled source experiments are valuable for monitoring changes in shear-wave
splitting, and are also free of the anomalous ±80% scatter in time-delays caused by 90�-flips in shear-wave
polarisations as a result of the critically-high pore-fluid pressures on seismically-active faults [44,45]. If exper-
iments are sufficiently below the surface in bore holes, the observations are also free of the constraints imposed
by the shear-wave window at a free-surface, although they may be disturbed by the usually more minor effects
of the internal shear-wave windows at each interface [82].
E.2. Observations of shear-wave splitting

E.2.1. Fluid-injection I: *Angerer et al. [35] [R1,R2,R4, R5]
*Angerer et al. [35] used APE to model the time-lapse response of a fractured carbonate reservoir to both

high-pressure and low-pressure CO2-injections as imaged by reflection surveys of an areal array of a 25-m grid
of three-component geophones recording a similar grid of shear-wave vibrators. The dominant seismic effects
were on the arrival times and time-delays of the split shear-waves [34]. *Angerer et al. [45] selected an initial
model with a distribution of cracks to match the initial observations of shear-wave splitting with synthetic seis-
mograms calculated by ANISEIS [131,132], a commercially-available programme for calculating full-wave
synthetic seismograms propagating through a plane-layered multi-layered anisotropic halfspace. *Angerer
et al. [35] then inserted the exact values of the injected pressures into APE, recalculated the modified reservoir
structure, and recalculated the synthetic seismograms with the modified parameters, obtaining an almost exact
match of observed to calculated shear-wave splitting for both high- and low-pressure injections. This shows
that APE appears to be a satisfactory model of cracked fluid-rock deformation, and *Angerer et al. [35] is
the best in situ calibration of APE-modelling to-date.
E.2.2. Fluid-injection II: *Bokelmann and Harjes [36] [R1,R2, R3,F9,F12] [F9,F12]
*Bokelmann and Harjes [36] report the effects on shear waves of fluid injection at 9-km depth in the KTB

deep drilling site [133] in SE Germany. *Bokelmann and Harjes observed shear-wave splitting from injection-
induced events at a borehole recorder at 4000-m depth in a pilot well offset 190 m from the KTB well.

Conclusions of *Bokelmann and Harjes [36]relevant to this review:

(1) There are temporal variations in shear-wave splitting from injection-induced events. In particular, the
initial �1% shear-wave splitting decreases by 2.5% in the �12 h following the injection with the biggest
decrease occurring within 2 h. These measurements appear to be very accurate.

(2) No direct interpretation of the decrease is proposed but it is suggested that the decrease is associated
with stress release by the induced events.

Comments. The observations are generally consistent with the effects of fluid-injection as observed else-
where [35], except that the recorded shear-wave velocity anisotropy is exceptionally low. Typical values else-
where are 1.5–4.5% in intact rock, or greater in areas of high heat-flow [5,7]. A major difference is that
*Angerer et al. [35] used a controlled source, whereas *Bokelmann and Harjes [36] used injection-induced
micro-earthquakes. The probable explanation of both the exceptionally low values of anisotropy and the
decrease in time-delays is that the critically-high pore-fluid pressures on the seismically-active faults of the
injection-induced events cause 90�-flips in the shear-wave polarisation near the source [44,45]. This means that
in highly pressurised rocks, very close to the small seismically-active fault-planes, shear-wave splitting time-
delays have negative values. The sum of the larger positive fixed time-delays along the normally pressurised
remainder of the path to the borehole recorder, �4000 m above the seismic events, with small but increasing
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negative time-delays means that the initial time-delay decreases with time. Fallacies [F9] and [F12] contribute
to the original interpretation.

E.2.3. Oil field production: *Teanby et al. [37] [R1, R2, R3]
*Teanby et al. [37] analyse borehole recordings of two separate clusters of microseismic events induced by

production processes in a North Sea oil reservoir. The two clusters show approximately orthogonal polarisa-
tions at a 100-m string of geophones in a single well some 250-m above the clusters of earthquakes. These
polarisations were interpreted as the effect of three-dimensional variations of polarisations above distributions
of parallel vertical fluid-saturated microcracks, as expected theoretically for propagation through thin parallel
vertical fluid-saturated microcracks [7].

In addition: ‘‘There appears to be a superficial temporal correlation between variations in per cent anisot-
ropy, seismicity and ocean tides.” The most important overall conclusion is that it is possible to monitor
changes in crack properties induced by changes in pore pressure and/or stress during hydrocarbon production
processes.

Comments. Similar to *Angerer et al. [35], *Teanby et al. [37] is another oil field demonstration that shear-
wave splitting can monitor pressure- and stress-induced changes to microcrack geometry. To our knowledge,
this is the first observation of (possible) changes in shear-wave splitting associated with tides. Another detailed
borehole measurement of shear-wave arrival times onshore in Iceland [38] (next section) did not show tidal
changes. The reason for this difference is not wholly understood but one factor may be that the ray paths
of *Teanby et al. [37] tend towards vertical, whereas the ray paths [38] are strictly horizontal. Another factor
may be that the observations in Iceland were at 500-m depth, whereas the KTB well geophones were much
deeper at �4000 m.

E.2.4. SMSITES experiment: *Crampin et al. [38] [R1,R3,R5, R6]
*Crampin et al. [38] report the SMSITES experiment between boreholes in Northern Iceland where con-

trolled source cross-hole seismics recorded P-, SV-, and SH-wave travel times, SV–SH travel times, horizon-
tally at 500-m depth between boreholes 315-m apart, in directions parallel to and offset �100 m from the
Húsavı́k-Flatey Fault (HFF), where it runs onshore in North-Central Iceland. HFF is a transform fault of
the Mid-Atlantic Ridge. Also recorded were well-pressures in a water-well on Flatey Island immediately above
the HFF, and NS and EW Global Positioning-system (GPS) measurements of horizontal displacements.
Repeated sweeps of the Downhole Orbital Vibrator (DOV) source [134,135] every 12–20 s, were stacked every
100 sweeps continuously for 13 days (11–24 August 2001). All seven parameters: four seismic (P-, SH-, SV-,
and SV-SH travel times), water-well level, and NS and EW GPS measurements showed well-recorded anom-
alies coinciding exactly with the onset of a swarm of 106 small (ML < 2.8) earthquakes 70-km distant on a
neighbouring transform fault [38]. The total seismic energy was approximately equivalent to one ML 3.5 earth-
quake with a source radius of �100 m, at most, which is a small earthquake. Thus the sensitivity at SIMITES
to low-level seismicity at several hundred times the effective source diameter is far beyond that expected in a
brittle-elastic upper crust, and is believed to be direct evidence for the sensitivity expected in critical-systems of
fluid-saturated cracks [41–43].

E.2.5. Geothermal Field I: *Crampin and Booth [39] [R1, R4]
*Crampin and Booth [39] observed, small but consistent, 7� changes in shear-wave polarisations at the sur-

face between those from small acoustic events induced by an initial low-pressure water-injection, when equip-
ment was being tested, and those induced by routine hydraulic fracturing operations in a hot-dry-rock
geothermal-heat experiment by Cambourne School of Mines at Rosemanowes Quarry in Cornwall, UK.
The initial polarisations were parallel to stress directions measured by overcoring techniques at depth, whereas
the polarisations of the hydraulic fracturing induced events were parallel to joints and fractures in granite in
surface outcrops. This was interpreted as pumping-induced hydraulic dilation of pre-existing joints in the
granite.

Comments. The separation between stress directions and pre-existing joints suggests that hydraulic fractur-
ing in low-porosity crystalline rocks may open existing joints and fractures in preference to wholly stress-
aligned fractures, when they are separated by only a small angle. It is interesting that observations of
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shear-wave splitting away these induced events on seismically-active faults appear to be highly accurate [35],
can be calculated with APE, and avoid the ±80% scatter associated with earthquake sources.

E.2.6. Geothermal Field II: *Tang et al. [40] [R1], [F6]
*Tang et al. [40] report large values of time-delays (normalised by path length) above small events in two

regions of high heat-flow: close to fluid-injection wells near the Krafla Volcano, Iceland; and near the Cocos
Geothermal Field, California. In both cases the values of normalised time-delays are exceptionally high
(greater than 25 ms/km) during the fluid-injection. When the injection was stopped, the normalised time-
delays dropped to less than �20 ms/km, which is typical of the values elsewhere in Iceland where it is attrib-
uted to the effects of high heat-flow [5,46]. Typical values in areas without high heat-flow are usually less than
8 ms/km, some times less than 4 ms/km [7]. *Tang et al. [40] do not give any physical explanation for the high
values, but suggest that they are monitoring the effects of changes in fluid pressures. *Tang et al. also show
rose-diagrams of shear-wave polarisations which appear to show a wide range of different polarisations.
All time-delays show the typical ±80% always associated with measurements above earthquakes [45].

Comments. The only viable explanation for the larger time-delays during injection is spatial variations. The
events during injection with large normalised time-delays are identified as being close to and above the injec-
tion points at both Krafla and Cocos [40]. Cracks at very shallow depths under greatly-reduced lithostatic
pressure are likely to have higher crack densities than deeper cracks, and the shorter ray paths in the normal-
isation would exaggerate any minor increase in time-delays.

Note that the rose-diagrams in *Tang et al. [40] are in equal-degree polar projections which accentuate any
preferential alignment as larger petals are preferentially over-weighted. Plotted in equal-area rose-diagrams, as
in [5,7], the rose-diagrams of *Tang et al. would show less alignment and a much higher degree of scattering.
The topography of the Krafla seismic network is irregular with many abrupt 22� to 14� slopes which would
seriously disturb the edge of the shear-wave widow. Everywhere else, oddly aligned or scattered polarisations
can typically be explained by topographic irregularities [5,7].
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