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THE GEOLOGICAL AND INDUSTRIAL IMPLICATIONS OF 
EXTENSIVE-DILATANCY ANISOTROPY*

Stuart CRAMPIN**

Extensive-dilatancy anisotropy (EDA) is the hypothesized distribution of stress-aligned 
fluid-filled microcracks pervading most rocks in the Earth’s crust. The geometry of the EDA cracks 
and the aligning stress-field can be monitored by analysing the waveforms of shear waves propagat
ing through the rockmass. The ability to estimate some of the parameters of the crack and stress 
geometry by analysing shear-wave particle displacements has widespread implications.
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q u ak e  prediction

1. Introduction

An anisotropic solid contains an internal structure such as aligned crystals 
or aligned cracks so that the elastic behaviour varies with direction. This 
contrasts with a uniform isotropic solid where the properties are the same in all 
directions. Such anisotropy in rocks in the Earth would have two major effects 
on seismic wave propagation. Firstly the velocities of both P-waves (with 
longitudinal particle motion) and shear waves (with transverse motion) vary 
with the direction of propagation. Second, on entering a region of anisotropy, 
shear waves split into the two (or more) phases with fixed velocities and fixed 
polarizations that propagate in that particular direction through the anisotropy.

Until recently, most seismic investigations in the Earth’s crust were confined 
to P-waves recorded on vertical-component instruments. It was found that 
layers and blocks of isotropic rock can model P-wave arrival times with con
siderable accuracy. The fact that many rocks are crystalline and anisotropic on 
a small scale was interpreted as indicating that the orientation of the anisotropy 
was sufficiently random at larger scales that the comparatively long-wavelength 
seismic waves sample only the average (isotropic) properties of the rockmass 
[ E w i n g  et al. 1957]. In addition, it is difficult to recognize smooth variations 
of P-wave or shear-wave velocities unless arrival times can be observed over a 
wide range of directions in a single homogeneous layer, and this is seldom 
possible in the usually complicated crustal structure. Thus shear-wave splitting 
is likely to be the most reliable indicator of anisotropy in the crust. It is only 
in the last three or four years that digital recording and analysis technology has
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advanced sufficiently for shear-wave splitting to be easily recorded and ident
ified in short-period shear waves.

Shear-wave splitting, also known as birefringence and double refraction, 
is diagnostic of some form of effective anisotropy along the raypath [Crampin 
1978, 1981]. Following the recognition that such behaviour would be expected 
in propagation through aligned microcracks, it was suggested [Crampin 1978] 
that it might be possible to monitor earthquake dilatancy by analysing shear 
waves recorded above small earthquakes. (Dilatancy is the increase in volume 
as microcracks open before failure in rock specimens subjected to laboratory 
stresses greater than half the eventual fracture strength of the intact sample 
[Brace et al. 1966]).

2. Observational evidence

To try to detect such shear-wave splitting, closely spaced networks of 
three-component seismometers were deployed above a swarm of small earth
quakes near the North Anatolian Fault (NAF) in Turkey. These Turkish 
Dilatancy Projects operated for a few months in 1979 (TDP1), a few months 
in 1980 (TDP2), and for six months in 1984 (TDP3 — currently being analysed). 
Shear-wave splitting was indentified [Crampin et al. 1980, Booth et al. 1985, 
Crampin et al. 1985] in all shear wavetrains recorded within the shear-wave 
window at the surface (the shear-wave window is defined by an angle of 
incidence less than the critical angle sin ~l Vs/Vp — approximately 35° for 
Poisson’s ratio of 0.25 [Evans 1984, Booth and Crampin 1985]). The shear 
waves were scattered (this is now recognized as being caused principally by 
interactions with the irregular surface topography) but displayed remarkably 
consistent alignment of the shear-wave polarizations. The polarizations of the 
leading (faster) split shear waves were parallel to the direction of maximum 
horizontal compression along that particular section of the NAF [Crampin and 
Booth 1985]. The parallel orientations and several other features of the records 
are consistent with propagation through the effective anisotropy of uniform 
distributions of parallel vertical water-filled microcracks striking perpendicular 
to the (horizontal) minimum compressional stress [Crampin and Booth 1985]. 
The seismograms indicate anisotropy (the crack distribution) throughout the 
region surrounding the swarm not just near the stress-concentrations imm
ediately adjacent to the focus [Crampin and Booth 1985].

Shear-wave splitting above small earthquakes and parallel polarizations 
have now been widely observed in many places around the world (Table I), and 
there are no counter examples where short-period shear waves recorded subsur
face or within the shear-wave window at the surface do not show evidence of 
shear-wave splitting. Particularly important observations are that temporal 
variations in the shear-wave splitting have been recognized in two seismic gaps 
where large earthquakes are expected [Peacock et al. 1988, Chen et al. 1986]. Shear-
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wave splitting has also been observed: above acoustic events in geothermal 
experiments [Kaneshima et al. 1986, Roberts and Crampin 1986]; in shear- 
wave vertical-seismic-profiles (VSPs) in a geothermal reservoir [Majer et al.
1985, Daley et al. 1986], in sedimentary basins [Crampin and Bush 1986, 
Crampin, Bush et al. 1986, Johnston 1986, Becker and Perelberg 1986], and 
elsewhere [Leary and Li 1986, Li et al. 1986]; and in most shear-wave reflection 
surveys made for exploration and production purposes in hydrocarbon reser
voirs [Alford 1986, Willis et al. 1986]. The polarizations of the shear waves 
in the geothermal reservoir [Majer et al. 1985, Daley et al. 1986] are directly 
related to visible macro-fractures, and the oil company reflection surveys and 
VSPs interpreted as indicating the orientation of subsurface fractures [Johnston
1986, Becker and Perelberg 1986, Alford 1986, Willis et al. 1986].

Table I. Seismic observations o f seismic anisotropy in the crust

I. táblázat A kéregbeli szeizmikus anizotrópia megfigyelései szeizmikus módszerekkel

Таблица I. Наблюдение за сейсмической анизотропией земной коры сейсмическими
методами.

Location Rock type Earthquake
mechanisms

Shear-wave
alignments References

Station Network

Shear-w ave sp litting  above sm all e a rth q u ak e s:

North Anatolian 
Fault, Turkey

Sediments,
metamorphic

Strike-slip Parallel Parallel Crampin et al. 
1980, Booth et 
al. 1985, 
Crampin and 
Booth 1985

Peter the First 
Range, USSR

Poorly
consolidated
sediments

Thrust Parallel Parallel Crampin, 
Booth et al. 
1986

North Wales, UK Granite, slate, 
metamorphic

Strike-slip Parallel Various Peacock 1985

Kinki District, 
Japan

Granite, slate, 
sediments

Strike-slip Parallel
(granite,
sedi
ments),
scattered
(slate)

Parallel
(granite,
sedi
ments),
scattered
(slate)

Kaneshima et 
al. 1987

Kyushu, Japan Various Normal Parallel Various Kaneshima et 
al. 1986

Quebec, Canada Sediments Strike-slip Parallel Parallel Buchbinder
1985

Anza, California, 
USA

Various Strike-slip Parallel Various Peacock et al.
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Table I. continued

S hear-w ave sp litting  above shallow  events in geo therm al reservo irs:

Takinoue, Japan Metamorphic - Parallel Parallel Kaneshima et 
al. 1986

Cornwall, U K Granite
"

Parallel Parallel Roberts and 
Crampin 1986

Shear-w ave  sp litting  in V S P s:

Paris Basin, 
France

Sandstone,
shale

- * * Crampin and 
Bush 1986

Texas, USA Austin chalk ♦ Johnston 
1986, Becker 
and Perelberg 
1986

Four sites in 
California

Various * Li et al. 1986, 
Leary and Li 
1986, Majer et 
ai. 1985,
D aley et al. 
1986

S hear-w ave sp litting  in reflection surveys :

Twelve sites across 
North America

Various * A lford 1986, 
Willis et al. 
1986

V elocity  an iso tro p y  in re frac ted  P-w aves:

Mount Hood, 
Oregon, USA

Metamorphic - — - Crampin et al. 
1986

* Impulsive shear wave arrivals from earthquakes usually possess easily identifiable polarizations. 
Emergent harmonic arrivals from shear-wave vibrators can only be interpreted accurately by 
modelling with synthetic seismograms.

3. Shear-wave splitting

The many complications of the shear wavetrain were attributed in the past 
to scattering at (unspecified) heterogeneities. Recent observations of shear-wave 
splitting and the remarkable parallelism of the polarizations clearly indicate an 
internal structure (anisotropy) and not a random distribution of scatterers. Any 
single observation of shear-wave splitting can usually be simulated by propaga
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tion through a combination of isotropic discontinuities. However, the almost 
universal presence of shear-wave splitting and the uniform alignment of the 
leading shear waves normal to the direction of minimum compressional stress 
cannot be explained by any realistic combination of isotropic structures [Cram- 
pin et al. 1984, Crampin 1985a], and the uniformity of the observations in Table I 
suggests that some form of effective anisotropy is present in most crustal rocks.

In seeking the cause of this seismic anisotropy, three phenomena appear 
to be critical :
(a) the almost universal presence of anisotropy in many types of rocks at many 

depths and in many geological and tectonic environments [Crampin and 
Booth 1985, Roberts and Crampin 1986, Alford 1986, W illis et al. 1986];

(b) the uniformity of the alignment of the polarization of the leading split shear 
waves [Booth et al. 1985, Crampin, Booth et al. 1986, Peacock et al. 
1988, Roberts and Crampin 1986] normal to the current minimum hori
zontal compression ; and

(c) the temporal variations of the behaviour of shear-wave splitting in seismic 
gaps [Peacock et al. 1988, Chen et al. 1986].
The explanation for these phenomena must be sought among the five major 

causes of seismic anisotropy in the Earth identified in a recent review [Crampin, 
Chesnokov et al. 1984].

Aligned crystals. Crystals may be aligned by stress by creep and re-crystal- 
lization. This can only occur at temperatures greater than those usually found 
in the relatively cool upper crust where splitting is observed [Booth et al. 1985, 
Crampin, Booth et al. 1986, Roberts and Crampin 1986]. Splitting also occurs 
in poorly consolidated and contorted sedimentary sequences where uniformly 
aligned crystals are unlikely to be present [Crampin, Booth et al. 1986].

Lithologic anisotropy caused by a fabric such as aligned grains. Any lithologic 
anisotr >py is likely to be confined to particular rock strata, will show little time 
variation, and cannot satisfy (a), (b) and (c) above.

Long-wavelength anisotropy such as that caused by periodic thin layers. 
Again, such anisotropy is likely to be limited in space and fixed in time, and 
cannot satisfy the three critical observations.

Direct stress-induced anisotropy. Direct stress-induced anisotropy only 
becomes significant when the stress becomes a large proportion of the eventual 
fracture strength. This could be important at stress concentrations very close 
to the extremities of faults, but the stress in stable areas where splitting has also 
been observed is probably several orders of magnitude too small to cause 
observable effects [Dahlen 1972]. In any case, rock physics experiments demon
strate that rocks deform by dilatancy (opening of microcracks) before direct 
stress-induced anisotropy becomes significant [Brace et al. 1966].

Crack-induced anisotropy caused by aligned cracks and microcracks. The 
next sections argue that cracks and particularly microcracks are universally 
present in the crust, are aligned by the current stress-field and, most important, 
have configurations which can be easily modified by changes in stress on a short 
enough time-scale to cause the observed temporal variations.
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4. Extensive-dilatancy anisotropy

Distributions of stress-aligned fluid-filled microcracks must be expected in 
the crust [Fyfe et al. 1978]. Every sedimentary rock retains water in its interstices 
after deposition, and the long enduring regional stress-fields will tend to align the 
pore space normal to the minimum compressional stress by such processes as 
subcritical crack-growth [Atkinson 1984]. This will not result in perfectly flat 
parallel microcracks but it may cause sufficient flattening of the pore space to 
be anisotropic to shear waves as the observed anisotropy is relatively weak. Such 
effects have been demonstrated in rock physics experiments [Rai and Hanson 
1986] (but at larger stresses in order to obtain results at an acceptable time 
scale). Similarly, prograde metamorphic processes release chemically bound 
water from most igneous rocks [Fyfe et al. 1978] and the only mechanism for 
such water to be released is by hydraulic fracture [Fyfe et al. 1978] at high 
pore-fluid pressures into inter- and intra-granular microcracks which will again 
be aligned normal to the minimum compressional stress. Thus distributions of 
cracks and (principally) microcracks must exist within the in situ rockmass, and 
although their geometry can be modified by stress, they are not directly stress- 
induced. This phenomenon of stress-aligned cracks, originally recognized above 
earthquake foci, is known as extensive-dilatancy anisotropy (EDA) [Crampin, 
Evans et al. 1984], and has now been recognized throughout much of the crust 
[Crampin 1985a, Crampin and Atkinson 1985]. Typical observations of shear- 
wave splitting suggest a maximum differential velocity-anisotropy of about 4% 
yielding a crack density of Na3/V  = 0.04 where N  is the number of cracks of 
radius a in a volume V. This is equivalent to a crack of diameter 0.7 in each unit 
cube.

One of the fundamental difficulties of testing this hypothesis of EDA cracks 
is that in situ microcracks in the crust are essentially inaccessible to physical 
examination. Table II lists twenty largely independent phenomena controlling 
the behaviour of (isolated) fluid-filled microcracks at depth in the crust [Cram
pin 1985a, Crampin and Atkinson 1985]. The effects of almost all of these 
phenomena are directly or indirectly controlled by stress. This means that 
whenever we approach in situ microcracks by drilling, mining, or excavating, 
the rock is disturbed by partial de-stressing, and a new stress anomaly imposed. 
Since isolated fluid-filled microcracks are probably a comparatively mobile 
phenomenon in the crust, the in situ microcrack geometry is usually destroyed. 
Even well logs, which may appear to be examining in situ conditions, are 
sampling material which has the original stress-field severely modified and the 
in situ microcrack geometry is disturbed within a metre or two of the wellbore. 
In situ microcracks are likely to leave residual traces in the rock, but because 
EDA cracks are frequently isolated microcracks in igneous and metamorphic 
rocks and are pores with (usually) weak preferred orientations in sedimentary 
rocks, there are also considerable difficulties in examining traces of EDA in the 
rock physics laboratory. Extrapolating from conditions in the rock physics 
laboratory to in situ conditions requires extreme caution and, as Table II
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suggests, requires a multi-variable extrapolation over many orders of mag
nitude, only a few of which can be monitored at any one time in the laboratory. 
This inaccessibility means that seismic shear waves are the principal technique 
for monitoring crack properties in situ and the exact configuration of EDA 
cracks can only be estimated.

Since the wavelengths of shear waves are many times the likely crack 
dimensions, shear waves can give us little information about the crack dimen
sions. However, the dimensions of EDA cracks are likely to span several orders 
of magnitude. In intact igneous and metamorphic rocks, the dimensions may 
vary from submicrometre to a few tens of micrometres and are initially isolated 
with few connections to other cracks. In sedimentary rocks, the EDA cracks 
may be larger, up to 1 or 2 mm in some rocks, and may be merely the oriented 
portion of a randomly oriented pore-space of much greater porosity. In frac
tured beds the crack dimensions may be several metres. We use the term “EDA 
cracks” to include this wide range of phenomena. All EDA cracks are likely to 
have high pore-fluid pressures equalling the lithostatic stress but possible very 
low porosities particularly in igneous and metamorphic rocks.

Table II. Phenomena controlling the behaviour of in situ cracks 

II. táblázat. A repedések in situ viselkedését befolyásoló jelenségek 

Таблица II. Явления, контролирующие поведение трещин в массиве. 

E x te rn a l conditions:

(1) Lithostatic stress 
(3) Temperature

In te rn a l cond itions:

(5) Pore-fluid pressure
(7) Viscosity of pore-fluid
(9) Vapour/liquid ratio in pore-fluid

D ynam ic  cond itions:

(II) Rate of strain
(13) Rate of crack growth

C ra c k  p a ra m e te rs :

(14) Orientation 
(16) Aspect ratio
(18) Smoothness of crack faces 
(20) Geometry (parallel, biplanar, etc.)

(2) Deviatoric stress 
(4) Properties of rockmass

(6) Compressibilty of pore-fluid 
(8) Debris in crack void 

(10) Properties of pore-fluid under high tem
peratures and pressures

(12) Rate of crack healing

(15) Dimensions 
(17) Distribution
(19) Connectedness (degree of isolation)

Shear waves are very sensitive to the interaction with the free surface and 
although the general character of the patterns of polarization can be modelled 
with synthetic seismograms [Crampin and Booth 1985], exact matching of 
observations and synthetics at the surface is unlikely to be possible except in 
exceptionally simple structures. This means that subsurface recordings in VSPs
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are going to be particularly important for determining the properties of EDA 
cracks.

The only set of three-component shear-wave VSPs to modelled by syn
thetics at this time (in the sedimentary sequences of the Paris Basin) [Crampin 
and Bush 1986, Crampin, Bush et al. 1986] provides the first quantitative 
evaluation of EDA cracks. The detailed waveforms of shear waves recorded 
downwell from shear-wave vibrators from a wide range of offsets on the surface 
are well-matched by synthetic seismograms of shear-waves propagating through 
a very simple two-layered model containing a weak distribution of parallel 
liquid-filled microcracks (crack densities of 0.03 and 0.01 respectively). The 
microcracks strike parallel to the direction of horizontal compressional stress 
[Crampin and Bush 1986, Crampin, Bush et al. 1986].

A similar quantitative evaluation was also obtained from azimuthal veloc
ity variations of P-waves in a refraction survey around Mount Hood, Oregon 
[Kohler et al. 1982]. The velocity variations were interpreted in terms of 
fluid-filled microcracks, which because of the high heat-flow around Mount 
Hood may indicate the presence of fluid-filled microcracks throughout most of 
the crust [Crampin, McG onigle et al. 1986]. It should be noted that such 
P-wave studies are limited to studies of horizontally propagating head-waves, 
and are unlikely to be repeated very frequently as the survey around Mount 
Hood was exceptionally comprehensive with hundreds of source to geophone 
paths in a comparatively small area.

Originally proposed as existing only around earthquake foci [Crampin, 
Evans et al. 1984], there is now a large amount of evidence (Table I) that suggest 
that EDA cracks exist in many (perhaps most) rocks in the crust [Crampin 1985b, 
Crampin and Atkinson 1985], and shear-wave splitting as an indicator of 
subsurface fracture alignments is now being investigated by the hydrocarbon 
industry [Crampin and Bush 1986, Crampin, Bush et al. 1986, Johnston 1986, 
Becker and Perelberg 1986, Alford 1986, W illis et al. 1986]. Seismic evi
dence in the papers cited in Table I suggest that most rocks in at least the upper 
10 to 20 km of the brittle crust contain EDA cracks. The cracks are typically 
aligned vertically and perpendicular to the (usually horizontal) minimum com
pressional stress. Recognition that distributions of EDA cracks exist in most 
rocks is, I suggest, a fundamental advance in our understanding of the physical 
state of in situ rock which has many geological and industrial implications 
[Crampin 1985b, Crampin and Atkinson 1985].

5. Geological implications

The presence of fluids at all levels in the Earth’s crust is well established 
[Fyfe et al. 1978], although the mechanism by which fluids are retained at 
necessarily high pore-fluid pressures at depths in the crust has not previously 
been specified. F yfe et al. suggest, for example, that most fluids are retained in 
cracks (veins) and fractures, and the implication that metamorphic hydraulic
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fracture releases connate water from most grains into (initially isolated) micro- 
cracks throughout the rockmass is not followed through. The evidence referred 
to above suggests that many rocks in the crust contain an internal structure of 
fluid-filled EDA microcracks aligned by the contemporary regional stress field. 
EDA cracks provide a mechanism for the presence of fluids in the crust, and 
are, I suggest, the primary cause of a wide variety of previously unrelated 
phenomena :

High pore-fluid pressures necessary for fault movements. Many tectonic 
processes, particularly thrust faulting, require high pore-fluid pressures to re
duce the normal stresses sufficiently to allow slippage to occur. Fluids from even 
low porosity EDA cracks will be concentrated and channelled by subcritical 
crack-growth at high-stress concentrations into regions of higher dilatancy near 
the eventual fault zone. The fault planes will be lubricated, frictional forces 
reduced, and slippage may occur.

Flexibility o f crustal plates. The presence of EDA cracks allows large crustal 
plates and blocks to deform to accomodate small changes of strain imposed by 
plate tectonics and fault movements. This tends to reduce earthquake activity 
so that relatively aseismic areas may exist within plates and blocks moving over 
the surface of a non-spherical mantle and undergoing deformation around their 
margins.

Main driving mechanism for earthquake precursors. Modifications and 
manipulations of EDA cracks by stress changes are the common driving mech
anisms for the large variety of precursors that are intermittently observed before 
earthquakes. Since EDA cracks are necessarily aligned and their effects anisot
ropic, each precursory phenomenon will depend on the geometry of the par
ticular earthquake stress-field, the geological structure, and the geometry of the 
recording sites [Crampin 1978]. Thus, the search for particular precursors may 
be difficult and lead to inpredictable results.

Relative P- and S-wave attenuation. The theoretical attenuation due to 
scattering at crack margins of shear-waves propagating through liquid-filled 
cracks is greater than the theoretical attenuation of P-waves by more than three 
times (sometimes much more, depending on direction) [Crampin 1984]. This is 
approximately the relative attenuation observed in the Earth. The attenuation 
caused by propagation through liquid-filled cracks is not well understood. 
Although the effects of scattering at crack margins are too small, the introduc
tion of a small gas bubble or turbulent flow could increase the attenuation by 
orders of magnitude. Thus EDA cracks are certainly one of the causes for the 
greater shear-wave attenuation in the Earth, and the variation of attenuation 
with azimuth and incidence angle is the reason for some of the inconsistencies 
in observations of attenuation in the crust. It is worth noting that because 
distributions of microcracks change the effective elastic constants of the matrix, 
the microcracks may affect a wide range of seismic wavelengths.

Relative terrestrial and lunar attenuation. The marked difference in attenua
tion between the Earth and the Moon is usually attributed to the lack of 
evaporites on the Moon [Goins et al. 1981]. In the Earth’s crust (and by implication,
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the mantle, since isolated inclusions of melt or other fluids in the mantle are also 
not going to be easily closed by lithostatic stress), the attenuation is principally 
the result of scattering by fluid-filled EDA cracks. In the Moon, where there are 
no pore-fluid pressures to keep cracks open, cracks will be closed or absent and 
there will be little attenuation.

High conductivity deep in the crust. The electrical conductivity at all levels 
in the crust is anomalously high by several orders of magnitude relative to dry 
rocks in the laboratory [Shankland and A nder 1983], and may vary with 
azimuth by an order of magnitude. The high conductivity and the variation with 
azimuth are the result of aligned fluid-filled EDA cracks both at shallow depths, 
as measured by well logs, and at deeper depths (down to 20 km) as determined 
by large-aperture long-period measurements at the surface.

6. Earthquake prediction research

The variety of precursors, which are sporadically observed before earth
quakes, are usually ascribed to the indirect effects of the variation of stress. The 
most direct effects of changes of stress are modifications of the configurations 
of the EDA cracks in the stressed rockmass. Since the behaviour of shear waves 
is controlled by three-dimensional variations in the crack geometry, it is prob
able that analyses of shear-wave splitting could lead to direct determinations of 
changes in the crack configuration and hence stress changes, and thus offer a 
technique for earthquake prediction. No larger event has yet been “captured” 
within any of the small number of existing three-component seismometer net
works and no definite changes in the configuration of EDA cracks has yet been 
recognized, although some possible temporal changes may have been identified 
(see the paragraph referring to aspect ratio below).

There are several ways in which changes of stress may alter the configura
tion of EDA cracks:

Changes in the orientation of the cracks. Changes in the direction of stress 
are likely to alter the orientation of EDA cracks. This would result in changes 
in the shear-wave polarizations, which are the most easily identifiable and stable 
parameters of shear-wave splitting. However, stress changes before an earth
quake are usually confined to modifying the magnitude of the stress but preserv
ing the same principal axes. This would not alter crack orientations and there 
would be no change in shear-wave polarizations. Booth et al. [1985] and 
Crampin and Booth [1985] observed possible changes in the polarization 
direction near one of the TDP sites in Turkey between 1979 and 1980, and 
suggested that it might have been caused by local stress polarization anomalies. 
However, the same polarizations are seen to persist in TDP3 and the anomalies 
are now thought to be caused by the interactions of the shear-wave arrivals with 
the very steep local topography.

Changes in crack density. Increasing stress is likely to increase crack den
sities by promoting crack growth (by subcritical crack growth [Atkinson 1984])
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rather than by opening new cracks, which occurs only at high stress [Brace et 
al. 1966]. Increasing crack density would increase the differential shear-wave 
anisotropy and increase the time delay between the split shear waves. This 
should be recognizable if exactly repeatable sources of shear waves can be 
monitored with the same instrumental networks (see below).

Changes o f crack aspect-ratio. The direct elastic effect of increasing stress 
on a rock containing EDA cracks is likely to increase the aspect ratio (similar 
to the increasing conventional high-stress dilatancy in rock specimens subject 
to uniaxial compression). This would have most effect on modifying the time 
delays between shear-waves propagating at between 40° and 80° to the crack 
normal [Crampin et al. 1986, Crampin and Bush 1986]. Peacock et al. 
[1988] have reported temporal changes in shear-wave splitting at a seismic 
station near the Anza seismic gap in California that could be interpreted as 
stress-induced increases of the aspect ratio of EDA cracks during the build-up 
of stress before the expected large earthquake. If this is the first observation of 
a precursory variation in shear-wave splitting, it could be a very important 
breakthrough in earthquake prediction research.

Changes of pore-fluid content. The dilatancy-diffusion theory of earthquake 
precursors suggested that changes of stress could cause fluids to drain from 
dilated cracks modifying wave propagation through the cracked rock [Aggar- 
w a l  et al. 1973]. It is suggested here that this phenomenon is unlikely to occur 
for small often-isolated EDA cracks except at high stress concentrations in a 
limited volume in the immediate vicinity of a fault (but see the next paragraph). 
The limited volume is likely to be too small to affect shear waves significantly.

Changes o f pore-fluid pressure. Changing the dimensions of cracks by crack 
growth or changing aspect-ratio is likely to alter the pore-fluid pressure (at least 
temporarily). Significant increases of aspect-ratio may lead to under-saturation 
and thejntroduction of small vapour-filled bubbles into the cracks. Variations 
of pore-fluid pressure and particularly the introduction of small bubbles have 
little direct effect of seismic velocities and are unlikely to be easily recognized 
in patterns of particle displacement. The largest effect of the introduction of 
bubbles will be to increase attenuation. Attenuation, however, is difficult to 
monitor from earthquake sources, but changes in attenuation should be easily 
recognized if experiments can be repeated with identical sources (see below).

The principal effect of changes in aspect ratio, the parameter most likely 
to be modified by changes of stress, is that the time delay between the split shear 
waves will be modified. Since shear waves have severe interactions with the free 
surface [Evans 1984, Booth and Crampin 1985], and small earthquakes have 
unrepeatable source radiation [Evans et al. 1985], it is unlikely that time delays 
can be accurately monitored using surface recordings of natural events. How
ever, three-component VSPs using repeated shear-wave sources are likely to be 
very sensitive to even small changes in time delays, and repeated shear-wave 
VSPs is the preferred technique for monitoring small changes in the stress field 
and hence for predicting earthquakes.

Shear-wave VSPs would also allow changes in attenuation to be monitored.
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Many of the changes discussed above, particularly increases in aspect ratio, are 
expected to modify the shear-wave attenuation. This has received little attention 
in the past because all existing investigations have used earthquake sources 
which are too arbitrary to enable attenuation to be monitored.

Since modifying EDA cracks is the most direct effect of changes of stress 
before earthquakes, and since analyzing EDA cracks is the only way that the 
essentially anisotropic nature of all stress-induced effects can be explored, 
monitoring shear-wave splitting with shear-wave VSPs could be a very promis
ing technique for earthquake prediction research.

7. Industrial implications

Cracks and stress are frequently crucially important in drilling, mining, or 
excavating, and the ability to monitor the geometry of cracks and stress by 
analysis of, particularly, shear-wave VSPs has a number of possibly very impor
tant applications. The following list is not exhaustive.

Predicting orientations o f hydraulic fractures. The orientations of stress- 
aligned EDA cracks, which may be estimated by analysing the waveforms of 
shear waves, predict the orientations of any subsequent hydraulic fractures. This 
has been demonstrated at the hot-dry-rock geothermal experiment in Cornwall 
[Roberts and Crampin 1986]. The polarizations of shear waves recorded at the 
surface from a very small acoustic event, stimulated when testing the hydraulic 
equipment, had the same polarizations as those from larger events when the 
fracture system was established and both were oriented parallel to the strike of 
the major hydraulic fractures [Roberts and Crampin 1986]. This demonstrates 
that the internal structure of aligned EDA cracks in the rockmass existed before 
the structure of major hydraulic fractures was established, and that both crack 
geometries had the same anisotropic symmetry. Modelling the detailed 
waveforms of the shear waves with synthetic seismograms [Crampin, Bush et 
al. 1986] demonstrates that three-component shear-wave VSPs are likely to be 
a more accurate technique for estimating crack and stress orientations than 
monitoring recordings made at the surface.

Estimating internal structure of hydrocarbon reservoirs. The analysis of 
shear-wave VSPs provide direct geophysical information about the in situ 
reservoir rock, which can be related to preferred directions of flow and other 
properties of the reservoir. Detailed modelling of shear waveforms in three- 
component shear-wave VSPs [Crampin and Bush 1986, Crampin, Bush et al. 
1986] yields accurate estimates of the internal structure throughout the rock- 
mass surrounding the well, not just in the immediate vicinity of the well hole 
which may be anomalous. This is a new source of directly interpretable informa
tion which could be important for the appraisal and evaluation of hydrocarbon 
reservoirs and for optimizing production strategies for secondary and tertiary 
recovery.
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Investigating the geometry o f fractures in geothermal reservoirs. Shear 
waveforms, particularly in VSPs, can yield estimates of orientations of in situ 
microcracks and macrofractures in both wet and hot-dry-rock geothermal 
reservoirs [Roberts and Crampin 1986, M ajer et al. 1985], although at present 
none have been fully interpreted. Recording the wavetrains of acoustic events 
on three-component geophones downwell in the centre of the cracked reservoir 
is likely to be particularly informative, since the behaviour of the wavetrains is 
controlled by the separations of the major hydraulic fractures and the penetra
tion of the cooling cracks normal to the major crack faces.

Investigating nuclear waste depositories in solid rock. Estimating the orienta
tions of EDA cracks by VSPs before nuclear waste disposal in a repository in 
intact rock (possibly clay) will indicate the orientations of eventual thermal- 
expansion or leakage cracks and allow the position of the depository to be 
optimized. Similarly, repeated VSPs after deposition shoud allow the extent of 
the cracking to be monitored.

Investigating rockbursts in mines. Rockbursts are explosive breakouts of 
walls or roofs which occur in some mines and may cause extensive loss of life 
and equipment. Shear-wave splitting caused by EDA cracks has been observed 
in mines [Nicolaysen 1987, Young in press]. Investigating such cracks by 
monitoring shear waves is likely to demonstrate the detailed stress variations 
prior to rockbursts. The particular importance to earthquake and rockburst 
prediction research is that the source of rock bursts can be dissected after the 
event so that the relics of the crack behaviour at the source can be examined 
[Nicolaysen 1987]. This could lead to important advances in understanding 
source processes.

Estimating slope stability. EDA cracks appear to exist in all types of rock 
from poorly consolidated sediments [Crampin, Booth et al. 1986] to hard 
igne jus rock [Booth et al. 1985, K aneshima et al. 1987]. EDA cracks in unstable 
slopes are likely to display larger crack densities (probably by crack growth 
rather than by new cracks opening) and larger aspect ratios as the instability 
increases. Such changes in crack configurations could be monitored by analys
ing shear waves in repeated cross-hole or VSP experiments using shear-wave 
sources.

Estimating overburden fractures in open-cast mining. It is necessary to 
obtain estimates of overburden fracture density in order to optimize the use of 
expensive mining equipment in open-cast mining [Young and H ill 1986]. 
Recording shear waves with three-component geophones in cross-hole shooting, 
or VSPs appropriate, should yield detailed estimates of crack geometry and 
crack density.

8. Discussion

The previous sections suggest some of the possible implications and ap
plications of monitoring EDA cracks with shear waves. Estimating the internal 
structure (fracture orientations) of reservoirs is already being investigated by the
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hydrocarbon industry [Johnston 1986, Becker and Perelberg 1986, A lford 
1986, W illis et al. 1986]. Since shear wavetrains contain three or four times 
more information about the structure along the raypath and the source than the 
equivalent P-wavetrain [Crampin 1985b], it is clear that monitoring shear waves 
has great potential for many earth science investigations.

One of the major reasons why EDA cracks have not been recognized earlier 
is that the majority of short-period seismic investigations in the Earth’s crust 
have been restricted in the past to analysis of P-wave arrival-times for which 
single-component vertical seismometers provide adequate recordings. Thin 
liquid-filled cracks have very little effect on P-wave propagation [Crampin 1978, 
1981, 1984] and the isotropic P-wave velocity models, that have been so enor
mously successful in describing the shallow Earth structure, are generally valid. 
The internal structure of aligned EDA cracks only becomes apparent if shear- 
wave splitting is recorded by three-component digital recorders so that polariza
tion diagrams can be monitored. As yet there are comparatively few suitable 
recordings in either earthquake or exploration seismology, although the number 
is rapidly increasing now that the importance of anisotropy has been recognized.

It appears that the presence of EDA microcracks and the ability to monitor 
crack and stress geometry with shear waves opens new ways of examining in 
situ rocks (and possibly other solids) that is likely to have important implica
tions and applications over a very wide field. The modelling of three-component 
shear waves in VSPs in the Paris Basin [Crampin and Bush 1986, Crampin, 
Bush et al. 1986] is the first time that the detailed waveforms of short-period 
shear waves have been successfully modelled by synthetic seismograms. Since 
shear waves contain so much more information than P-waves [Crampin 1985b], 
the developments reviewed here are potentially very significant.
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A HÚZÁSI-TÁGULÁSI ANIZOTRÓPIA FÖLDTANI ÉS IPARI KÖVETKEZMÉNYEI

Stuart CRAMPIN

Az utóbbi két-három évben, a világ minden részén — mintegy 30 helyen — a nyíró hullámok 
polarizációjának viselkedésére végzett kísérletek bebizonyították, hogy a földkéregben előforduló 
legtöbb kőzetet folyadékokkal kitöltött repedések és mikrorepedések járják át. A folyadék rend
szerint folyékony állapotban levő víz, és a mikrorepedések a nyomás hatására irányított eloszlásúak, 
ezáltal a szeizmikus hullámokkal szemben anizotrop jellegűek. Ezt a repedéseloszlást húzási-tágulá- 
si anizotrópiának (EDA) nevezik.

A szeizmikus P-hullámok nem nagyon érzékenyek a folyadékokkal kitöltött repedésekre, az 
S-hullámokat viszont erősen befolyásolják az EDA törések. Nyíró hullám hasadást okoznak (kettős 
törés néven ismert jelenség) és jellegzetes jelalakot hoznak létre. Ezek a jelalakok diagnosztikus 
értékűek a folyadékkal töltött EDA repedésekre, és felhasználhatók a repedések elrendeződésének 
becslésére. Nyíró hullám hasadás látható majdnem minden felvételen : kis földrengések felett a világ 
sok részén; Észak Amerikában 13 nyíró hullám reflexiós szelvényből 12-nél; és számos különböző 
helyen VSP felvételeken. Nyilvánvaló, hogy a kéreg kőzetét EDA repedések járják át.

A lehetőség, hogy a feszültség által orientált törések és mikrorepedések belső szerkezetét nyíró 
hullámok analízisével tanulmányozhatjuk, rendkívül jelentős a bányászatban, a mélyfúrások vagy 
külfejtések során, továbbá a földkéreg deformációs folyamatainak vizsgálatában, mint pl. a földren
gés előrejelzésnél. A törési és feszültség geometriai in situ nyomonkövetése a kőzettömegtől távol 
észlelt nyíró hullámok elemzésével számos alkalmazási lehetőséget rejt magában, a hidraulikus 
törések irányítottságának előrejelzésétől kezdve, a szénhidrogén tárolók optimális kitermelési stra
tégiájának tervezésén keresztül a földrengések előrejelzéséig.

ГЕОЛОГИЧЕСКИЕ И ИНДУСТРИАЛЬНЫЕ ПОСЛЕДСТВИЯ АНИЗОТРОПИИ 
РАСТЯЖЕНИЯ-РАСШИРЕНИЯ

Стюарт КРАМ ПИН

Опытами, выполненными за последние два-три года примерно в 30 различных пунктах 
всего мира с целью изучения поляризации поперчных волн, было доказано, что подавляющее 
большинство пород, слагающих земную кору, пронизано трещинами и микротрещинами, 
заполненными жидкостью. Последняя обычно представлена жидкой водой, а микротрещины 
имеют ориентированное под воздействием давления распределение и тем самым — анизот
ропию в отношении проходящих сейсмических волн. Это распределение трещин называется 
анизотропией растяжения—расширения.

Продольные сейсмические волны не очень чувствительны к трещинам, заполненным 
жидкостью, в то время как поперечные волны испытывают сильное влияние со стороны этих 
трещин. Ими вызывается расщепление поперчных волн (это явление известно под названием 
двойного лучепреломления) и возникновение сигналов характерной формы. Форма этих 
сигналов имеет диагностическое значение при изучении рассматриваемых трещин, заполнен
ных жидкостью, и она может быть использована для оценки распределения трещин. Расщеп
ление поперчных волн наблюдается почти на всех записях: над слабыми землетрясениями 
— во многих районах мира; в Северной Америке в 12-и из 13-и профилей отраженных 
поперечных волн; на записях ВСП в самых разнообразных районах. Совершенно ясно, что 
большинство пород в земной коре пронизано трещинами рассматриваемого типа.

Возможность изучения внутренней структуры разломов и микротрещин, ориентиро
ванных напряжениями, путем анализа волн скалывания может иметь чрезвычайное значение 
в проходке горных выработок, скважин и карьеров, а также в исследовании процессов 
деформации земной коры, как например в прогнозе землетрясений. Прослеживание геомет
рии разломов и напряжений в массиве на основании анализа поперчных волн, зарегистриро
ванных на большом удалении, может иметь различные области применения, начиная от 
прогноза ориентировки гидравлических разломов, через планирование оптимальной страте
гии эксплуатации залежей нефти и газа и вплоть до прогноза землетрясений.






