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ABSTRACT 

Scheidegger, A.E., 1985. Recent research on the physical aspects of earthquakes. Earth.-Sci. 

Rev., 22: 173-229. 

Recent developments in the field of physical aspects of earthquakes, which encompasses in 
present-day terminology the analysis of focal dynamics and of catastrophic effects of 
earthquakes, are reviewed. In particular individual sections of this review deal with the 

earthquake source, effects of earthquakes on the ground, the geographic and temporal 
distribution of earthquakes, the characterization of seismic risk, earthquake prediction and 
with the artificial release of earthquakes. In this instance, the review supplements earlier 
information by the author (1975) by new data published mainly between 1975 and 1984. 

1. INTRODUCTION 

Seismology as a science is concerned with two fundamentally different 

aspects of the effects of earthquakes: first, with the analysis of the mechanics 

of the focus and the catastrophic effects thereof in the vicinity of the 

epicenter; second, with the problem of wave transmission through the Earth 

and the results concerning the structure of our planet that can be obtained 

therefrom. 

This paper is concerned only with the first of the aspects mentioned 

above; we refer to this part of seismology as "seismicity studies". Inasmuch 

as such studies are basic to the understanding of the catastrophic effects of 

earthquakes, the writer has summarized the state of the art up to about 1974 
in his book on natural catastrophes (Scheidegger, 1975). In the decade 

,1 For a short biography of the author the reader is referred to Earth-Science Reviews. 21(4), 

p. 226. 
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elapsed since then, much work has been reported on focal models, seismic 
statistics and on earthquake prediction, although the central problem of 
forecasting the occurrence of an earthquake with regard to its exact location, 
time of occurrence and magnitude is still far from a possible solution. 

It is the intention in this paper to review the most important research that 
has been achieved during the last decade in the subject of the physical 
aspects of earthquakes. 

2. THE EARTHQUAKE SOURCE 

2.1. Phenomenological description 

As is well known, earthquakes commonly appear as "shocks" which can 
cause considerable damage to structures and great numbers of casualties. 
Because of this, field studies have been made of many earthquakes that have 

occurred, which are, however, too numerous to be mentioned here individu- 
ally. Let it suffice to refer to the new catalogue of Ganse and Nelson (1982) 

in which all significant earthquakes from 2000 B.C. to 1979 A.D., including 
quantitative figures on casualties and damage, have been listed. 

Regarding the general phenomenology of surface effects of earthquakes, a 
new classification based on strong motion characteristics has been proposed 

by Rustanovich (1977). Furthermore, attendant effects, such as "earthquake 
lights", have been described by Derr (1977), who also speculated upon the 
possible causes of such lights (violent low-level air oscillations; piezoelectric 
effect in quartz-bearing rock) the existence of which he considers as estab- 

lished. 

2.2 Causes of earthquakes 

Plate-tectonic activity has now been firmly established as the underlying 

cause of the occurrence of most earthquakes. For the specific mechanism of 
stress build-up there are, however, still many possible models. Thus, Thatcher 
and Rundle (1979) propose a model for earthquake cycles in underthrust 
zones, Chapple and Forsyth (1979) connect earthquake build-up with the 
bending of trenches, and Sykes (1980) proposes a mechanism of reactivation 
of preexisting zones of weakness. 

Models for rather special cases were also proposed. Thus, Goodacre and 
Hasegawa (1980) envisaged gravitational stress-build-up mechanisms along 
the edge of a rift, thinking particularly of the Ottawa-St.  Lawrence graben. 
Similarly, the gravitational potential was envisaged by Barrows and Langer 
(1981) as a source of earthquake energy. Regarding the many earlier claims 
that gravitational tides could trigger earthquakes, Heaton (1982) failed to 
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find a correlation between the origin times of shallow dip-slip earthquakes 

and solid-earth tides. 

Finally non-tectonic causes of earthquakes were also considered. For 
instance, a source mechanism was proposed by Hedervari (1975) and by 
Ferrick et al. (1982) for volcanic tremors; it is based on the assumption of 
unsteady flow in volcanic conduits. Of the more "unusual"  theories, those 

ascribing the occurrence of earthquakes to atmospheric loading (Caloi and 

Migani, 1975) and to the release of (amongst others) hydrocarbon gases from 

the deep interior of the Earth (Gold and Soter, 1980) are worthy of mention. 

2.3. Source model 

2.3.1. General remarks 

An "earthquake" can usually be considered to originate from a "focus" 
which is definite with regard to its location and activity-time. In fact, a focus 

is, of course, extended in space as well as with regard to the time-span of 

activity, but it is usually sufficient to consider it in a first approximation as 

occupying a specific point in space and time. Eater, adjustments for its 
volume and activity-time can be made. 

The problem is, then, to envisage specific (idealized) models for explaining 
the observed effects. As the latter, the most important are the far-field 

displacements that are registered by seismographs. The basic problems 

involved have recently been discussed by Ben-Menahem and Singh (1981). 

by Kasahara (1981) and by Boatwright (1982). The possibilities for these 

models are: a rigid fault with stick-slip, a stress- or strain-singularity in an 

elastic medium, or some complicated fracture process. We shall proceed to 

consider these possibilities individually. 

2.3.2. Rigid fault model (with stick-slip) 

This is probably the oldest model of the earthquake process: A fault exists 

in the Earth, along which the two halves slide intermittently. 
Further mathematical calculations for such a simple model have been 

made by Scholz (1982a) who derived scaling laws for earthquakes from it. 

Direct mechanical experiments based on this model have been reported with 
a foam rubber model (Hartzell and Archuleta, 1979) and with a triaxial 
compression machine (Shimamoto et al., 1980). 

The most severe problem with models assuming a simple fault is the 
well-known fact (cf. e.g. Scheidegger, 1975) that the "ordinary" (frictional) 
sliding process would require shear stresses at the focal depths which are 
much greater than the shear-strength of the material concerned. The required 
lowering of the coefficient of friction can only be obtained if the presence 
and involvement of a pore fluid is invoked (Barley, 1978; Rudnicki, 1979). 
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Such a pore fluid could perhaps also be responsible for local melting of the 

material, but its existence is, of course, highly hypothetical. 

2.3.3. Stress and strain singularities 

The next possibility of constructing focal models has been by the assump- 

tion of the sudden origination of singularities in an elastic medium. 

The most widely used of these has been the sudden introduction of a 

dipole with a moment in the stress or strain field, but it leads to the 

difficulty that the region cannot be in mechanical equilibrium before and 

after the "earthquake", unless far-field external mechanical forces are also 

introduced. Nevertheless, dipole-type models in the stress field have gener- 

ally yielded acceptable far-field solutions for the radiated elastic waves. A 

recent treatment of the problem is due to Gever and Hasegawa (1981). 

Rundle (1980) has included self-gravitational effects. The corresponding 

singularities in the strain field (dislocations) have recently been discussed by 

Melosh (1983). 

The difficulty with the equilibrium conditions is avoided if multipole 

rather than dipole singularities are considered; these solutions have also been 

known for a long time. A further development is the introduction of a 

moment-density tensor. (Strelitz, 1978; Rudnicki and Freund, 1981). From 

such models far-field solutions and radiation energy estimates have been 

deduced. 

2.3. 4. Fracture models 

Finally, a proper model of the earthquake source must evidently be based 

on an over-idealized mathematical scheme. In this vein, there have been a 

number of investigations into the possibility of using realistic fracture 

models for the explanation of seismic phenomena. 

All these models are based upon some view of the formation and propa- 

gation of a crack. In essence, there are two types of approaches that can be 

taken: first, various types of assumptions can be made regarding the mecha- 

nics of the developing fractures; second, mathematical "far-field solutions" 
for various types of developing cracks, and finally, geological consequences 

of these models can be considered. 

Turning first to the basic fracture process, we note that Chang et al. 

(1975) have considered processes that occur in rock fracture experiments as 

representative of earthquake mechanisms. Similar investigations were also 
made by Stiller and Wagner (1978). In the same vein, Yamashita (1982) has 

studied the (in)stability conditions for shear cracks. Finally, Newman and 

Knopoff (1982) advocated a crack-fusion mechanism as basic for large 

earthquakes. 

As was noted earlier by this writer (Scheidegger, 1982), the most success- 
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ful fracture-type model for earthquake mechanisms is that of a dynamic 

shear crack which is produced by a mechanical instability in the material. 

Further far-field solutions (in addition to those listed in Scheidegger, 1982) 
of models of this type have been reported by Ben-Menahem (1976), Miya- 
take (1980), Das (1981), Madariaga (1983) and by Beck and Ruff (1984). 

The various mechanical models of the earthquake source process can be 

used to make interpretations of tectonic processes. Thus, Bankwitz (1980) 

has deduced that the energy of earthquakes is radiated to a significant part 

from relatively small, numerous fault planes and not from large single faults, 

Boatwright (1981) has been able to explain the accelerogram of a specific 

earthquake in California by a fracture-source model, and Das and Scholz 

(1983) have been able to explain some general features of seismicity, viz. the 

reason why large earthquakes do not nucleate at shallow depths: ruptures 
nucleating at shallow depths are inhibited for propagating because of the low 

stress drops, whereas ruptures at great depth (large potential stress drops) 

can easily propagate over an entire fault plane. 

2.4. Source parameters 

2.4.1. General remarks 

The earthquake source and the various models of it that have been 

proposed can be characterized by a variety of parameters. 

The most important of these are the origin-place and -time. We shall, 

however, not be too concerned with the location of earthquakes, but rather 

with the mechanical aspects of the source. Nevertheless, let it be stated that 
the localization of earthquakes has been the subject of many investigations. 

In this connection, a quite general statement can be made which is connected 
with the fact that seismic observations can principally only be obtained on 

the surface of the Earth. This has the consequence that it is possible to 

determine the epicenter with increasing precision as the number of surface 
measurements increases (to infinity), but that the depth of the source cannot 

be determined in this fashion: its estimation depends critically on auxiliary 
assumptions concerning the Earth's structure (Lomnitz, 1982a). 

Apart from this general observation on the place and time of an earth- 
quake source, we shall now turn to a discussion of mechanical parameters. 

2.4.2. Magnitude 

The magnitude-parameter is an old one. It is based on the logarithm of 
the maximum amplitude produced by an earthquake at a standard distance 
on a (then) standard seismograph. The problem, now, has been that of 
determining magnitudes from observations on non-standard seismographs, 
at non-standard distances; i.e., the maximum amplitude observed on such 
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instruments and distances must somehow be "reduced" to the standard 
instrument and distance. 

The problem appears to be insoluble. There is no proportional relation 

between maximum amplitudes on different instruments, and no simple 
relation between the amplitude and the distance. Thus the magnitude scale 

obtained using some logarithmic relation is particular to the instrument 

used. Scales obtained from different instruments can be matched at some 
magnitude-level, but they will then diverge at other levels. Thus, a series of 

magnitude (local magnitude M L, volume-wave magnitude MB, seismic mo- 

ment magnitude M w, surface wave magnitude M s, teleseismic magnitude 
MD) scales have come into existence, and a voluminous discussion has arisen 
regarding conversion procedures (Aki and Duda, 1978; Bith, 1977, 1981; 

Herrmann and Nuttli, 1982; Kanamori, 1983; Wahlstr6m and Strauch, 
1984). Some investigations propose relations valid only for "large" earth- 
quakes (Purcaru and Berckhemer, 1978; Wyss and Habermann, 1982), others 
only for specific regions (Chung and Bernreuter, 1981 for the U.S., Wahlstr6m 
and Ahjos, 1982 for the Baltic Shield). A general conversion table cannot be 
constructed (cf. Fig. 1). 

2.4. 3. Energy 

The hope, of course, is to determine the seismic wave energy release from 

the seismographic station records. In this fashion, a true physical parameter 

would be obtained. 

The general procedure for doing this is based on an estimate of the energy 
flux per unit area around the seismograph station from the seismograph 

record (by integrating the trace after converting to an elastic strain energy 
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curve) and then extrapolating to the radiation of the entire focus by 

assuming some type of radiation pattern. The model of a rigid fault allows 

one to proceed to the introduction of a further energy parameter: the seismic 

efficiency: the proportion of elastic energy released at the source which is 

radiated as seismic waves. The term was actually used long ago by Richter 

(1958); recent studies on it have been reported by Sibson (1978). In order to 
set up unambiguous correlations between the energy released and seismic 

records, it is necessary that the former is independently known. This is 

sometimes the case in atomic explosions for which Yacoub (1981) has made 
seismic yield estimates from Rayleigh wave records which he compared with 

the announced yields based on the amount of fissionable material used. He 
was able to achieve an accuracy of 2-6%. 

2.4. 4. Earthquake volume and other kinematic parameters 

Earthquake volume can be estimated from the region "occupied" by the 
aftershocks (cf. the reviews by Scheidegger, 1975, 1982). This has been the 

standard practice. It has recently been applied also to the series of earth- 
quakes in Friuli (Duma, 1981), and to the Oroville earthquake (Boatwright 

1984a). 

Other "geometrical" parameters relating to the earthquake focus are the 

fault parameters: length, width and area. Generally, one assumes linear 

relationships between the logarithm of these quantities and magnitude. The 

inevitable scatter inherent in such relations has been ascribed by Anderson 

(1979) to saturation effects, these, however, not being the only reason. 

Finally, a new kinematic parameter has been introduced by Furumoto 
(1979) in the form of "duration time". It can be determined from long-period 

surface waves. Source times for various types of earthquakes, such as 
low-angle thrust shocks in deep sea trenches and intraplate shocks, have 
been determined by Furumoto and Nakanishi (1983): the source times for 
the former types of earthquakes tend to be longer than those for the latter. 

2.4. 5. Focal strain and stress 

In a strained elastic body, the strain is proportional to the square root of 

the energy stored per unit volume. It is therefore possible to calculate the 
earthquake strain from its energy and ultimately from its magnitude. It turns 

out that the strain is independent of magnitude: this appears to represent the 

"critical" strain which the material can support before it breaks. 
When an earthquake occurs, the stress drops at the (hypothetical) focal 

fault plane; this stress drop corresponds to the shearing strength. Stress 
drops can be estimated from the critical strain estimates mentioned above. 
Values lie between 1 and 10 MPa. Stress drops can also be obtained by 
looking at far-field velocity pulses (Boatwright, 1980, 1984b; Mori, 1983). A 
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computation method was devised by Mavko (1982) based on two-dimen- 

sional models of heterogeneous stress drop. Estimates of stress drops for 

small earthquakes have been reported by Snoke et al. (1983); these are based 

on a relation (Madariaga, 1979) between the stress drop AT and the seismic 

moment M o (see 2.4.6. below): 

AT = CMo/a  3 

where a is a characteristic dimension of the earthquake fault zone and C 

some dimensionless parameter. 

Regarding the variation of stress drops with region, Richardson and 

Solomon (1977) found no systematic variations with location of an earth- 

quake relative to plate boundaries (interior, margin), but Scholz (1982b) 

noted a systematic variation from 0.75 to 1.2 to 6 MPa for intraplate 

strike-slip thrust and Japanese intraplate earthquakes, respectively. Caputo 

(1980) found a statistical frequency distribution of stress drops ~-  in 

aftershock series which is proportional to 2~" n with 1 < n < 2. 

2.4. 6. Other fundamental parameters 

Concerning other parameters, we have already referred to the "seismic 

moment" M o introduced by Aki (1966). This is the mechanical moment of 

the point source equivalent to the faulting motion: 

M o =/~DS 

where D is the average slip on the fault, S the total area and # the rigidity. 

Thus defined, the seismic moment is a scalar, but since it depends on the 

orientation of the fault as well, it should actually be defined as a tensor 

(Backus and Mulcany, 1976a, b). 

The determination of the seismic moment is effected directly from very- 

long-period seismograms of body and surface waves (Aki and Patton, 1978; 

Aki, 1982). Many individual determinations are now available (catalog by 

Purcaru and Berckhemer, 1982a). The relationship of the seismic moment 

with other focal parameters (stress, volume, energy) has been investigated by 

Olsson (1980) and by Purcaru and Berckhemer (1982b). 

3. EFFECTS ON THE GROUND 

3.1. Phenomenological description 

Earthquakes can cause disastrous effects on the ground. Many descrip- 
tions of recent catastrophic earthquakes have appeared in the literature, 
which will not be reviewed here individually. Of interest are the principal 

investigations into the phenomenological surface effects of earthquakes. 
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Thus, the principal concern has been the causes of the hazard presented 
by earthquakes: these have generally been ascribed to the surface faultings 

that occur in earthquakes. Kobayashi (1976) has summarized the mor- 
phology of the hazards due to the offsets of ground, graben, tension cracks, 
gentle flexure and wavy swellings of the land surface. Similarly, horizontal 
displacements caused by an earthquake have been described by Clark et al. 
(1976), vertical ones by Kisslinger (1975) and by Melosh (1983). 

The particular mechanism by which damage to houses is caused has been 
studied by Tchalenko and Ambraseys (1973), and the specific causes of 
fatalities were investigated by Kobayashi (1981). 

Further accompanying effects of earthquakes are tsunamis (Nishenko and 
McCann, 1979), and earthquake lights (Derr, 1977). Lockner et al. (1983) 
have proposed a possible mechanism for the generation of such lights based 
on a concentration of charge densities in a conductive earth caused by 
frictional heating of the fault. 

3.2. Intensity scales and isoseismals 

As is well known, the ground effects of earthquakes are measured by a 
phenomenological intensity scale which is indicative of the type of damage 
that has been caused by an earthquake at a particular spot. For the 
intensity-tables, some modified form of the Mercalli scale is used; these are 
all very similar. The differences between the modified Mercalli scale used 
preferentially in America and the Medvedev-Sponheuer-Karnik-scale pref- 
erentially used in Europe (Drimmel, 1985) are most notable in the range of 
intensities from 5 to 9 (Cosentino and Lombardo, 1980). Nevertheless, the 
"intensity" observed depends very much on the dynamic parameters of the 
buildings (Fig. 2). 

The actual establishment of isoseismal maps from field data has now 
successfully been computerized (Riznichenko et al., 1977; Mayer-Rosa, 
1981). The alteration of the intensity with epicentral distance has been 
studied by Gupta and Nuttli (1976) and by Karnik et al. (1978). Studies of 
the maximum intensity I o in dependence of magnitude M and focal depth H 
(km) have been reported by Franke and Gutdeutsch (1974). The latest 
relation proposed is (M means here Karnik-magnitude): 

M = 0.54• o + 0.50 log H + 0.67 

As a macroseismic parameter additional to the intensity, the "felt area' f 
has been introduced (Nutti and Zollweg, 1974). The supposed relationship 
between f (km 2) and the body-wave magnitude M is: 

M = 2.65 + 0.098 f +  0.054f 2 

at least in the Central United States of America. 
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Fig. 2. Intensity decrease (I) caused by the various dynamic responses of buildings due to 
different internal dampings (D) in the near-field (N) and far-field (F) of strong earthquakes, 
as a function of the relative height (h /H)  of the storeys. After Drimmel, 1984. 

3.3. Displacement, velocity, acceleration and spectra 

3.3.1. General remarks 

This section is, in fact, concerned with the quantification of the intensity 

concept which is, after all, very phenomenological, based on the subjective 

assessment of damage. The problem is that of introducing some physical 

parameters which underlie the damage effects. In contrast to the supposi- 

tions in section 2, these parameters do not refer to the focus of an 

earthquake, but to the "observation point" at which the damage is experi- 

enced. 

3.3.2. The ground motion 

The primary information on earthquake motion are data on the movement 

of the ground. From seismograms, it is possible to deduce the displacements, 

the velocities and the accelerations at a site as a function of time. In fact, if 

one of these quantities is known, the others can be deduced therefrom by 

simple differentiation (or integration). 

The " raw"  data, thus, are e.g. accelerograms. Naturally, these are not 
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"raw" in the sense that simply the trace of a seismic record could be used 

directly; rather, making allowance for the characteristics of the seismograph, 

one has to compute the ground acceleration (or velocity, displacement) by 

means of the seismograph equation. Nevertheless, the whole procedure has 
been automatized to such an extent that it is possible to obtain "accelero- 

grams" (or "velocity-grams", "displacement-grams") in the epicentral area. 

A typical catalog of accelerograms has been published for the Friuli earth- 
quake of 1976 and its aftershocks (Commissione C N E N - E N E L  1976). 

3.3.3. Peak values 

The raw accelerograms have very little direct bearing upon the appearance 
of ground effects. Thus, the attention has been directed towards particular 

features of such records. 

The first interesting quantities are the peak values, notably those of the 

acceleration inasmuch as the latter is thought to be directly responsible for 

the occurring damage, at least under certain conditions. 

If an accelerogram is available, the peak value is easy to identify. Such 

peak values have been used to establish relations to the intensity level. This 

has been done by Schnabel and Seed (1972) for the western United States. 

The same authors have also established (a direct determination of) the 

dropoff of peak acceleration with epicentral distance. A similar study has 

been published by Ambraseys (1974b) by calculating the regression between 
peak acceleration a and local intensity I on a world-wide basis; the relations 
are different for the horizontal (a~) and vertical (av)  peak accelerations 
(units of acceleration: % g) 

log a H = 0.09 + 0.30 I 

log a v = 0.32 + 0.31 I 

The scatter is considerable (standard deviation is 70% of the mean). It is 

even greater if peak velocity instead of peak acceleration is considered; the 

data are then barely sufficient to define a trend. 

Because of the large scatter, other authors have come up with different 

relations between a and I. These have been collected and compared by 
Trifunac and Brady (1975a) and by Boore and Joyner (1982). The result is a 
rather broad band (for the correlations) in a plot of log a vs. 1. 

From all this, the following statements can be made as a conclusion: 
(1) Peak horizontal accelerations are from 1.5 to 2.5 times larger than 

peak vertical accelerations. 
(2) For peak velocities, the data are insufficient to give a trend; they do, 

however, suggest that, on the average, the peak vertical velocity is about 60% 
of the peak horizontal velocity. 

(3) The scatter of the data is large; hence the correlations should not 
really be used for design purposes. 
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Finally, an attempt can be made to define a "duration" of the peak (or 
strong) motion. Trifunac and Brady (1975b) have based this "duration" on 
the mean-square integral of the velocity of the ground motion and have also 
correlated it with the intensity. The dimension of the thus-defined "duration", 
however, is not simply "time". Trifunac and Brady found a (more or less) 
linear correlation between the logarithm of (their) "duration" and the 
intensity. 

3.3. 4. Spectral analysis 

The raw accelerograms can be further analysed by spectral methods (for a 
general background on this, see Bhth, 1974). Generally, a "response" spec- 
trum is calculated, based upon a single-degree-of-freedom viscously damped 
oscillator, to forced oscillations for given, observed accelerograms. Usually, 
the complete accelerogram is used but Khalturin and Rautiani (1978) used 
the coda only. 

The response spectra are quite individualistic. Therefore, it is important to 
collect characteristic type-cases. Generally, a statistical characterization of 
response spectra is attempted (Udwadia and Trifunac, 1974; Kaul, 1978). 
Lyakhter and Frolova (1977) classified the spectral properties according to 
the macroseismic intensity. Bhth et al. (1976) made an analysis of spectra 
found and expectable in Sweden. Furthermore, the characteristics of spectra 
of nuclear explosions were discussed by McCreery and Walker (1983). 
Finally, studies of the mechanical provenance of the various modes encoun- 
tered in the spectra were made by Hasegawa (1974a) and by Muramatu and 
Irikura (1982). 

3.3.5. Models and forecasts 

The last studies already lead to the problem of setting up models for the 
generation of spectra and the forecasting of response spectra of future 
earthquakes at a given site. 

Quite generally, it can be stated that one cannot scale easily from small 
earthquakes to large ones. Predictions have been based on models for the 
expected source (nuclear explosions: Johnson, 1973; strike-slip and dip-slip 
fault: Bouchon, 1980). More complicated models for the deduction of scaling 
relations have been advocated by Scholz (1982b), Irikura (1983), Aki (1984) 
and Joyner (1984). The problem is evidently very dependent on the model 
chosen, and does not become much more definite if only peak values are Io 
be scaled (Hadley et al., 1982). 

3.4. The effect of topography and geology 

3. 4.1. General remarks 

The ground motions are locally greatly affected by the topography and the 
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geology prevailing in the vicinity. The geometrical configuration of regions 

with varying seismic transmission properties (air, friable material, hard rock) 

can cause local concentrations of the wave-energy density; thus, regions of 
great damage may alternate with regions of little damage. 

3.4. 2. The effect of topography 

The classic case where the effects of local topography was noted is the 
Pacoima Dam site in the San Fernando Valley of California, which had 

already been reviewed in the writer's book (Scheidegger, 1975). An ad- 
ditional study of this site was made by Boore (1973) who concluded that the 

rugged topography of the area tends to enhance the higher ground-motion 

frequencies. A physical model-study of the same site was reported by Rogers 

et al. (1974) which confirmed the frequency dependence of the motions. A 

numerical model study of the topographic effect at mountain sites was made 

by Castellani et al. (1978), who showed that in the presence of valleys or 

mountains a variety of reflections and refractions occur which amplify the 

intensity of the ground motion. The theoretical results were compared and 

checked with recordings from the Friuli earthquakes of 1976. Topography 

can also have an effect on the frequency of earthquake occurrence (Mino, 

1984) because of the formation of tectonic stress concentrations. 

3. 4. 3. Effect of geology 

The effect of geology is mainly caused by the seismic wave transmission 
properties of the layers in question. It is well known that, the softer the 

ground, the more severe are the damage effects. This general observation has 
been confirmed again and again, such as in studies by Kobayashi 

(1974, 1976), Mohraz (1976), Drimmel (1980, 1984), Cohn et al. (1982) and 
Mochizuki et al. (1982). 

However, not only the kind of material is of importance, but also the 

structures obtaining in the various layers. This is an effect similar to that of 

topography, but in three dimensions. It may show itself in the general 
intensity-variations of earthquake shocks over a whole range like " the  Alps" 

(Drimmel et al., 1973), or a "subduction zone" (Melosh and Raefsky, 1983) 
or in the ground motion over a single structure (Kasuga and Irikura, 1982): 
an amplification occurs with an abrupt change of sedimentary layer thick- 
ness on the side of the greater thickness. 

3. 5. Engineering aspects 

3.5.1. General remarks 

We are now turning our attention to the problem of protecting structures 
against hazards that might be presented by future earthquakes. Variously, 
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the damage caused by earthquakes has been ascribed to the accelerations or 

to the velocities of the ground motion to which the buildings (structures) are 

subject, or even to the displacements. Thus, the hazards from (long-term) 

faulting have been described by Kobayashi (1976). However, the latter case 

is rather unusual, and most of the effort has been directed to determining the 

"response" of the structures to the expected ("design"-) earthquake. The 
general problems involved in this approach have been describe& for in- 

stance, by Ambraseys (1974a, b) d'Albe (1974), and by Bolt (1976). 

3.5.2. The design -quake 

In order to design a structure, an assumption has to be made regarding 

the character of the earthquake against which the design has to protect the 

structure. This is the "design-quake". 

The choice of a design-quake depends on general considerations of seismic 

risk which will be treated later on in this paper. At this juncture, we only 

discuss the types of parameters that are involved in the "design-quake". 

These parameters are taken from strong-motion seismograms of earthquakes 

in the area. For this purpose, accelerograms are collected and adjusted for 

attenuation from active faults etc. The procedure has been illustrated by 

Furuzawa (1976) for Japan and by Selnes (1978) for Scandinavia. A review 

of the methods applicable elsewhere has been given by Studer and Ziegler 

(1983). In the work cited last, characteristic design spectra are given. 

3.5.3. General response methods' 

As noted above, the general method for the calculation of a response of a 

structure to a design-earthquake consists in representing the structure by an 

oscillator and feeding the data for the design-earthquake into terms repre- 

senting the external input. A flexible computer program to effect this 

calculation has been devised by Bathe et al. (1974). 

The general procedure is evidently quite involved. Thus, rules for special 

cases have been developed, such as for systems with natural frequencies close 

to one another (Villaverde, 1984). The problem has also been studied by 

means of scale-model experiments (Fumagalli and Casirati, 1978). 

A special case of seismic "response" consists in a change of the rheo- 

logical equation of state of the material affected. Generally, this is a 

liquefaction of soil layers. On slopes, this leads to a triggering of landslides 
and has been treated in a review of mass movements (Scheidegger, 1984). 

However, the liquefaction can also occur on level ground; in this context its 
mechanism has been treated by Prater (1977). Laboratory tests for the 

determination of the liquefaction-potential of soils have been reported by 
Trommer (1977). 
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3. 5. 4. Specific site-types 

Finally, the general theory discussed above has been applied to specific 

sites. The applications to individual structures are, naturally, very numerous 

and are often contained in the classified files of construction firms and 
consultants. However, discussions of some types of sites are of more general 

interest. 

Thus, the problems connected with housing units have been investigated 

by Castoldi and Casirati (1978a). Special problems are presented by nuclear 

power plants, to which a textbook (Hansen, 1972) and other works (e.g. 

Castoldi and Casirati, 1978b) have been devoted. 

Much work has been devoted to the stability of dams. The classic case is 

the Pacoima Dam (Perez, 1973), others concern the Guri Dam (Fiedler, 

1977) and the Abiesta Dam (Castoldi, 1978). Studer (1977) presents general 

design considerations on the subject matter of dams. In this connection it 

should be noted that dams present an additional problem with regard to 

earthquakes: the water build-up behind a dam can trigger seismic activity. 

This problem will be treated in Section 6 of this paper. 

Finally the resistance of a pipeline network to earthquake motions has 

been investigated in connection with Arctic conditions, where a break coukl 

lead to an ecological disaster (Hasegawa, 1974b). 

4. THE GEOGRAPHIC DISTRIBUTION OF EARTHQUAKES 

4.1. General remarks 

It is a well-known observation that the occurrence of earthquakes is more 

frequent in some areas than in others. In order to determine the regions of 

high earthquake frequency, the focal coordinates are determined and plotted. 

It is obvious that these hypocenters refer to a certain time interval, so that 

their density also represents in some way the temporal frequency of the 

shocks. However, specific questions regarding the temporal sequence of the 

shocks will be relegated to Section 5 of this review. 
Here, we shall assume that a large enough time interval has been chosen 

for temporal stability of the averages to be assured: then, the geographic 

patterns of the earthquake occurrences will be of concern: first, on a large 

scale, and second as regards to specific regions. 

4.2. Worm seismicity 

All studies have yielded the result that there is a strong correlation of 
earthquake frequency with other geodynamic phenomena: the zones of high 

seismicity quite generally coincide with the tectonic plate boundaries. This 



188 

has been an old observation which has been confirmed again and again, for 

instance by a study of historical seismicity (Ambraseys, 1983) or in a 

catalogue of significant earthquakes that occurred between 2000 B.C. and 
1979 A.D. (Ganse and Nelson, 1982). Specifically, the seismic potential for 
the world's major plate boundaries was investigated by Nishenko and 
McCann (1981), the correlation with volcanism by Acharya (1981). 

Finally, some general relations regarding the spatial distribution of hypo- 
centers have been deduced from a correlation study between pairs of foci: 

The number of events per unit volume always decreases hyperbolically with 
distance, independently of magnitude and dimensions of the region (Kagan 

and Knopoff, 1980). 

4.3. Type regions 

4. 3.1. General remarks 

According to the plate tectonic models, " type regions" for seismicity are 
represented by the various "types" of plate margins; and, last but not least, 
by the plate interiors as a "type". 

4.3.2. Consuming plate margins 

The first types of regions which we shall consider are the "consuming" 

plate margins. These are the regions where plates collide; depending on the 
nature of the local structure (continental, oceanic), high mountain ranges or 
deep sea trenches may be present. These types of plate margins are con- 

nected with the regions of the Earth that show the highest possible seismic- 
ity: The Alpine-Himalayan and the circum-Pacific belts. 

Local seismicity studies for these regions are legion; they will not be listed 

here individually. Of interest, however, are some studies of the general 

conditions existing in such areas. Amongst these, we may mention a paper 
by Lomnitz (1982b) on Mexico, by Hatzfeld and Frogneux (1981), B~ath 

(1979b) and Ritsema (1979) on the Mediterranean, and by Sykes et al. (1980) 
on Alaska. These papers attempt to describe the general mechanical condi- 

tions in the corresponding regions. 

4.3.3. Accreting plate margins 

The accreting plate margins are the opposite to the consuming ones: 

morphologically they are characterized by rift valleys, often atop a ridge. The 
typical case occurs in midocean ridge areas, such as the western edge of the 
European plate (Limond and Rec% 1981). Similar conditions, however, may 
also be encountered in rift valleys which have been considered as possible 
incipient breakups at which an oceanic crust may be formed. The best 
known case of this type refers to the East African rift valleys; local studies 
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on them are numerous and will not be listed here. Another case is the Rhine 
graben in Germany (Schneider, 1979). 

4. 3.4. Intraplate seismicity 

The regions in the interior of the tectonic plates are, on the whole, the 
most aseismic ones of the world. This concerns the abyssal oceanic plains 
and the ancient continental shields. 

However, there are intraplate areas which do show considerable earth- 
quake activity in spite of the general remark made above. 

A notable case is represented by the Scandinavian Shield, where the 
seismic activity is normally ascribed to the isostatic rebound in consequence 
of the melting of the ice load after the end of the last ice age (Bhth, 1978a, 
1979a; Caputo et al., 1985). 

However, an alternative interpretation has recently been proposed, nota- 
bly by Bhth (1984): an evident correlation between regional and global 
seismicity seems to indicate that the Scandinavian seismicity is independent 
of isostatic effects, and that, in actuality, its origin lies in globally active 
phenomena (Fig. 3). 

A similar condition may apply in the Mississippi valley in the middle of 
North America (Johnston, 1982). In some fashion, the intraplate seismicity 
must be connected with the rheology of the lithosphere (Kunze, 1982). 

A study of oceanic intraplate seismicity has been made by Wiens and 
Stein (1984). The main result was that this seismicity is extremely uneven 
and is most probably caused by local (thermal ?) heterogeneities. 

Inasmuch as the intraplate seismicity is most important in the Chinese 
craton, a whole symposium has been devoted to the subject in Beijing (Gu 

Fig. 3. Global seismicity due to mountain range loading: dotted areas indicate the section 

with maximum shear stress. After Caputo et al., 1985. 
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and Ma, 1984). Again, it is not possible to communicate generally valid 
"conclusions" regarding the origin of intraplate seismicity. Its origin is 

evidently different in different regions and very much tied to the prevailing 

local conditions. 

5. TEMPORAL DISTRIBUTION OF EARTHQUAKES 

5.1. Introduction 

In addition to the geographic distribution of earthquakes, the temporal 

one is of great importance. In this section, we refer to such problems. 
Frequency, rates of occurrence etc. will be considered. In this, we are solely 

concerned here with focal parameters; problems regarding phenomenological 

parameters, such as intensity, belong to questions of seismic risk, to which 

the last section of this review will be devoted. 

5.2. Magnitude-frequency relations 

The fundamental relation between magnitude and frequency has been set 
up long ago by Gutenberg and Richter; it is of the form: 

log N ( M )  = a -  bM 

where N is the frequency (referred to a given time-interval, e.g. a year or a 

decade) and M the magnitude; a and b are constants. 
Inasmuch as the basic equation of Gutenberg and Richter has been well 

confirmed, recent studies are mainly concerned with detailing it further. One 

of the principal problems is the determination of the constants a and b for 
various time intervals, regions and magnitude scales (Bhth, 1978b; Weichert, 

1980; Knopoff et al., 1982; Schenk, 1982; Wesnousky et al., 1983). 

Modifications, in minor details, of the Gutenberg-Richter relationship 
have also been suggested. Thus, Howell (1981) postulates a "saturation 
effect", i.e. an upper limit to the magnitudes for which the original relation- 
ship would be valid. A similar limitation is also implicit in a study of Singh 
et al. (1983) where the statistics of small and large earthquakes are not found 
to be the same. Caputo (1976), Wesnousky et al. (1983), Seggern (1980) and 
Kiremidjan and Anagnos (1984) published mechanical models to explain the 
magnitude-frequency law; Lomnitz-Adler and Lomnitz (1979) made sto- 
chastic models of the earthquake process and suggested a modification of the 
original relationship which is attained only asymptotically. Dong et al. 
(1984) used a maximum entropy rather than a least square relation for 
establishing correlations between magnitude and frequency from data. Fi- 
nally, Main and Burton (1984) have attempted to connect magnitude-  

frequency relations with information theory. 
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5.3. Aftershock sequences 

The pattern of aftershock statistics has also been established for a long 
time (cf. e.g. Richter, 1958; Scheidegger, 1975): it is determined by three 

laws: that of Gutenberg-Richter (frequency versus magnitude follows the 

same basic relation as earthquakes generally), that of Omori (frequency 

decays hyperbolically with time) and that of Lomnitz (average magnitude is 

constant). 

Many aftershock sequences have been analysed in the light of the laws 

mentioned above. Of some of the more recent studies the following may be 

mentioned: aftershocks of the earthquakes near Lompoc in California of 

1927 (Hanks, 1979); near Parkfield in California of 1966 (Bakun and 

McEvilly, 1984); near Borgatfj6rdur in Iceland of 1974 (Einarsson et al., 

1977); in Friuli of 1976 (Cagnetti and Console, 1977); and in the Azores of 

1980 (Hirn et al., 1980). 

More interesting are studies of the more fundamental statistical patterns 

of the aftershocks (Prozorov and Dziewonski, 1982) and the mechanics of 

the creation of these patterns (Bonafede et al., 1980; Cohen, 1981; Olsson, 

1981; Das and Scholz, 1981). This also leads to rather interesting investiga- 

tions into the general conditions that lead to the creation of aftershock 

sequences (Olsson, 1979): after all, not every earthquake is followed by 

aftershocks! 

5. 4. Earthquakes as time series 

The number of earthquakes per time unit in an area represents a "time 

series", whose stochastic properties have been studied for a long time. 

In general, it has been surmised that the above time series is that of a 

stationary stochastic process, at least if the obvious "clusters" due to 

aftershocks are taken out. However, the question as to whether this process 

is really stationary has by no means been finally settled as of yet. A 

discussion of this problem has, for instance, been given by Vere-Jones and 
Smith (1981). These and other authors admit large-scale fluctuations in 

"seismicity", but these could be obtained also in an appropriate stationary 

model. A well-known seismicity peak is supposed to have occurred around 

the turn of the century, but Kanamori and Abe (1979) show that this "peak" 

could be due to a misinterpretation of old instrumental records and might 

thus not have been real at all. 
Clusters are removed by assuming that each earthquake generates ad- 

ditional shocks with a probability that decays with time (Kagan and Knopoff, 
1981). Conversely, shocks that fit this pattern can be taken as related and 

counted as one. 
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When the clusters are removed, the time series that remains has usually 

been taken as that corresponding to a Poisson process. Recent studies have 

now introduced different views; thus Knopoff  and Kagan (1977) have used 

the well-known extreme-value statistics of Gumbel.  Anderson (1981) and 

Campbell (1982) have extended the extreme-value approach by introducing a 

Bayesian model. Finally, Basili et al. (1977) have used a negative binomial 

distribution with which to compare earthquake events, rather than a Poisson 

or Bayesian statistic. 

However, as noted above, the assumption that earthquakes correspond to 

a stationary random process has been challenged. Olsson (1982) finds that 

the comparatively small shocks are not independent  (Fig. 4). From time to 
time, the world-wide seismic activity accelerates; it is thus not stationary. 

The present is a highly active time (Mogi, 1979; Fig. 5). 

The apparent variations of seismicity have prompted the search for 

"periodicities". Thus, Dubourdieux (1980, 1983) believes in seismicity cycles 
of 4 and 88 years, Sano and Nakajima (1982) in a cycle of 6 years. None of 
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these cycles, however, are very well established. The last authors, as well as 
also McClellan (1984) believe in a correlation of earthquakes with seasons, 

and Anghel (1978) even assumes a correlation with solar activity (which 

should take place via the telluric currents induced by perturbations in the 
ionosphere caused by solar flares). Physically more likely would be triggering 

effects by the tidal stresses. The search for the evidence of such effects had 

also been going on for a long time; recent attempts have been made by 

McNutt  and Beavan (1981) and by Kilston and Knopoff (1983). Although 

statistically significant correlations appear to have been established in cer- 

tain cases, these would not appear to be sufficient for establishing a certain 

cause-and-effect relationship. 
This leaves only the general observation (Ito, 1980) that the earthquake 

activity exhibits nonperiodic, "chaotic" ups and downs that do not seem to 
follow any pattern which could be deduced from a stationary stochastic 
process. 

This leaves one with the task of explaining the "chaotic" behavior of the 
seismicity. 

Most common models for providing such an explanation are based on 

some unstable faulting (or rupture) mechanism (stick-slip, barriers) that does 
not correspond to a stationary stochastic process. Such models have been 
proposed by Stuart (1979), Bonafede et al. (1982), Lomnitz-Adler (1983), 
Newman and Knopoff (1983) and by Mendoza and Dewey (1984). Alterna- 
tively, Kanamori (1977) has sought an influence of the variation of the 
rotation rate and of the Chandler wobble on seismicity. Finally, large-scale 
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non-random geodynamic processes (slab subduction) have been invoked by 

Melosh and Fleitout (1982) as being at the root of the chaotic time-be- 

haviour of seismicity. 

5.5. Energy and strain release 

The magnitude of an earthquake can be related to the energy released by 

the focus (cf. Sect. 2.4.3 of this review). Therefore, from lists of earthquakes 
and their magnitudes, the rate of seismic energy released can be obtained for 

a region or for the globe as a whole. Furthermore, the square root of the 

energy radiated in an earthquake is proportional to the strain released in that 
earthquake. Therefore, energy release rates can be converted into strain 

release rates. 
The above procedure is an old and well known one; it goes back to 

Benioff in the 1950's. A new study of the subject based on new and 
improved global data was made by Kanamori (1977). The unexplained 

| .  , 

chaotic secular variation in seismlclty naturally is also reflected in the 
variation of the energy (and strain) release rates. In a renewed study of the 

problem, Vassiliou and Kanamori (1982) used an improved, sounder magni- 

tude-energy relation and arrived at the conclusion that a stationary or static 
stochastic model could not be excluded after all. 

The energy and strain release in aftershocks is better understood. Evi- 

dently, some sort of " rebound"  takes place with decreasing rate (Olsson, 
1973; Cohen, 1981). There is, however, still considerable uncertainty regard- 

ing the type of rheology which is involved in this rebound. 

6. SEISMIC RISK 

6.1. Introduction 

The final section of this review is concerned with questions of risk, 
earthquake prediction and artificial release. 

The problem has been investigated quite generally in some reports and 
textbooks, such as that by Lomnitz (1974), St. Amand et al. (1975) or that by 
Lomnitz and Rosenblueth (1976). Accounts of insurance problems con- 

nected with earthquake risk have been published by Kulhanek and Bhth 
(1976, 1978), Mi~ller (1978) and by Petak and Atkisson (1982). 

The problem, however, has to be treated in its detailed aspects in order to 

get at quantitative risk estimates. 

6.2. Characterization of seismic risk 

6.2.1. General requirements 

For the characterization of the risk with regard to any natural hazard it is 
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required to give the probability for an event of given "strength" (or above) 

to occur at a specific locality. The statistical problems of characterizing 

earthquake hazards have been described recently by Bolt (1976, 1978), by 

Shapira (1983) and by Keilis-Borok et al. (1984). 

In seismicity studies, the "strength" of the event is usually represented by 
the intensity-level I, and the probability of occurrence can be represented by 

the annual recurrence rate B( I )  or by the recurrence interval T( I ) = 1/B( I ~. 

These quantities can be determined for the past, and are then taken as 

representative for the future. In the light of the recognition of "chaotic" 

secular changes in earthquake activity, the above procedure is, of course, a 
bit problematical. It is also evident that the relationship of B or T versus 1 

has some upper limit. Thus, one has introduced the notion of "maximum 
possible earthquake". 

Recent studies of these problems will be reviewed in the section following. 

6.2.2. Recurrence times 

The determination of reccurence times T versus intensity 1 proceeds in a 
straight-forward manner from earthquake damage catalogues. An interesting 

study has been reported by Sims (1975) who based estimates of such 

recurrence times on structures in young lacustrine sediments. Weichert 

(1980) has attempted to estimate recurrence parameters for unequal observa- 

tion periods. A seismicity study for particular geodynamic conditions was 

made for the subduction zones by Rikitake (1976) and for the Alps by Botti 
et al. (1980). The last authors attempted a matching with Gumbel-type 

statistics for the estimation of seismic risk. 
Finally, Caputo (1981a) used maximum acceleration rather than intensity 

for specifying the "strength" level of the seismic events. This, of course, is 
possible in view of the general relationship existing between maximum 

acceleration and intensity. 

6. 2.3. The maximum possible earthquake 

As noted above, there are indications that earthquakes cannot become 
arbitrarily "large": there appears to be a maximum possible earthquake, 
maybe a different one for each specific region considered. 

In connection with risk studies, the maximum possible intensity is of 
interest. However, it is not known in an earthquake area where the next 

earthquake is going to occur and hence the maximum possible intensity Io is 
directly related to the maximum possible magnitude by means of the general 
relationships between I o and M (cf. Sect. 3.2). Thus, the procedure has been 
to estimate the maximum possible magnitude in an area: this then allows one 
to estimate the maximum possible intensity which may be expected any- 
where in an earthquake region where the epicenter might occur. Upon a 
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statistical analysis of data from the past, Yegulalp and Kuo (1974), Caputo 
(1978), and Howell (1979) have followed this procedure. 

It should be noted that the above statistical procedures are generally 
based on the statistics of extreme values (Gumbel-statistics). Other models 
have been based on Bayesian statistics (Mortgat and Shah, 1979) and 
truncated exponential models (Cosentino and Luzio, 1977). 

6. 2.4. Geodynamic considerations 

The procedures outlined above are based purely on the statistics of past 
seismicity. One can also try to set up more causative models. 

Thus, the likelihood of the occurrence of earthquakes is inferred from 
geodynamic studies of active faults etc., and the resulting ground effects 
from an integration over the possible sources. This approach has been taken 
by Mark (1977), by Wyss (1979a), and by Sykes and Quittmeyer (1981). 

6.3. Site investigations 

6. 3.1. General zoning 

According to the general remarks on the characterization of seismic risk, 
the assessment of a site requires an estimate of the recurrence times of 
earthquakes of different intensities and an estimate of the maximum possible 
earthquake at the site. Thus, general zoning maps can be made of a country 
or region where iso-lines of intensities can be given for a series of chosen 
recurrence intervals; or conversely, isolines can be given for the recurrence 
times for chosen intensities. 

On the above basis, conditions have been analysed in many countries (e.g. 
Norway: Selnes et al., 1980, Fennoscandia: Bhth, 1979a, c; Germany: 
Ahorner et al., 1976; Switzerland: Pavoni, 1977, Pavoni and Mayer-Rosa, 
1978; Austria: Drimmel and Trapp, 1982; Italy: Iaccarino, 1973, Siro, 1984; 
Israel: Shapira, 1983; East Africa: Unesco, 1980; Pakistan: Quittmeyer and 
Jacob, 1979; Japan: Seno, 1979, Wesnousky et al., 1984; Australia: McEwin 
et al., 1976; United States: Algermissen and Perkins, 1976, 1977, McGuire, 
1977; Saskatchewan: Horner and Hasegawa, 1978; Cuba: Alvarez and Bune, 
1977; amongst others). 

Maps based on acceleration rather than on intensity have been proposed 
by Ahorner and Rosenhauer (1975) for Europe and by Algermissen and 
Perkins (1976) for the United States. An example of a study for Israel is 
shown in Fig. 6. 

6.3.2. Specific types of structures 

Many studies have been made for ascertaining the safety of specific types 
of structures. Thus, of much concern have been nuclear power plants 
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Israel. From Shapira, 1983. 

(Newmark, 1972; Symposium, 1975; Taleb-Agha and Whitman, 1977; Ag- 

garwal and Sykes, 1978), dams and reservoirs (Fiedler, 1977; Castle et al., 
1980; Baecher et al., 1980) and pipelines (Stevens and Milne, 1974; Taleb- 
Agha, 1977). 

6.4. Earthquake prediction 

6. 4.1. General remarks 

During the last decade, a vast effort has been undertaken in order to 
predict earthquakes: one would like to know the time, the place and the 
magnitude of an impending earthquake. It can, however, be safely stated 
that at this time a reliable prediction of earthquakes is not yet possible. 
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There have, in fact, been spectacular "successes" (the earthquake of 4 
February 1975 near Haicheng) but also some spectacular "failures" (the 
earthquake of 28 July 1976 near Tangshan). A whole new journal (Earth- 

quake Prediction Research, Dordrecht, vol. 1 in 1982) has been devoted to 
the subject. 

The approach to earthquake prediction can principally be taken along two 
paths: (i) by a statistical study of the past performance of the seismicity; and 
(ii) by the search for specific "forerunners" (precursors) which would "an- 
nounce" the earthquake. As the latter, a variety of phenomena has been 
considered which will be discussed in detail; general reviews of the problems 
involved have been given by Meissner (1979), Kisslinger and Suzuki (1978), 
Landsberg (1978), Isikara et al. (1980), Rikitake (1980, 1982), Simpson and 
Richards (1981), Vogel (1981), Raleigh (1982), Allen (1982)~ Mogi (1984~ 
Evernden (1982), Utsu (1983), and Wyss (1983). 

6. 4. 2. Prediction statistics 

In line with the usual risk estimates, the probability of earthquake-occur- 
rence is deduced from past "performance". However, now one tries to 
extract a time-dependent probability of earthquake occurrence from the 
time-series represented by past earthquakes. This is a well-known procedure 
in connection with volcanic eruptions where the (daily) probability of the 
next eruption was found to increase with the duration of the time interval 
since the last eruption. This type of approach has been used by Matsuda 
(1977); also by Matsuda et al. (1978), by Liu (1984), by Thatcher (1984a, b), 
and by Jacob (1984) in connection with earthquakes. 

6. 4. 3. Direct precursors 

More important than general prediction statistics would be the recogni- 
tion of specific precursors that would herald an earthquake. Many pre- 
cursors have been suggested. The general requirement is not only that the 
"precursor" would indicate the imminence of an earthquake with a certain 
(high) probability, but also that the absence of the precursor would indicate 
a "safe" time interval: only then are the precursors "significant" for the 
public policy issues connected with earthquake forecasts (Allen, 1976; Usami, 
1977; Pat6 and Shah, 1979; Evison, 1982a, b). Not only is it desirable to 
warn people before an earthquake, but it is also important not to give any 
"false" alarms. 

The main problem, thus, is one of recognizing patterns (in whatever 
phenomena) that might be indicative of an earthquake (Wyss, 1983). The 
possible precursors have been divided into several classes (Rikitake, 1975a, 
1978b, 1979) and the next problem is to make inferences from "unreliable" 
indicators. For this purpose, some sophisticated statistics is employed (Col- 



199 

lins, 1977; Guagenti and Scirocco, 1980; Anderson, 1981, 1982; Campbell, 
1982; Hamada, 1983; Ferraes, 1985; Niazi, 1984). The problems of this 
approach, however, have been shown by Lomnitz (1984). 

After the above general remarks, we shall now turn to specific precursors 
that have been considered. 

6. 4. 4. Seismicity patterns 

It is hoped that patterns of seismicity exist which are characteristic of 
impending earthquakes (Wyss, 1979b; McNally, 1982; Keilis- Borok, 1982). 

One hopeful parameter is the quantity b in the frequency-magnitude 
relationship (log N ( M ) = a - b M ) ;  this has been described by Caputo 
(1981b) Reyners (1981), Seggern (1981), and Smith (1981). 

Furthermore, it has been noted that changes in micro-earthquake activity 
precedes some earthquakes, usually expressing itself as "foreshocks", as 
"precursory swarms" (Avachyan et al., 1976; Evison, 1977, 1982b; Caputo et 
al., 1977; Dieterich, 1978; Brune, 1979; Blot, 1979; Bakun and McEvilly, 
1979; Keilis-Borok et al., 1980a, b; Teisseyre, 1980, 1983; Alessio et al~, 
1981; Seggern et al., 1981; Frankel, 1982; Raleigh et al., 1982; Jones et al~, 
1982; Schenkova et al., 1982; Adams, 1982). 

A more sophisticated approach to the "foreshock problem" is by searches 
of patterns in the space-time distribution of earthquake activity (not neces- 
sarily "foreshocks") which are associated with a future large earthquake. 
These patterns are of three basic types: activation, quiescence and migration 
of epicenters. The idea of activation is identical to that of foreshocks and has 
been dealt with above. 

The idea of quiescence corresponds to expecting "quiet before the storm". 
If a Benioff diagram of energy is drawn for a region, one often observes a 
"plateau" before a large increment. Qualitatively, this is also evident in a 
curve representing the cumulative number of earthquakes in an area. (Fig. 7) 
On this basis, a major earthquake has been predicted by Wyss and Baer 
(1981) for the western part of the Hellenic arc. 

The idea of migration of epicenters may also be expressed as that of 
"seismic gap": in a seismically active region, the concentration of epicenters 
is by no means uniform over short periods. Over long periods of time, it 
must be expected that the whole area is covered uniformly by epicenters. 
Thus, if there is for some time a "seismic gap" in part of the area, then an 
earthquake may be expected to fall into this "gap" in the near future. This 
idea has been confirmed on several occasions. (Kelleher and Savin, 1975; 
Gupta, 1975; Wesson et al., 1977; Yamashina and Inoue, 1979; Acharya, 
1979; Singh et al., 1980, 1981; Kristy and Simpson, 1980; House et al., 1981; 
Papazachos et al., 1982; Purcaru and Berckhemer, 1982b; Seeber et al., 1982: 
Habermann and Wyss, 1984; Anagnos and Kiremidjian 1984; Kiremidjian 
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and Anagnos, 1984; Hasegawa et al., 1985). However, Lomnitz (1982c; also 

Lomnitz and Nava, 1983) has pointed out that a "gap" need not be a 

significant feature in the seismicity at all; it could be caused purely by a 

stochastic random process. Only if a particular mechanical model for the 

earthquake preparation process is envisaged does the gap have a predictive 

significance. Such possible mechnical models based on failure or rupture 

processes have been proposed by Blacic and Malone (1977), Brady (1977; 

also Brady and Leighton, 1977), Sobolev et al. (1978), Rice (1979), Kostrov 

and Das (1982), and Jones (1982), the last author taking strain-softening into 

account as well. 

6.4.5. Geomechanical forerunners 
Of the specific effects that have been used as potential earthquake 

forerunners, geomechanical changes in the groundwater chemistry have been 

considered. Mainly, one was concerned with the gases dissolved in the water; 

however, studies have also been made on other isotopes. 

The general problems involved in monitoring geomechanical changes have 

been discussed in symposiums arranged by King (1980, 1981). As noted, 

isotopes of various solid elements can be used (Chalov et al., 1977; Shi and 
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Cai, 1980) but mostly the monitoring was done with gases such as helium 
(Reimer, 1981) and particularly, radon. The two symposiums arranged by 
King (1980, 1981) mentioned above are dealing mainly with radon. In 
addition, the methodology for making the measurements has been dealt with 
by Noguchi and Wakita (1977), Friedmann and Hernegger (1978), and by 
Klusman and Webster (1981); results have been reported by King (1978) and 
by Teng (1984) on the San Andreas Fault, by Wang et al. (1980) in China, 
by Wakita et al., (1980) in Japan and by Hauksson (1981) in Iceland. In such 
studies it appeared that, while no clear pattern of correlation between the 
short term local fluctuations and the occurrence of small earthquakes was 
observed, it was clear that the spacially coherent episodic radon increases 
coincided with the occurrence of several larger earthquakes. 

Possible mechanisms for the release of gases prior to earthquakes were 
proposed by Giardini et al. (1976), Jiang and Li (1981) and by Fleischer 
(1981). Generally, some strain-effect prior to fracture is invoked for the 
release of the gases. 

6.4. 6. Electrical and magnetic effects 

The next possibility that comes to one's mind is a change in electrical 
effects. Electrical properties of water-saturated rocks change if the rocks are 
strained; thus a change of resistivity may be expected when the rock is being 
stressed to the breaking point. However, field tests have yielded only very 
small changes of the order of m V / k m  (e.g. Varotsos and Alexopoulos, 1984). 
Thus, it has been noted that the changes in resistivity with stress that 
accompany sliding on a fault are insignificant (Brace and Orange, 1968; 
Rikitake and Yamazaki, 1976, 1979). Other possible earthquake indicators 
might be electrokinetic phenomena caused by diffusion of underground 
fluids into a stressed focal region (Mizutani et al., 1976). This might affect 
the self-potential as well (Corwin and Morrison, 1977) and possibly atmo- 
spheric electricity (Pierce, 1976; note also the question of earthquake lights: 
Noszticzius, 1979, Lockner et al., 1983). The latter might in effect also be 
influenced by the increased radon flux (ionizing radiation) and cause strange 
behavior of animals. Reports mainly from China seem to support such 
observations (Tributsch, 1978; Rikitake, 1978a, Kerr, 1980; Buskirk et al. 
1981, Lowry, 1982). Unfortunately the results of serious studies are, at best, 
inconclusive. 

The same may be said regarding the so-called "seismomagnetic" effect: a 
change in the magnetic field just before or during the occurrence of an 
earthquake. The reason for suspecting a seismomagnetic effect lies in the 
observation that the magnetic susceptibility changes if material is stressed. 
Thus, a change in the magnetic field may accompany a dangerous stress-build 
up (Fig. 8, Nagata, 1972; Mizutani and Ishido, 1976; Fitterman, 1978: 
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Fig. 8. Co-earthquake change in the westward geomagnetic declination observed at Katu-ura 

on the Kii Peninsula, near Kusimoto in connection with the Nankaido earthquake of 1946. 

From Nagata, 1972. 

Bonafede and Sabadini, 1980; Johnston et al., 1981; Hao et al., 1982). 
However, the results were again inconclusive. 

6. 4. 7. Ear th  strain 

More hopeful than the above phenomena are observations of strain 
build-up in the ground prior to earthquakes. Thus, anomalous deformations 
prior (hours or days) to large earthquakes have been reported on several 
occasions. They may be detected as changes of water level in wells (Johnson 
et al., 1973; Merifield and Lamar, 1981; Leary and Malin, 1984) changes of 
sea level (Wyss, 1975) or as horizontal or vertical shifts revealed by accurate 
surveys (Fig. 9; Scholz, 1972, 1974; Castle et al., 1975; Stuart and Johnston, 
1975; Fuji, 1976; Reilinger et al., 1977; Savage et al., 1977; Stein and 
Thatcher, 1981; Rikitake, 1984). Such shifts may be caused by an accelera- 
tion of creep phenonema leading to the earthquake (Liu and Livanos, 1976). 
Actual observations have been made in connection with studies of the Long 
Beach (1933), the Hyuganada (Japan, 1961 and 1968) and the Peri~ (1966 

T I L T  o ' , :  ~ : :  : : - ' r - : ' ~ . . . L  . , ' i '  ' ' 

-s j "  . . . . . .  ; 

I s 3 o  ~9oo ~97o 

Fig. 9. The sequence of tilting at Muroto Point, southwest Japan, in a direction SSW ( N N E  

positive). Solid circles are measured values, dashed curves are extrapolated from other 

information. Offsets in the curves were at the time of the 1854 and 1946 earthquakes and the 

double ended arrow gives the permanent  tilt produced by this earthquake cycle. From Scholz, 

1972. 
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and 1970) earthquakes (Wyss, 1977). Although there was a definite connec- 

tion between geodetic changes and the earthquakes in these cases, the 

unequivocal premonitory significance of such changes is by no means certain 
yet (Bilham, 1981; King et al., 1981b). The geodetic measurements can also 
refer to Earth's tilts (Gerard, 1978; Beavon et al., 1983) or to differential 
strain rates (Rikitake, 1974, 1975b; Bischke, 1976), again with uncertain 

premonitory significance. 

6.4.8. Earth stress 

Instead of strain, one might attempt to monitor the stress-changes in the 

Earth's crust, inasmuch as it would appear as reasonable to suppose that the 

stress must increase before the occurrence of an earthquake. 

Direct stress monitoring has been attempted by Clark (1981) and by 

Zobak and Zobak (1981). Long-term stresses are notoriously difficult to 

measure in situ, but an increase prior to the 1979 Lyle Creek earthquake was 

noted in California. 

The stress build-up may express itself also in a change of mechanical rock 
properties, manifested in a change of wave propagation velocity, particularly 

evident in the ratio of pressure to shear wave velocity. This, in effect, proved 
to be the most certain diagnostic feature thus far pointing towards the 
impending occurrence of an earthquake. Thus, it was observed that the ratio 

Vp/V~ of the velocities of P to S waves has a characteristic course before the 
onset of a major earthquake. Then the time evolution of the ratio vp/v~ is 

found to have a characteristic bayshape: it decreases at first, then mounls 
rapidly back to its original value, rises substantially above it until the 

earthquake occurs, and drops finally back to its "normal"  value. Depending 

on the magnitude of the major earthquake, the "bay" may last some days, 

months or years. The pattern of "bays" appears to occur consistently as a 

precursory event before thrust-type earthquakes with a focal depth of not 

more than 10 km. It can be hoped, therefore, that these types of earthquakes 

can be predicted if the characteristic "bay" is observed. Observations and 
monitoring of the "bay-phenomenon" have been variously reported (Gupta, 
1974; Kisslinger and Engdahl, 1974; Anderson and Whitcomb, 1975: 
VanWorner et al., 1975; Medzhitova, 1977; Sobolev and Slavina, 1977; 
Fedotov et al., 1977; Hedayati et al., 1978, cf. FiR. 10; Talwani, 1979: Feng 

and Gu, 1981; Wyss et al., 1981). 
Regarding a physical explanation of the (suspected) bay-phenomenon, 

attempts have gone in two directions. First, it has been thought that there 
could be effects of the increasing stresses prior to an earthquake on cracks in 
rock (Feves and Simmons, 1976; Stiller et al., 1977; Stiller and Wagner, 
1979; Wagner and Engler, 1980; Wagner, 1981) which would affect the wave 
velocities. Second, the explanation has been sought in a "dilatancy"-phe- 
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nomenon: Nur (1972, 1974) has noted that generally the wave velocity is 
affected by porosity and saturation. Crustal rock, even granite, is slightly 
porous; in the "normal"  state it is fully saturated with pore fluid (water). 

Just before fracture, the porosity increases (phenomenon of "stress di- 
latancy"). During the occurrence of dilatancy the rock becomes under- 
saturated since, because of the low permeability, it will take some time until 

the full saturation state is again reached. When this occurs, the rock may 

finally fracture and lead to an earthquake. In this fashion, the bay-phenome- 

non can be explained. The dilatancy hypothesis has been studied and 

restudied by many authors (Scholz et al., 1973; Bonner, 1974; Hanks, 1974; 

Stuart, 1974; Rice, 1975; Hadley, 1976; White, 1976; Holcomb, 1978; Rice 

et al., 1978; Scholz, 1978; Rice and Rudnicki, 1979; Teufel, 1980; Crampin 
et al., 1980). The result of these studies is that a dilatancy phenomenon can 
evidently exist as a physical reality. However, its occurrence before eueJlv 

earthquake is by no means assured. 

6. 4. 8. Assessment of predictability of earthquakes 

In summary, it may be said that the problem of the prediction of an 
earthquake is still far from solved. The various indicators mentioned may or 
may not be significant. The most celebrated case of a successful prediction is 
that of the 1975 Haicheng earthquake in which a variety of the indicators 
mentioned above gave premonitions of the earthquake. However, Scholz 

(1977) pointed out that this was perhaps an exceptional case: the earthquake 
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may have been triggered by a deformation front moving steadily and thus 
implicitly predictably through northeast China at a velocity of about 110 

km/year .  In other disastrous earthquakes conditions are evidently not 
predictable. 

6.5. Artificial release of earthquakes 

6. 5.1. General remarks 

Once we have studied the problem of the focal mechanisms of an 

earthquake, the next problem is that of the triggering of the mechanism. If 

the material in the focal region is close to the breaking point, then it may be 

expected that relatively minor causes could "trigger" earthquakes. We have 

seen that the time-sequence of energy release of earthquakes does not appear 

to contain any periodicities; thus periodically acting effects, such as the tides 
of the solid Earth, must be excluded as possible earthquake triggers, and the 

search for possible agents must be confined to aperiodic phenomena. 

One of the possible triggering mechanisms is represented by the activities 
of man. These consist of three types in connection with the induction of 

seismicity: mining activities, fluid injection, and the filling up of artificial 
reservoirs. The entire problem was discussed in a symposium in Banff, 
Canada (Milne, 1976) and in a review by Gough (1978). 

6.5.2. Mining activity 

It is well known that straightforward mining (by excavation) always 

causes a stress- redistribution which may induce seismic events. By miners 
these are usually referred to as "rock-bursts". Whilst rock bursts may pose a 

serious problem in mining operations, they are, seen from the standpoint of 

seismologists, rather insignificant. They are properly dealt with in mining 

engineering publications and have been reviewed recently by Kohlbeck and 

Scheidegger (1984). 

In rare occasions, underground mining or tunneling operations can also 
trigger "proper"  earthquakes. Cases have been reported from the deep mines 
in South Africa (Cook, 1976), from tunnels in Switzerland (Schneider, 1975) 
and mines in Canada (Gendzwill et al., 1982). Earthquakes have also been 
triggered by surface mining (Pomeroy et al., 1976): for example on June 7, 
1974, an earthquake of magnitude M = 3.3 occurred at Wappinger Falls, 
N.Y.; the maximum intensity was level 5 with a radius of perceptibility of l0 
kin. The focal mechanism solution fits together well with the NNE-trending 
maximum compressive stress determined otherwise for the area. The availa- 
ble evidence, including previous seismic history, locations and the fault-plane 
solution, indicates that this earthquake has been triggered by unloading 
associated with quarrying operations in the presence of high horizontal 
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compressive stress. Estimates of the stress relief caused by the quarrying 

support this hypothesis. 

6.5.3. Fluid injection 

Most interesting are cases of earthquake triggering when injection and 

flow of pore fluids are involved. Thus, hydraulic mining in western New 

York State seems to have triggered a series of earthquakes. Although the 

seismic events were small, as many as 80 occurred per day, and many were 

felt locally. The mining procedure employs hydraulic fracturing in injection 

wells, and tectonic strains present in nearby faults seem to have been 

released to cause earthquakes (Fletcher and Sykes, 1977). 

Fluid injection in connection with oil well fracturing operations seems to 

have triggered seismic activity in Lacq, France (Roth4, 1977). The most 

celebrated case of triggering of earthquakes by pore pressure changes in 

rocks has occurred near Denver, Colorado (Raleigh et al., 1976; Herrmann 

et al., 1981; Hsieh and Bredehoeft, 1981). The theory of this phenomenon 

(Martin, 1975; Weertman and Chang, 1977; Lockner et al., 1982) has to be 

sought in the well-known Terzaghi relation, according to which an increase 

in pore water pressure may cause a material to fail. The Terzaghi principle 

states that the deformation of a porous medium is the same as that of a 

continuous medium, if the total stress o t is replaced by the effective stress o~ 

given by: 

( °~)~k = (°,)~k - P G  

where p is the pore pressure. This relation has as a consequence that a stress 

state may become a failure state if the pore pressure increases. This can be 

most easily demonstrated by using a Mohr diagram for the representation of 

a stress state: the effective pressure is less than the total pressure, hence the 

center of the Mohr circle is shifted towards lower values and, thus, may 

exceed the failure-enveloppes. Thus, the injection of fluid into the ground 

may be expected to cause failure under certain circumstances. Indeed, near 

Denver, the earthquake activity was directly related to the rate of injection of 

fluids into the formation. The above mechanism has also been used for 

attempts at "controlling" earthquakes: if the prevailing stresses could be 

relieved by the artificial triggering of small earthquakes, the build-up of a 

large earthquake might possibly be prevented (loc. cit. above). However, this 

idea has not yet reached the stage of practicality. 

6.5. 4. Earthquakes and artificial lakes 

The final section of this paper is concerned with the possibility that the 

impounding of an artificial reservoir might trigger earthquakes. 

One of the most notorious cases of this type was the earthquake of 
December 10, 1967, which was triggered by the impounding of a reservoir 
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near Koyna in Maharashtra State in India: two hundred lives were lost, 1500 

people were injured and much damage was caused to houses (Guha et al., 

1970; 1974; Kaila et al., 1981a, b; Sharma and Murty, 1982; Gupta and Iyer, 

1984). 
Other notable cases include Lake Kariba in Africa (Gough and Gough, 

1970 a, b; 1976), the Nurek reservoir in the USSR (Leith et al., 1981: 

Simpson and Negmatullaev, 1981; Keith et al., 1982) and Lake Orville in 

California (Clark et al., 1976; Beck, 1976: Bell and Nut, 1978: Peppin and 

Bufe, 1980). Minor events were recently described from North America 

(Monticello Reservoir, South Carolina: Rastogi and Talwani, 1977; Zoback 

and Hickman, 1982; Secor et al,, 1982, Fletcher, 1982: Manic Reservoir 

Quebec: Leblanc and Anglin, 1978; Geysers, California: Allis, 1982: 

Denlinger and Bufe, 1982) and from Europe (Spain: Buforn and Udias, 

1979; - Punt da Gall, Italy: Deichmann and Bonhage, 1982; - Schlegeis, 

Austria: Blum and Fuchs, 1974; Blum et al., 1977; - Switzerland: Mayer- 

Rosa and Deichmann, 1979; - Alps-Carpathians: Merkler et al., 1981). 

The above instances represent only some of the observed or suspected 

cases; there have been many others. It may be of historical interest that tile 

very first case where reservoir-induced seismicity was suspected was Lake 

Mead (Carder, 1945). On a world-wide basis, Simpson (1976), Nikolayev 

(1976), Gupta and Rastogi (1976), Gough (1977) and Baecher and Keeney 

(1982) have given reviews of cases where earthquakes were induced in this 

fashion. Accordingly, earthquakes with magnitudes from 5.0 to 6.5 on tile 

Richter scale were induced by 5 artificial reservoirs, in 12 cases the induced 

earthquakes had magnitudes between 3.5 and 5. However not all artificial 

reservoirs have induced earthquakes, of the 5 largest reservoirs on Earth, 

only 1 (Kariba Lake in Africa) created earthquakes. Thus, it is a minority 

(10%) of reservoirs that cause seismicity. Whether this happens or not 

evidently depends on the tectonic stress state and the water depth that is 

present in the area. 
Studies of the mechanism that triggers the earthquakes have focussed on 

two possibilities: by increasing the surface load owing to the accumulation of 

water, and by increasing the pore water pressure in the formation. The most 

direct triggering mechanism is caused by the additional load of the water. 

The stresses induced in a layered-elastic half-space by a nonhomogeneous 

load from above (corresponding to a lake) have been calculated by Lee 

(1972). It was found that the stress induced by a water volume of the order 

of 101°m ~ are noticeable as far down as the Mohorovieid discontinuity. 
The above triggering mechanism, based on the addition of small incre- 

mental stresses to the tectonic stresses which are already present, acts 

without delay. However, delay-times of 0 to 5 years between the filling of the 
reservoir and the occurrence of the induced earthquakes have been found: 
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Fig. 11. Time delays observed in some reservoir-induced earthquakes, plotted against their 
magnitude. After Simpson, 1976. 

similarly Beck (1976) has shown at least in one instance (Lake Oroville, 

California) that weight-induced stresses are too small to trigger the observed 

earthquakes. Thus, another mechanism must, on occasion, be involved: this 

is the action via the pore pressure. As noted already in sect. 6.5.3. an increase 

in pore pressure may cause a material to fail. It is thought that this is, in 

effect, the mechanism by which many reservoirs trigger earthquakes. It 

explains the long time delays of up to 5 years between the filling of a 

reservoir and the occurrence of earthquakes which are occasionally observed: 

the pore pressure increase is not communicated immediately to the strata 

which are prone to earthquake activity, but only after a long time delay 

(Withers and Nyland, 1978; Simpson, 1976; Guha et al., 1981; cf. Fig. 11). 

An additional triggering effect may be represented by the action of marine 

tides (Klein, 1976). 

The crucial question, of course, is that of whether a contemplated re- 

servoir will or will not induce seismic activity in the area. Unfortunately,  one 
is still very far from a solution of this problem, although it has been 

discussed at length during a conference held in London in 1980 (Conference, 

1981). First of all, one may note that there seems to be no correlation 

between reservoir-induced seismicity and the natural seismicity of a region. 

Thus, the Koyna reservoir is located in an aseismic region of India. On the 
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other hand, one may argue that high background seismicity may constantly 

relieve the ambient stresses so that the additional load or pore water pressure 

caused by an artificial lake makes very little difference in the regime. Next, it 

has been observed that lakes impounded in flexible terrains (friable sand- 

stones and clays) are generally aseismic. On the other hand, the competent 

basalt layers around Koyna seem to have enhanced the danger of that 

reservoir: large stresses can be stored in such rocks. It is, thus, probably the 

presence of critical tectonic stresses which cause the seismicitiy to be 

enhanced by the triggering effect due to the impounding of a large lake. Any 

indications pointing toward the presence of such stresses should be taken as 

a danger signal (Guha et al., 1981). Large horizontal stress differences may 

be of prime importance. These could be deduced e.g. from fault plane 

solutions of earthquakes and joint orientation measurements. Apart from 

general tectonic risk studies, attempts at the prediction of an impending 

severe earthquake can be made by the same means as generally in earth- 

quake prediction (cf. Sect. 6.4.). Specifically for the cases of the Koyna and 

Cremasta reservoirs, Papazachos (1973) has tried to investigate the signifi- 

cance of the time distribution of the foreshocks. 
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