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Abstract 

From the spatial distribution of aftershocks with respect to the regions of fault slip during the mainshock, information 
can be gained about the heterogeneous structure within the source volume and about the frictional properties of 
surrounding faults. Focal mechanisms of aftershocks reveal how stress is redistributed by large earthquakes. While 
analog data have mainly been used for these studies in the past, a new degree of data quality is obtained with 
currently available digital recording systems. In addition to the increased accuracy for the determination of purely 
kinematic data, waveform information can be utilized with digital data. With state-of-the-art signal processing 
techniques, the contributions of source, path, and site effects on the observed seismic signals can be studied. 
Provided these effects can be separated, aftershock signals will potentially help us to learn about the properties 
of fault regions in unprecedented detail. The degree of resolution which can be achieved, however, will strongly 
depend on the number of stations and the geometry of the network employed. Depending on the special scientific 
problems to be addressed, optimum station geometries may vary. Modern methods in optimization theory, such as 
simulated annealing, have been successfully used to find optimum station distributions for aftershock monitoring. 
An additional aspect which has to be addressed is the problem of managing and processing aftershock data. Since 
high-quality digital data come at the price of huge data volumes, new strategies and concepts for data handling and 
signal processing have to be developed. 

Introduction 

In recent years, the seismological community has seen 
a growing number of initiatives for aftershock mon­
itoring programs after large earthquakes. Aftershock 
studies in the past have contributed strongly to the 
understanding of the various factors contributing to 
the generation of earthquake damage and to the cur­
rent concepts of earthquake faulting. In regions where 
faulting does not have any surface expression, the anal­
ysis of the spatial distribution of aftershocks may be 
the only way to obtain information on the location 
of the active faults. An example for the mapping of 
such 'blind' faults is the 1985 Kettleman Hills after­
shock sequence in the eastern Californian Coast Range 
(Ekstrom et al. 1992). 

Strong ground motion during large earthquakes is 
influenced by a variety of factors. Although initially 

controlled by complexities of the rupture process at 
the source, high-frequency seismic signals are distort­
ed strongly by various effects during wave propagation. 
Due to the strong heterogeneities of the physical prop­
erties close to the earth's surface, site effects play a 
special role for the generation of damage. A complete 
understanding of all the contributing factors and their 
interaction is a truly interdisciplinary problem in which 
aftershock analysis can help to shed light on some of 
the seismological aspects. 

One of the first properties of aftershock sequences 
that have been studied was the temporal behavior of 
their activity. Already around the turn of the centu­
ry Omori recognized the fact that the activity rate 
n(t) (numbers of events per time interval) could be 
described approximately by a power law (n(t) =A t - P) 

(Omori 1894, 1900). This relationship was modified 
by Utsu (1961) to n(t) =A (t + c)- P and called mod-
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ified Omori law, the name under which it is main­
ly known today. The scaling factor A will strongly 
depend on the magnitude of the mainshock. The larg­
er the mainshock, the more aftershocks will occur. 
Finally, the factor c describes the rate at time t = 0. 
For Californian aftershock sequences, the exponent p 
seems to correlate with surface heatflow (Kisslinger & 
Jones 1991). An important consequence of the obser­
vation that aftershock decay rates seem to follow very 
well the modified Omori law could potentially concern 
the problem of predicting stronger aftershocks. One 
of the most promising precursory phenomena which 
have been proposed with some earthquakes in the past 
are changes in precursory seismic activity (e.g. Wyss 
1991 ). A major problem in this context, however, is the 
determination of background seismicity rates against 
which potential anomalies have to be judged. Earth­
quake catalogues are known to be affected by numer­
ous man-made factors which could easily cause spu­
rious seismicity rate changes (e.g. Habermann 1987). 
This may be a severe problem for long-term observa­
tion during which network properties and procedures 
may change dramatically, but is less so for aftershock 
studies. In a study on precursory seismicity of strong 
aftershocks, Keilis-Borok et al. ( 1980) found that of 23 
stronger aftershocks, 18 were preceded by anomalous 
seismicity rates. Other examples are given by Zhao et 
al. (1989), amongst them the aftershock sequences of 
the well known Haicheng (1975) and Tangshan (1976) 
earthquakes. 

A study for the western U.S. showed that about 60% 
of all aftershocks occurred within 24 hours and about 
one third within a week of the mainshock, respectively 
(Doser 1989). For strong earthquakes, however, earth­
quakes may still have to be considered aftershocks one 
to two years after the mainshock (Gardner & Knopoff 
1974). For the population in an earthquake disaster 
area, aftershocks are primarily a continuation of the 
threat. As a rule of thumb, it is often found that the 
magnitudes of the largest aftershocks reach up to about 
one magnitude unit below the mainshock. 

The generation of aftershocks 

The generation of aftershocks can be explained by 
a number of different mechanisms which in nature 
probably all act together. In Fig. 1, three different 
models are sketched schematically. In all conventional 
mainshock-aftershock interaction concepts, the main-
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Fig. 1. Models for the generation of aftershocks. a) Shear 
crack (left-hand panel) with corresponding stress concentration 
(right-hand panel). b) Barrier model. Schematic stress distribution 
on the fault before (left-hand panel) and after (right-hand panel) the 
mainshock. The degree of shading indicates the level of stress. c) 
The same as in b) for the Asperity model. 

shock rupture is thought to have caused local stress con­
centrations which are released by the aftershocks. 

Figure la shows a single shear crack which repre­
sents the main shock. This simple crack model predicts 
stress changes caused by the fault slip which yield a 
stress increase in the shaded areas. The stress increase 
is strongest at the crack tip, but it is also positive in 
the regions perpendicular to the crack. The unshaded 
region suffers a stress decrease. The models depicted 
in Figs 1 b and le respectively, recognize the fact that 
fault zone heterogeneities in stress and/or strength play 
an important role in faulting. Shown is the stress dis­
tribution on the fault before and after the mainshock 
rupture, with darker shading indicating higher stress­
es. Most of the large earthquakes for which the slip 
distribution could have been determined, show a high­
ly irregular slip pattern. Large earthquakes are often 
known to be so-called complex events in which the 
seismic energy is radiated from a number of different 
patches on the fault. These models are known as bar­
rier and asperity models, respectively, depending on 
whether the complexity is mainly due to strength or to 
stress heterogeneities (e.g. Papageorgiou & Aki 1983a, 
b, Aki 1984, Papageorgiou 1985). 

In the most simple form of the barrier model, the 
stress distribution before the mainshock is assumed to 
be uniform (Fig. I b ). During the mainshock, some 
patches on the fault zone (barriers) are left unbroken 



while the rest of the fault slips and the stress is more 
or less released. With respect to the broken region of 
the fault, the unbroken patches are under higher stress 
which is released at a later time as aftershocks. In the 
asperity model, it is assumed that the stress distribu­
tion is heterogeneous before the mainshock, while the 
strength distribution is more or less uniform (Fig. le). 
During the mainshock, slip occurs on the patches of 
local stress concentrations (asperities). The area being 
under higher stress after the breakage of the asperities, 
will be the region surrounding the fracture surface. In 
Fig. le, this is indicated by three more or less connect­
ed asperities which are assumed to be under different 
stress before the mainshock. After the mainshock, the 
stress on the asperities is released and the surrounding 
area (shaded darker) is stressed and will become the 
region in which the aftershock activity will be con­
centrated. In one flavor of this model (Yamashita & 
Knopoff 1987), the main fracture surface is assumed 
to be surrounded by a large number of smaller cracks 
(satellite faults) slightly away from the fracture surface. 
Aftershock activity in this case would correspond to the 
breakage of the barriers between these satellite faults 
and the main rupture. The distinction between asperity 
and barrier model should be taken with a grain of salt. 
Barriers may become asperities at a later time in the 
faulting history and vice versa. 

Independent of the way the aftershock generating 
stress concentrations are produced, all models in Fig. 1 
have to employ a time-dependent strength mechanism 
in order to explain the temporal behavior of the activ­
ity. Again, there are a couple of ways how this can 
be achieved. From laboratory experiments it is well 
known that the rock strength can increase with strain 
rate. In the case of a mechanism called dilatancy hard­
ening, for example, deformation causes an increase in 
pore space which will decrease the pore pressure. As 
long as the newly created void space is not filled by 
pore fluids, the rock will show a higher strength. In 
addition, it is known that rock and many other brit­
tle materials will spontaneously fail after a character­
istic time even if they are subject to stresses below 
their immediate breaking strength. This is called stat­
ic fatigue. Both these mechanisms could explain the 
temporal behavior seen in Omori's law. A third mech­
anism which may contribute at least to some degree 
is the earthquake-induced fluid flow from regions of 
stress increase into regions of stress decrease. This will 
cause a time-dependent effective stress which under 
certain conditions can explain Omori's law. A review 
of these mechanisms can be found in the stimulating 
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book 'The mechanics of earthquake faulting' by Scholz 
(1990). 

While the importance of barriers and asperities for 
the faulting and especially for the generation of high 
frequency strong ground motion is well recognized, the 
physical properties of barriers and asperities are much 
less understood. Barriers for example could be regions 
of especially strong fault material and/or patches of 
small pore pressure. In addition they could simply cor­
respond to geometric features such as fault bends or 
offsets (King 1986). Depending on which of the three 
mechanisms in Fig. 1 is controlling the mainshock 
rupture, the distribution of mainshock-induced stress 
should occur at different locations with respect to the 
rupture surface. 

Aftershocks and mainshock slip spatial 
distribution 

From the spatial distribution of various aftershock 
sequences for which the mainshock slip distribution 
could have been determined, a fairly consistent pattern 
in the spatial distribution of aftershocks is indicated. 
In many cases (Borah Peak 1983, North Palm Springs 
1986, Imperial Valley 1979, Morgan Hill 1984, Loma 
Prieta 1989) the areas of low aftershock activity seem 
to correlate with the areas of high mainshock slip (Fig. 
2, Mendoza & Hartzell 1988, Beroza 1990). 

For the Borrego Mountain earthquake of 1968 and 
the Homestead earthquake of 1979 (Fig. 3), off-fault 
aftershock activity shows a pattern similar to what 
would be expected from the stress distribution after 
slip on a single large crack (Das & Scholz 1981, Stein 
& Lisowski 1983). 

The story of the Homestead earthquake had a fas­
cinating continuation in the form of the Landers earth­
quake of Ms = 7.4 of June 28, 1992, which was the 
largest earthquake to strike Southern California during 
the past four decades. Stein et al. (1992) calculated 
the changes in Coulomb failure stress caused by the 
four ML 2: 5.2 earthquakes within 50 km of the Lan­
ders earthquake which occurred during the previous 
17 years. The Homestead Valley earthquake of 1979 
is one of them. They found that the Landers earth­
quake falls within a zone of elevated stress. Hence 
the stress changes caused by the Homestead event not 
only explain most of the spatial distribution of its after­
shock activity, but together with other recent events in 
this area seem to have prepared for the Landers earth­
quake 13 years later. The same process of stress trans-
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Fig. 2. Aftershock distribution (open circles and black dots) and contours of mainshock slip (in cm) for three large earthquakes in the US: 
the Boreah Peak, Idaho, normal dip-slip earthquake of October 28, 1983, the Imperial Valley, California, strike-slip earthquake of October 15, 
1979, and the Morgan Hill, California, strike-slip earthquake of April 24, 1984. All hypocenters are projected on a vertical plane corresponding 
approximately to the mainshock rupture plane. Stars show mainshock hypocenter locations. Aftershock focal mechanisms are determined for 
the Boreah Peak earthquake (open circles: normal fault if not indicated, T - thrust, S - strike-slip). (From Mendoza & Hartzell 1988). 

fer is seen with the apparent triggering of the Big Bear 
earthquake about 31 / 2 hours after the Landers event. 
The Landers event is predicted to have increased the 
proximity to failure at the Big Bear epicenter by about 
3 bars (Stein et al. 1992). 

A somewhat special case of mainshock-aftershock 
interaction seems to have happened in the case of the 
Loma Prieta earthquake of October 18, 1989 (Ms = 
7.1 ). Judging from the spatial distribution of after­
shocks with respect to the mainshock rupture, it looks 
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Fig. 3. Aftershock distribution for the 1979 Homestead Valley, California, aftershock sequence. The contours show the stress distribution from 
an essential N-S strike-slip fault. The shaded areas show regions of calculated stress decrease (from Stein & Lisowski 1983). 

quite usual with the areas of high slip correlating well 
with the regions of low aftershock activity (Beroza 
1990). However, as it was pointed out by Beroza & 
Zoback (1993), the focal mechanisms for these events 
are extremely diverse within very small volumes. This 
clearly is in conflict with the understanding that the 
aftershocks in general accommodate the mainshock­
induced stress changes unless one would postulate an 
extremely heterogeneous stress distribution. However, 
looking at the different mechanisms as a function of 
strike for the strike-slip mechanisms and as a func-

tion of dip for the dip-slip mechanism, respectively, 
an interesting pattern emerges. Left-lateral events tend 
to strike more often at angles below 130°, while right­
lateral events tend towards larger azimuths. For the dip­
slip events, the normal faulting events more often have 
a dip above 70° while reverse faulting seems to happen 
preferably at lower dipping angles. If the aftershocks 
were to release mainshock-induced shear stress, the 
majority of the events should have a right-lateral focal 
mechanism. Instead, the aftershock mechanisms are 
consistent with a nearly uniaxial stress field in which 
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Fig. 4. Cluster analysis using cross-correlation for the determination of relative arrival times of coherent cluster signals is shown in the upper 
four panels. At the left the P-wave (P) and S-wave (S) traces are shown which are used in the cross-correlation, displayed at the right, for accurate 
relative arrival time determinations. Such an analysis is only possible for events with very similar waveforms, i.e . similar focal mechanisms 
and nearby locations. The relative locations obtained from the thus determined relative arrival times are shown in the bottom six panels for two 
clusters of small earthquakes in northern Switzerland. a) Maps showing relative locations of epicenters and lines of profiles in b) and c). b) and 
c) Relative locations of hypocenters in two perpendicular vertical planes. From Scherbaum et al. (1991 ). 
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Fig. 5. P and S-wave spectra (of3.2 sec ground velocity records) of 
the Roermond earthquake observed at station BUG of the German 
Regional Seismic Network. a) P-wave. The dashed line corresponds 
to Mo = 6.5 1010 Nm, fc = 1.0 Hz, and a Q value of 500 (L. 
Ahomer, pers. comm.). The thin solid line shows the P-wave spec­
trum obtained from grid search using the noise level indicated (taken 
from before the P-wave onset). b) S-wave. The thin lines correspond 
to noise spectra taken from before the P-wave onset (lower noise lev­
el) and from the P-wave coda (highernoise level). The corresponding 
S-wave spectra found by grid search correspond to the long-dashed 
and short-dashed lines, respectively. The model parameters for the 
different spectral models vary between 0.5 and 10 Hz for the comer 
frequency and 5.4 1016 < Mo < 15.9 1016 Nm, respectively. 

the maximum principal stress acts perpendicular to the 
mainshock fault plane. This implies that the stress drop 
in the Loma Prieta mainshock was more or less com­
plete. Additionally, the aftershock faults have to be 
extremely weak so that very little resolved shear stress 
on the fault planes results in rupture. 
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High-quality digital data analysis 

All the aftershock parameters discussed so far, such 
as the hypocentral locations, the origin times and 
the focal mechanisms, can be obtained from pure­
ly kinematic data (onset times and polarities of cer­
tain phases). Adding amplitude data to an aftershock 
analysis, additional information of importance such as 
amplitude-distance relationships, which are, for exam­
ple, required in the context of probabilistic seismic 
hazard analysis, can be obtained. Until recently, after­
shock monitoring has been mainly done using ana­
log recording systems. The availability of high-quality 
mobile digital recording systems has pushed the state 
of the art in aftershock studies to new limits. With high­
quality digital data it is possible to address a completely 
new set of problems. In addition, the improved timing 
resolution of digital data provides the means to solve 
the basic problems such as earthquake location and 
the determination of focal mechanisms at much higher 
accuracies. 

Knowing the spatial aftershock distribution is of 
great importance for the understanding of the stress 
changes caused by the mainshock. Fault zones, espe­
cially in interplate regions, show a high degree of het­
erogeneity. Applying a conventional location proce­
dure with a one dimensional (ID) velocity structure 
may yield strongly biased hypocentral locations. Pro­
vided sufficient station coverage exists, tomographic 
imaging of the source region using aftershock signals 
can be used to obtain more accurate velocity struc­
tures for location (e.g. Thurber 1986, Kissling 1988, 
Eberhart-Phillips et aL 1990). 

Even more details about the structure of a fault zone 
can be revealed from earthquakes which show some 
sort of clustering in space. In this case, the waveforms 
of the corresponding events often show a high degree 
of coherence. This similarity can be used to determine 
the relative arrival time differences of certain phas­
es at very high accuracies (Ito 1985, Scherbaum & 
Wendler 1986, Scherbaum et aL 1991). The analysis 
of earthquake clusters using cross-correlation and/or 
cross-spectral techniques allows the determination of 
the structure of fault zones in unprecedented detail 
(Fig. 4). 

Owing to the abundance of small events with high­
frequency source signals, aftershock sequences pro­
vide a unique way of probing the source volume of a 

· mainshock. Ultimately, the frequency contents of after­
shock signals can tell a lot about the heterogeneous 
structure of the source region. However, from what is 
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Fig. 6. The principle of source imaging using doublet earthquakes. The top panel illustrates the recording geometry (from Steinwachs & 
Scherbaum 1991), while the bottom panel shows the resulting source time function for a southern California doublet event derived for P-wave 
and S-wave signals recorded at different stations and epicentral azimuths (AZ) (from Frankel et al. 1986). 

known about the interaction between the source sig­
nals and the propagation medium, it has to be kept in 
mind that the seismic signals recorded at the earth's 
surface have been distorted by many different filtering 

effects. Due to the various effects of attenuation, mod­
elling earthquake spectra with single station records is 
a strongly non-unique problem (Scherbaum 1990). As 
an example for this ambiguity, Fig. 5 shows different 
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Fig. 7. Mapping out site amplifications using aftershock recordings. The top panel (from Reiter I 990) shows the site-specific records for 
a magnitude 4.3 aftershock of the I 983 Coalinga, California, earthquake. The bottom panel shows an aftershock of the I 989 Loma Prieta, 
California, earthquake recorded in down-town Santa Cruz. Note the differences in amplitudes as well as in strong motion durations. 
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spectral models to fit the observed S-wave spectrum 
of the Roermond mainshock at the German Region­
al Station Network (GRSN) station Bochum (BUG), 
approximately 100 km away. 

While this problem cannot be overcome with sin­
gle station analysis, some of the ambiguities can 
be constrained with well-distributed networks and 
well-distributed events by simultaneously determin­
ing the attenuation structure and the spectral param­
eters (Scherbaum 1990). As a result, 3D images of the 
attenuation structure as well as the spatial distribution 
of high-frequency radiation from the source volume 
can be obtained (Scherbaum & Wyss 1990). 

A different way to work around the problem of 
signal distortion due to propagation effects is by using 
events which have occurred essentially at the same 
location at different times. The signal differences at 
a given station for these doublets are purely due to 
source effects. Hence, the signal of the smaller event 
of a doublet can be used as a Green's function and 
can be deconvolved from the signal of the larger event. 
The resulting signal will be an approximation to the 
source signal of the larger event (Fig. 6, Frankel et al. 
1986). 

A very special role in the context of the generation 
of damage during large earthquakes is known to be 
played by the effects of the local site (e.g. Plafker 
& Galloway 1989, Beck & Hall 1986). Mexico City 
is one of the best known examples for this kind of 
interactions. Although the effects have been known 
for a long time, not all of the contributing factors are 
fully understood. Aftershock sequences can be used to 
map out areas of potential site amplification, which is 
extremely important for the future hazard evaluation 
(Fig. 7). 

With the advent of new discrete optimization tech­
niques such as simulated annealing and genetic algo­
rithms, we may even be able in the future to obtain auto­
matically site-specific layer models from aftershock 
recordings. As an example for this type of approach, 
Fig. 8 shows a preliminary six-layer S-wave site model 
forthe University of Cologne station SBR (Schalbruch) 
which was obtained automatically using a genetic algo­
rithm modelling approach. In the top panel you see the 
observed seismogram superimposed by the synthetic 
one corresponding to the site model in the lower pan­
el. 
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Fig. 8. Automatic site modelling using genetic algorithm search. 
This example shows a preliminary S-wave six-layer velocity model 
for station SBR (Schalbruch, University of Cologne). In the upper 
panel the seismogram (solid curve) of a Roermond aftershock has 
been provided by L. Ahomer. The modelled seismogram (thin line) 
has been obtained using the velocity model (solid line) shown in the 
lower panel. The shaded area in the lower panel indicates the region 
in which the velocity - depth model was allowed to vary. 

Conclusions 

Aftershocks are clearly an extremely important source 
of information, which can be utilized for the reduction 
of the vulnerability to future earthquakes. Recording 
aftershocks can help to understand the generation of 
damage and the interaction of the various contributing 
factors such as the effects of the source, propagation 
medium and the local site conditions. While numerous 
important contributions along these lines have already 
been made using existing methods and know-how, cer­
tain issues will need increased attention in the future 
in order to make full use of the potential contained in 
aftershocks. 

Systematic state-of-the-art waveform analysis on 
aftershock data consists of many interrelated steps and 
requires huge amounts of data to be ' touched' many 
times. Hence, we will have to learn how to deal with 
huge waveform volumes in a clever way. Whether we 
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like it or not, we will have to make use of automated or 
semi-automated methods at least for a quick analysis. 
To make this really work it will also require some re­
thinking of the ways we look at seismic signals in terms 
of parametrization of signal parameters (e.g. wavelet 
transforms, etc.). 

One question that requires considerable attention 
is the design of the mobile seismic networks used for 
aftershock monitoring. One obvious problem is the 
design of the hardware- software interface. With the 
huge amount of data which has to be collected for 
aftershock waveform studies, the way data are pro­
duced cannot be decoupled conceptually any longer 
from the way the data are processed. This is a point I 
believe where hardware manufacturers are challenged. 
On the other hand there is also the problem of network 
geometry. It is well known that the quality of a network 
for whatever task considered strongly depends on its 
geometry. This becomes especially complicated when 
keeping in mind that off-fault events may be the most 
interesting events in terms of constraining the stress 
transfer during the mainshock. Simulated annealing 
has been found to perform very well for the problem 
of finding optimum station distributions for aftershock 
recordings under a variety of constraints (Scherbaum 
& Hardt 1992, Hardt & Scherbaum 1994). 

Finally, I want to stress the point that for the 
generation of earthquake disasters, the seismological 
aspect is just one amongst many other factors that 
have to be understood better. Understanding the gen­
eration of earthquake disasters in total requires inter­
action between many different fields, ranging from 
geosciences, soil dynamics, structural engineering to 
even social sciences. And since earthquakes don't care 
about political boundaries, we also need to strengthen 
international cooperation in this field. 
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