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The strong motion data from the Izmit, Turkey and 
Chi-Chi, Taiwan earthquakes have pointed out uncer-
tainties in current strong motion attenuation curves 
for large earthquakes. Although the near-source 
strong motion data from these two well-recorded large 
earthquakes were well below the estimated values by 
the ground motion models, they were consistent with 
constraints estimated from precarious rock methodo-
logy. This discrepancy could be a result of inadequate 
ground motion data for large earthquakes and possi-
ble flaws with a number of statistical parameter  
assumptions that were necessary for extrapolation 
from existing database, which is dominated by small 
earthquake data. This review article discusses several 
important issues that have the potential to cause  
major impact on seismic hazard analysis. They are:  
(i) partitioning of uncertainties into aleatory and epi-
stemic contributions, (ii) quantification of precarious 
rock observations and use of the data to constrain and  
improve ground motion models, (iii) continuing to  
deploy strong motion instruments near major faults 
since only more strong motion data will definitively 
resolve the issues of what is normal behaviour, and  
(iv) understanding through modelling and observa-
tions, the physical phenomena that affect strong  
motion, including the effect of total fault offset, sur-
face rupture and type of faulting. 

Introduction 

SEISMIC hazard analysis as developed over the past couple 
of decades has estimated both the possibilities and pro-
babilities of seismic ground shaking of a given level based 
on identification of active faults, estimation of their asso-
ciated seismicity and prediction of the probable conse-
quent ground motions. Because of lack of ground motion 
data for large earthquakes, which dominate in seismic 
hazard, a number of statistical parameter assumptions 
were necessary for extrapolation from the existing data-
base. Unfortunately the current database is not adequate 
to check these assumptions. Three recent developments 
provide impetus for a new evaluation of the situation:  
(i) the occurrence of two large earthquakes in regions of 
modern seismic instrumentation (Turkey and Taiwan),  
(ii) development of a methodology for using precariously 

balanced rocks to place constraint on ground motion 
which could have occurred at certain places in the last few 
thousand years, and (iii) new results from physical and 
numerical modelling, which suggest important characte-
ristics of near-source ground motion for different types of 
faulting (thrust, strike-slip and normal). This article gives 
our current evaluation of the implications of these deve-
lopments. 

Probabilistic and scenario seismic ground motions 

Earthquake hazards can be analysed with both probabilis-
tic and ‘deterministic’ methods. The probabilistic seismic 
hazard analysis (PSHA) maps and related products are 
important in assessing risks statistically. Uses for PSHA 
maps include seismic zonation for building codes, earth-
quake insurance and special studies for critical facilities. 
The latter class is best designated as ‘scenario’ methods. 
Scenario ground motions are estimated ground motions 
expected from a subset of the possible earthquakes, some 
of which may be made of just one earthquake. These can 
be contoured on maps, to portray a median estimate of 
ground motions from events that are reasonable, and often 
regionally cause the most significant hazards. The intent 
is that the scenario map answers the common question: ‘If 
the . . . fault ruptures, what do you expect?’ Uses for sce-
nario maps include educating the public about the earth-
quake hazards, some engineering applications and hazard 
response planning. 

Probabilistic seismic hazard maps 

One approach to presenting seismic hazard is by way of a 
probabilistic map. A probabilistic map1–4 might contour, 
for instance, estimates of peak ground accelerations that 
occur with a probability of 10% in 50 years. Probabilistic 
maps thus communicate estimates of the relative hazards, 
accounting for both severity of the potential ground  
motions and their frequency of occurrence5 and they pro-
vide a way to compare hazards of different locations in a 
scientifically justifiable and socially equitable way6. The 
USGS–CDMG probabilistic maps for the US  that were 
developed by Frankel et al.4 are a significant landmark for 
the description of seismic hazards in the US. Input for 
those maps was developed based on an extensive process  *For correspondence. (e-mail: jga@seismo.unr.edu) 
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of soliciting expert advice and incorporating the best 
available information on local hazard sources. 

The seismic hazard curve is the central concept for 
probabilistic maps. In principle, every specific site has its 
own seismic hazard curve. Curves for nearby sites are of 
course correlated. A hazard curve gives the average  
annual frequency at which some ground motion parameter 
is equalled or exceeded as a function of the amplitude of 
that parameter. Thus, hazard curves predict the result of 
an experiment where an instrument at the site records 
ground motions for, say, 105 or 106 years, and the fre-
quency of excedence of the ground motion parameter is 
tabulated as a function of its amplitude. Milne and Daven-
port 7 presented a method to estimate the hazard curve at 
relatively high probabilities directly from a seismic cata-
logue, but most estimates synthesize earthquake sources 
and attenuation relations using an approach that can be 
traced to Cornell1. Map preparation requires estimation of 
hazard curves for a grid of points, and then contouring the 
selected parameter. 

The Panel on Seismic Hazard Analysis8 concluded that 
PSHA, ‘when carried out with an appropriate level of  
sophistication to satisfy the needs of the user, can be  
regarded as an acceptable procedure for describing the 
seismic hazard.’ The clause ‘appropriate level of sophisti-
cation’ is focused on the use of suitable techniques, which 
are believed to assure that hazard estimates are reliable at 
the probability level of concern. There are, of course,  
uncertainties involved in estimating hazard curves9–11. 
Nearly every aspect of strong motion and engineering 
seismology research12 still has contributions to make for 
improving the input to PSHA. Thus the extent to which 
the PSHA results would agree with an empirical hazard 
curve, as described above, is not known. 

Some recent research has focused on methods to test 
the output of a PSHA. This is a difficult task, since the 
part of the hazard curve that is most significant for engi-
neering applications occurs where the PSHA attempts to 
estimate the rates of events with repeat times of hundreds 
to thousands of years. Ward13 tested a southern California 
model at relatively high annual probabilities (~ 10–2) 
against a model derived using the Milne and Davenport7 
approach, with satisfactory agreement. Southern Califor-
nia and Nevada models have been tested by Brune14 and 
Anderson and Brune15, respectively, at smaller annual 
probabilities (~ 10–4), estimated from observations of old 
precariously balanced rocks. There are some contradic-
tions. The sections below summarize some new tests and 
their emerging importance. 

Scenario seismic hazard maps 

Another type of map for displaying seismic hazard is 
commonly called ‘deterministic’ (e.g. refs 16 and 17) or 
maps of ground motions based on ‘maximum credible 
earthquakes’ (e.g. ref. 18). These maps contour ground 

motions expected from a selection of earthquakes that 
could happen in the region. For instance, Mualchin18 iden-
tifies large but plausible earthquakes on every active fault 
and then estimates ground motions from each. Then the 
largest of these values for each grid point on the map is 
contoured. Additional examples of ‘deterministic’ maps 
are available for California19,20 and Nevada21,22. While he 
made no effort at completeness, Nuttli23 applied this con-
cept and produced a widely used map that clearly and 
simply communicates that seismic hazards affect much of 
the US. The approach seems conceptually direct, and is 
easily understood by scientists and non-scientists alike. 

Although the ‘deterministic’ label is deeply embedded 
in the literature, for several reasons Anderson24 suggests 
that results of this procedure should be called ‘Scenario 
Ground Motions’. The scenario is the central concept for  
the ‘deterministic’ or ‘maximum credible earthquake’ 
seismic hazard maps. Reiter16 defines ‘deterministic ana-
lyses’ as ‘those which, for the most part, make use of  
discrete, single-valued events or models to arrive at sce-
nario-like descriptions of earthquake hazard’. The Ameri-
can Heritage Dictionary of the English Language defines 
the term ‘scenario’ as ‘an outline or a model of an expec-
ted or a supposed sequence of events’. The term also  
carries the connotation that the imagined sequence is one 
of several possibilities. Thus a scenario earthquake is 
some large event that is believed to be possible on an  
active fault identified by geologists, and its selection 
process allows regional flexibility and judgement. 

Planning scenarios are an excellent way to communi-
cate seismic hazards, and their consequences, to a wide 
audience25–27. In addition, the FEMA programme HAZUS, 
uses the scenario as a basis for its estimates of earthquake 
losses. Typically, a planning scenario begins with a des-
cription of faulting and possible ground motions from 
some selected event for a region. The event is selected 
because it is one of the most severe that could affect the 
region. The extent of rupture and inferred magnitude 
needs to be scientifically reasonable, but the presence of 
judgement is implicit in the term ‘scenario’. There is no 
pretence that the scenario earthquake is uniquely defined. 
It is also understood that the effects of the earthquake are 
not particularly sensitive to uncertainties on the magni-
tude. In some cases, the planning scenario earthquakes 
have a very low probability. Nonetheless, they are useful 
for emergency planning and critical engineering designs 
for public safety, in that they communicate some rather 
severe but plausible ground motions. By preparing for 
such a case, planners and engineers can be relatively con-
fident (but not certain) that they have done what they can 
to prepare for any earthquake event. 

Comparison of probabilistic and scenario maps 

The scenario maps generally show ground motions from a 
subset of earthquakes that, based on judgement, cause the 
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greatest regional concern. Unlike a probabilistic descrip-
tion, scenario maps do not explicitly incorporate the fre-
quency of occurrence of the earthquakes, and thus the 
maps are not sensitive to uncertainties on occurrence rate. 
The scenario approach does implicitly use information 
about earthquake rates in the selection of the events that 
are on the maps. Scenario maps and probabilistic maps 
complement each other in presenting the seismic hazard, 
in that they communicate different information. However, 
scenario maps can be made even more useful if the added 
information about activity rates is also presented. 

The ergodic assumption in probabilistic seismic 
hazard maps 

An ergodic process is a random process in which the dis-
tribution of a random variable in space is the same as the 
distribution of that same variable at a single point, when 
sampled as a function of time. An ergodic assumption is 
commonly made in PSHA. A regression analysis is used 
to obtain a mean curve to predict ground motion as a 
function of magnitude and distance (and sometimes other 
parameters). The standard deviation of this ground motion 
regression is determined mainly by the misfit between 
observations and the corresponding predicted ground  
motions at multiple stations for a small number of well-
recorded earthquakes. Thus, the standard deviation of the 
ground motion regression is dominated by the statistics of 
the spatial variability of the ground motions. An ergodic 
assumption is made when PSHA treats spatial uncertainty 
of ground motions as an uncertainty over time at a single 
point28,29. The basic elements of probabilistic seismic  
hazard analysis were formulated by Cornell1. They are 
summarized in the context of the ergodic assumption29 
wherein it is shown that at least in specific idealized 
cases, the use of the ergodic assumption overestimates 
ground motion when exposure times are longer than 
earthquake return times. 

The motivation for examining the effects of the ergodic 
assumption comes from several studies of precarious 
rocks. Brune14 found that the distribution of precarious 
rocks in Southern California is not consistent with the 
large values of ground motion predicted by PSHA studies. 
Similarly, Anderson and Brune15 concluded that most of 
the known precarious rocks in Nevada are inconsistent 
with the PSHA maps of Siddharthan et al.22. In southern 
California, the distribution of precarious rocks is reasona-
bly consistent with the hazard maps of Wesnousky30. 
Anderson and Brune29 point out that for the sites in the 
Mojave Desert, the controlling difference between the 
PSHA maps and the maps of Wesnousky was that the lat-
ter used only the median value for attenuation of peak 
ground acceleration with distance, whereas the PSHA 
maps added a statistical (Gaussian) uncertainty to the 
ground motion3, utilizing the ergodic assumption. These 

observations suggest the need for a more detailed look at 
the way the probabilistic seismic hazard is estimated. 

The ergodic assumption and partitioning of uncertainty 
into epistemic and aleatory parts  

Some PSHA now distinguish between aleatory and epi-
stemic uncertainty. Aleatory uncertainty is introduced by 
true randomness in nature, while epistemic uncertainty is 
due to lack of knowledge. The definition and separation 
of aleatory and epistemic uncertainty has been articulated 
most extensively by the Senior Seismic Hazard Analysis 
Committee (SSHAC)32, which regarded their division to 
be model-dependent and sometimes arbitrary. In their 
view, a model with a small number of variables, which is 
desirable from a practical viewpoint, will have a larger 
aleatory uncertainty than a model that uses more para-
meters. For instance, they suggest that adding more  
parameters to describe the path and site increased epi-
stemic uncertainty, but reduced aleatory uncertainty since 
the ground motion should be predicted better if all of 
those parameters are described correctly. 

The Panel on Seismic Hazard Evaluation33 which has 
reviewed the views of SSHAC also considers that the  
division between aleatory and epistemic uncertainty is 
model-dependent, somewhat arbitrary and ambiguous. 
Both these panels seem to accept that the mean hazard 
does not depend on how much of the total uncertainty is 
aleatory and how much is epistemic. The main advantage 
of the separation however is to help experts formulate the 
input to the PSHA and to advise decision-makers of the 
potential future volatility of the mean hazard. 

Anderson and Brune29 reviewed the elements of PSHA 
and the recommendations of SSHAC. They propose that it 
is of critical importance to distinguish between aleatory 
and epistemic uncertainties in a probabilistic seismic haz-
ard analysis, as this treatment contains the necessary ele-
ments for a solution to the problem introduced by the 
ergodic assumption. We reproduce, in Figure 1, the  
results of PSHA for a simple case in which all of the haz-
ard comes from a single fault, to illustrate the opposite 
results of assuming all uncertainty is aleatory or assuming 
all uncertainty is epistemic. Ground motions are assumed 
to be due to characteristic ground motion earthquakes29 
defined as ‘an earthquake which is first a characteristic 
earthquake and which furthermore is dynamically the 
same every time so the ground motion time history at a 
site near the fault is identically repeated’. Because each 
earthquake is dynamically identical, the ground motion at 
the site should be the same for every event. Thus, the haz-
ard curve is a step function suggesting that the peak  
acceleration will occur for ground motions less than some 
value and that the probability that it will occur for larger 
ground motions is zero. Because we may not know before 
the record of the next earthquake what that ground motion 
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will be, there are different possibilities for this curve as 
illustrated in Figure 1. The conclusion from this figure is 
that these contrasting treatments can make an important 
difference in the results of PSHA. 

The development by Anderson and Brune29 presents an 
absolute standard for the definition of the aleatory uncer-
tainty. Because of the way it enters the analysis, it should 
only describe the variability of the ground motion para-
meter over time, and should originate only from changes 
in the source when there are repeated realizations of simi-
lar events on the same fault. Since the path is identical in 
such events, its effect is predictable and the corresponding 
uncertainty is therefore epistemic. If path and site factors 
play a major role, as is generally believed, a major frac-
tion of the uncertainty is epistemic (due to lack of know-
ledge of the role they play). In the use of the ergodic 
assumption in a basic seismic hazard analysis, all of this 
uncertainty is treated as aleatory. 

This raises the issue of how the total uncertainty should 
be divided into the aleatory and the epistemic contribu-
tions. Anderson and Brune29 discussed various considera-
tions. The basic elements to consider follow. If the total 
uncertainty is σT, the aleatory uncertainty is σA, and  
the epistemic uncertainty is σE, then the uncertainties are 
related by: 
 

.2
E

2
A

2
T σσσ +=  

For a typical regression for peak acceleration, where the 
ground motion prediction equation gives the natural log 
(i.e. base e) of peak acceleration, σT is typically about 
0.50. Relative to the regression model by Abrahamson 
and Silva34, the maximum aleatory uncertainty consistent 
with the precarious rocks is site-dependent31, but is never 
much more than 0.3 (natural log units) and at some sites 
must be less than about 0.1. For multiple realizations of a 
synthetic model35, the uncertainty due to the source is 
typically about 0.2. If this reasoning is realistic, the epi-
stemic uncertainty would be dominant, but the aleatory 
part would not be negligible. The distribution of uncer-
tainty between the aleatory and the epistemic parts need to 
be resolved by data, not by assumption29, and is a difficult 
problem to solve due to limited data.  

Since it is standard practice in PSHA to treat most of 
the uncertainty in ground motion as aleatory4,22,36, many 
hazard maps may end up with different ground motions at 
low probabilities if the uncertainties are redistributed  
between aleatory and epistemic. 

Parameterization of ground motion 

A critical input to the seismic hazard analysis is the 
ground motion model. This can be done in different ways. 
For the probabilistic studies, the usual type of input is 
various ground motion parameters predicted using regres-
sion equations. Examples of these ground motion prediction 
equations exist for a variety of tectonic environments34,37–43. 
Scenario maps will generally use the same ground motion 
prediction equations. 

Two recent studies have looked at the general problem 
of characteristics expected from ground motion prediction 
equations. Anderson44 concluded that the expected shape 
for peak acceleration on rock as a function of magnitude 
and distance changes as the magnitude increases. Specifi-
cally, the ground motion at short distances does not  
increase as rapidly as at large distances. This is a conse-
quence of the interaction of two effects. Firstly, as magni-
tude increases, the source dimension and consequent 
duration for wave radiation increases, with the effect  
becoming very important above about magnitude 6. Sec-
ondly, as the distance increases, the dispersion and multi-
pathing of seismic waves increases the duration of the 
Green function. Consequently, at large distances, early 
waves from a late part of the rupture combine statistically 
with the late waves from an early part of the rupture to 
increase the amplitudes. At short distances, this interfe-
rence is less important due to the shorter durations of the 
Green’s functions. Another study on the expected charac-
teristics of ground motion prediction equations examined 
the expected effect of nonlinear soil response on the ratio 
of ground motions on soil and rock45. This builds on seve-

Figure 1. PSHA for a simplified case in which all of the hazard 
comes from a single fault which fails repeatedly in characteristic 
ground motion earthquakes, to illustrate the effects of the ergodic 
assumption. As in any PSHA, this gives hazard curves giving the mean 
occurrence rate of a ground motion (peak acceleration in this case). For 
clarity, the mean occurrence rate is given in repetitions per earthquake 
cycle, rather than per year as is normally done. The heavy line, (phi) 
gives the result for a PSHA in which all of the uncertainty on the 
ground motion is treated as aleatory. The near-vertical lines represent 
the results of a PSHA in which all of the uncertainty is treated as epi-
stemic. It is not known which of the vertical hazard curves to choose, 
but that weighting does not depend on the exposure time and thus the 
overall estimate of hazard also does not depend on exposure time.  
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ral recent studies that have recognized, in the seismologi-
cal data from the large earthquakes, that nonlinear soil 
response is a common phenomenon46,47. Su et al.48 con-
cluded that in the Northridge earthquake, nonlinearity is 
recognizable in differences between site response (defined 
by spectral ratios) when peak acceleration exceeds about 
0.3 g, peak velocity exceeds 20 cm/s, or peak strain  
exceeds 0.06%. 

A series of studies on empirical ground motion models 
in southern California has recently been completed49–55. 
The focus was on improving probabilistic seismic hazard 
analysis through incorporation of site effects. Residuals 
grouped using one particular mapping of quaternary geo-
logy units56 and relative to one ground motion model did 
not yield statistically significant correlations53, but a 
grouping of geological units by near surface velocity in 
the upper 30 m (ref. 57) did result in improved predic-
tions50. This suggests that when incorporating surface 
geophysics, some amount of trial and error may be nece-
ssary to take advantage of careful geological mapping. 
Another result of this project is the demonstration that 
ground motion residuals depend on the depth of the sedi-
ments at the site50,53,55. Basin depth was defined as the 
depth to the interface with material with a shear velocity 
of 2.5 km/s, based on a 3D velocity model58. Basin depth 
may be a proxy for some other parameter49, such as dis-
tance from a basin edge59 or average 3D basin effects at 
low frequencies54. The 3D basin effects calculated at low 
frequencies are in fact, highly dependent on the source 
location and even the source dynamics in some cases54, 

indicating that the average response has a considerable 
amount of variability. The total effect of incorporating 
these parameters to represent site response into regre-
ssions does not reduce the uncertainty in ground motions 
by a very significant amount52,60. 

Detailed studies of the seismic hazard at specific sites 
are increasingly using scenario ground motions that con-
sist of complete synthetic seismograms, particularly when 
an appropriate historical record from an equivalent situa-
tion is not available. Various studies have demonstrated 
that synthetic seismograms are capable of reproducing the 
statistical characteristics of strong ground motions35,61. 
We do not review the developments in this field here, 
except to note that it is a rapidly growing subject driven 
by the engineering needs to have seismograms, not availa-
ble in the empirical data set, that represent the event size, 
source geometry, regional wave propagation to the spe-
cific distance of engineering interest, and site conditions 
appropriate for specific sites. 

New strong motion data from the Turkey and  
Taiwan earthquakes 

In the second half of 1999, two earthquakes contributed 
significantly to our understanding of strong ground  

motions. The first was the MW 7.6 earthquake on 17  
August 1999, which struck western Turkey. The second 
was the MW 7.6 earthquake on 21 September 1999 that 
struck central Taiwan. 

A preliminary overview of the Kocaeli, Turkey earth-
quake is given by the US Geological Survey62. The 
mechanism for the earthquake was right-lateral strike slip. 
There were approximately 38 strong motion recordings of 
this earthquake. Anderson et al.63 estimated the site condi-
tions and carefully measured the locations for the nearest 
stations. Figure 2 compares the peak acceleration rec-
orded at the four nearest rock stations with the predictions 
of four ground motion models. As peak acceleration is an 
indicator of the high-frequency content of the accelero-
grams, this figure demonstrates that the high-frequency 
content of this earthquake was overestimated by the 
ground motion models. 

The strong motion programme in Taiwan and prelimi-
nary results for the Chi-Chi, Taiwan earthquake, are 
summarized by Shin et al.64. The Chi-Chi earthquake had 
a thrust-faulting mechanism on a fault with an average dip 
of 25 degrees, and caused surface rupture over a zone 
about 80 km long65. Taiwan is very densely instrumented, 
and the earthquake occurred near the centre of the island, 
resulting in virtually every operating instrument on the 
island being triggered. A preliminary data release by the 
Central Weather Bureau contains traces for 422 accelero-
grams for the main shock. 

Figures 3 and 4 show the peak accelerations from the 
Chi-Chi earthquake compared with ground motion predic-

Figure 2. Peak accelerations from the 17 August 1999 earthquake in 
Turkey (Mw 7.6) compared with four different ground motion models 
(from Anderson et al.63). Peak accelerations are for sites that would be 
dominated by erosion based on local topography. For that reason, 
Anderson et al. concluded that the underlying geology would at most 
have a thin layer of soil formation over bedrock, and they classified 
these sites as rock sites. Anderson et al.63 measured the station loca-
tions and the nearby fault locations using a handheld GPS receiver, and 
thus the distances are accurate to better than 100 m in most cases. The 
distance to the fault located here at about 12 km is uncertain due to 
questions on where the fault ruptured under the Sea of Marmara; the 
distance plotted here is an upper limit (from Anderson et al.63). 
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tions. The site conditions are not known for all the  
stations on these figures, so the peak accelerations are 
compared with both soil and rock ground motion models. 
The results are the same for both models: the observed 
peak accelerations are smaller than those predicted by the 
models. 

Effect of Turkey and Taiwan data on attenuation curves 

The Turkey and Taiwan earthquakes are the first major 
continental earthquakes to be extensively recorded at very 
short distances. It is therefore a significant puzzle to  
explain why the peak accelerations are overestimated by 
the ground motion models for both earthquakes. We dis-
cuss some alternatives. All of the alternatives fall into two 
categories: those that consider that the 1999 earthquakes 
are representative of earthquakes of their size and setting, 
and those that would consider the earthquakes anomalous. 

The arguments that would favour that these earthquakes 
are anomalous would mainly be based on past experience: 
the ground motion models are based on some data,  
although it is sparse. The 1992 Landers earthquake 
(M 7.2, strike-slip mechanism) generated one record 
(1.1 km from the surface rupture) near a part of the fault 
with significant fault slip, and the peak horizontal accel-
erations on that record were higher (700 and 784 cm/s/s)66. 
The 1940 and 1979 Imperial Valley earthquakes also pro-
duced large peak accelerations near the fault. The 1952 
Kern County earthquake (M 7.6, continental thrust mecha-
nism) was recorded on four strong motion stations, and 

peak accelerations at all of those stations are near the  
upper edge of the cloud of points on Figure 3. A problem 
with this line of reasoning is that it is highly unsatisfying 
and unscientific, when one only has two well-recorded 
major continental earthquakes, to assume that both are 
anomalous. 

The earthquakes that have generated higher ground  
motions in the past mostly have a smaller magnitude. One 
alternative to reconcile all of the data might be to abandon 
the assumption that is generally made in the regression 
analysis to develop ground motion models that the median 
peak acceleration is a monotonically increasing function 
of magnitude, for distance held constant. Some additional 
support for that hypothesis might be obtained from the 
data from the Guerrero, Mexico strong motion network. 
Anderson and Lei67 and Anderson68 fit a non-parametric 
surface through the abundant data from that network as an 
alternative to assuming a parametric shape. They used 
different degrees of smoothing in fitting the surface; it is 
interesting that in the surface where they smoothed the 
data the least, the peak acceleration surface peaked at 
magnitude about 7.0 at short distances, and decreased 
above there to the largest magnitude in the data: magni-
tude 8.1. 

It is possible that all of the earthquakes are ‘typical’, 
but that the differences in the fault physics are what cause 
the peak accelerations to be low in the 1999 events. If that 
is the case, then one must seek a physical explanation for 
what differs in the 1999 events that caused them to be 
low. Paul Somerville69 has suggested that the difference 
may have something to do with whether or not the rupture 
breaks the surface. He points out that there are high accel-
erations in several events that do not break the surface 

Figure 3. Peak accelerations from 21 September 1999 Chi-Chi, Tai-
wan earthquake (Mw 7.6) compared with the Abrahamson and Silva34 

ground motion models for rock and for soil site conditions. In this case, 
the site conditions are not known, but it is evident that in any case most 
of the points are significantly below the median prediction of the model 
regardless of site condition. Four points on this plot (identified in the 
figure) correspond to peak accelerations from the 1952 Kern County 
earthquake, which had a similar mechanism and magnitude.  

 

Figure 4. Like Figure 3, except for a subset of the data that comes 
from stations on an east-west cross-section across the fault. Points on 
the left hand side of the figure are on the footwall of the fault, and 
points on the right hand side are on the hanging wall. The Abrahamson 
and Silva34 ground motion model distinguished between these two 
cases, as shown.  
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(e.g. Loma Prieta, Kobe, Northridge) and low accelera-
tions in earthquakes that do break the surface (Chi-Chi, 
Kocaeli). A possible mechanism could be generation  
of high-frequency energy at the upper limit of the  
rupture. 

An alternative model that we find particularly credible 
would have more to do with the history of rupture on the 
fault. Both the Kocaeli and Chi-Chi earthquakes occurred 
on major faults with tens to hundreds of kilometres of slip 
in previous earthquakes. The Landers and Northridge 
earthquakes occurred on faults with much less geological 
offset. The Loma Prieta earthquake occurred on a steeply-
dipping oblique-thrust fault that may differ from the main 
San Andreas Fault in that area, so it also would appear to 
be in a category of faults with a smaller amount of total 
geological offset. The Mexican data also fit this pattern: 
the 1985 M 8.1 event was on the main subduction thrust, 
but the smaller events could have been located on sha-
llower secondary thrust features. This hypothesis is moti-
vated by the observations by Wesnousky70 that faults with 
large geological offset tend to have straighter, more regu-
lar surface traces. The smoother surfaces generated by 
large offset would tend to have fewer irregularities to 
generate high frequency radiation than would a fault with 
less offset and thus less smoothing due to wear in large 
numbers of earthquakes. 

The uncertainty in how to interpret the abundant data 
from the 1999 earthquakes points out the fundamental 
need for more data. It is essential that vigorous strong 
motion monitoring programmes continue near the major 
surface faults throughout the world. It would be com-
pletely unjustified to presume that the data from these two 
earthquakes (one strike-slip and one thrust) constitute an 
adequate sample of strong motions from earthquakes of 
this size. 

Incorporation of various kinds of geological 
ground motion indicators into seismic  
hazard assessment 

Status of precarious rock methodology  

The importance of precarious rock studies in estimating 
seismic hazard has been given impetus by the following 
developments: 
 
• Strong motion data from the Izmit, Turkey and Chi-

Chi, Taiwan earthquakes discussed earlier, have 
pointed out the uncertainties in current strong motion 
attenuation curves for large earthquakes. Although the 
near-source strong motion data from those two earth-
quakes were considerably below the median for current 
attenuation curves (almost one standard deviation)63,71, 
the data from these two earthquakes are consistent with 
constraints estimated from precarious rocks15,63,72–74. 
Thus the precarious rock evidence suggests that the  

attenuation curves assumed in the recent USGS–
CDMG hazard maps give values which are too high at 
short distances, and thus may lead to serious overesti-
mation of seismic hazard in some cases. Conversely, 
one could argue that the new data tend to give some 
limited support (only two large events) to published  
estimates from precarious rock studies. 

• The precarious rock data near the San Andreas Fault in 
the Mojave Desert, where the seismic hazard is domi-
nated by repeating large earthquakes on the San  
Andreas Fault, have pointed out a potentially important 
source of error in the current PSHA methodology, the 
so-called ergodic assumption discussed earlier, i.e. the 
assumption that for ground motion parameters (peak 
ground acceleration (PGA), or response spectrum val-
ues), the random variation in the time domain for  
repeated events with a given source-station configura-
tion can be inferred from the scatter in space for 
individual events. The contrary extreme would be that, 
for a given source-station configuration, repeated events  
may have more or less the same rupture characteristics, 
and thus similar ground motion characteristics (the  
assumption of so-called ‘characteristic ground motion 
earthquake’15,72). The ergodic assumption corresponds 
to one extreme method of dividing uncertainty between 
epistemic and aleatory uncertainty, and in fact repre-
sents the conservative extreme in which the assumed 
aleatory uncertainty is maximized15,63. At present the 
precarious rock methodology appears to be the only 
way to resolve this uncertainty, aside from waiting  
for a couple of dozen more large earthquakes to be  
recorded on strong motion networks, which may take 
many decades. 

• The arbitrary assumption that median attenuation 
curves for large earthquakes must have a shape similar 
to that for smaller earthquakes, an assumption used in 
some regression analyses (see above), has been brought 
into question by precarious rock studies. 

• The precarious rock methodology has been developed 
to the point that many of the initial skeptical concerns 
have been addressed in various publications72,75–78. No 
fundamental objections have been raised. The remain-
ing uncertainties have to do mainly with the precision 
that can be obtained on ground motion constraints. 
These uncertainties can be addressed by improved field 
testing techniques, statistical numerical studies and 
shake table tests. Preliminary results from shake table 
tests have confirmed the preliminary estimates from 
previous studies79. 

 
Although the precarious rock methodology is still in an 

early stage, the above considerations and developments 
suggest that it may soon become accepted as a critical 
source of information for constraining PSHA maps. It has 
already led to opening up of discussion about several  
important assumptions commonly made in producing such 
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maps. In the conclusions we will give our evaluation of 
the implication of precarious rock studies for seismic haz-
ard studies. 
 

Physical and numerical modelling of important 
characteristics of near-source ground motion  
for different types of faulting 

Recent fully dynamic physical modelling studies have 
suggested important variations and asymmetries in near 
fault ground motions for the thrust, strike-slip and normal 
faulting80,81. Many of these differences have been corro-
borated in numerical lattice, finite element and finite dif-
ference models76,82–85. Since the strong motion database 
for near-source ground motions is so limited, these studies 
are potentially very important, especially since the strong-
est ground motions occur near the fault trace. Many of the 
near-source features are not represented or poorly repre-
sented by dislocation theory, which has been in common 
use until recently. Here we consider some of the recent 
evidences for near-source characteristics of strong ground 
motion. 
 

Evidence for strong asymmetry in ground motions 
during thrust faulting (intense hanging wall  
and low footwall motions) 

Recent thrust faulting models, both physical and nume-
rical, have indicated very high ground motions on the  
hanging wall and relatively low motions on the foot-
wall76,80,82,85. This led Allen et al.86 to re-examine evi-
dence for intense ground motions on the hanging wall of 
the 1971 San Fernando earthquake. They concluded that 
an asphalt slab draped over the outcrop of the fault indi-
cated that the asphalt had been nearly in free fall and the 
ground accelerations and velocities must have exceeded 
1 g and 100 cm/sec, respectively. They cited evidence 
from the 1887 India earthquake87, the 1971 San Fernando 
earthquake88, and from the 1945 Mikawa earthquake89 as 
further evidence supporting intense ground motions on the 
hanging wall of thrust faults. Brune90 described shattered 
rock evidence on the hanging wall of thrust faults in 
Southern California as further supporting evidence of  
intense ground motions. On the other hand, the lack of 
shattered rock and the presence of precariously balanced 
rocks on the footwall of two thrust faults in Southern Cali-
fornia (Banning and White Wolf Faults) indicate rela-
tively low ground motions. This evidence indicated strong 
asymmetry in ground motions for thrust faults73. This 
could be of critical importance to estimating earthquake 
hazard from potentially large earthquakes in, for example, 
northern India, the Los Angeles Basin in the US, and 
elsewhere in the world. 

Shattered rock on the hanging wall of thrust faults 
in Southern California  

Evidence from road cuts and stream channels crossing 
thrust faults in Southern California provides support for 
intense hanging wall ground motions. Rocks in the hang-
ing wall of thrusts of the San Gabriel frontal system, the 
Banning Thrust, The White Wolf Thrust and the Malibu 
Thrust all have a typical shattered appearance. The shat-
tered rocks have a relatively small range of sizes (10–
100 cm) of nearly equi-dimensional blocks with inter-
block open space and relatively little evidence of shearing 
and fault gouge. The shattered appearance seems consis-
tent with the rocks having undergone a shock of high 
strain while under little gravitational or tectonic confine-
ment (i.e. near the surface). The strain which the rock is 
exposed to is approximately proportional to the ratio of 
the ground velocity to the shear wave velocity. Thus 
strains on the hanging wall of the recent Chi-Chi Taiwan 
thrust fault earthquake64 were about (5 m/sec)/(2 km/sec) 
= 2.5 × 10–3. Large strains must have also occurred in  
the hanging wall of the 1971 San Fernando earthquake, 
where estimated velocities were greater than 1 m/sec,  
and in the hanging wall of the 1897 Indian earthquake  
for which Oldham87 reported ground velocities greater 
than 2 m/sec (ref. 86). Such large strains would be  
very likely to cause the shattered rock appearance  
reported here. 

Precarious rock evidence of low ground motions on the 
footwall of the White Wolf and Banning Faults 

In contrast to the evidence of intense hanging wall ground 
motions, the footwall of the Banning and White Wolf 
Faults have precariously balanced rocks, relatively steep 
cliffs and no indication of the ‘shattered rock’ appearance, 
thus indicating a relatively low upper bound on the 
ground motions which could have occurred in the last few 
thousand years73,90. 

 
White Wolf Fault:  The north-east section of the White 
Wolf Fault, which ruptured in the large, M 7.6, Teha-
chapi, California earthquake of 1952, has a large footwall 
outcrop of granite. Geodetic studies of the earthquake91–93 
indicate 1 to 2 m of slip in the 1952 earthquake with the 
rupture reaching very near the surface. The actual surface 
breakage was ambiguous because of the existence of thick 
landslide deposits over the projected outcrop of the fault. 
There was clear evidence of intense ground motion on the 
hanging wall94. 

Perhaps surprising from the point of view of the size of 
the earthquake, and the strong evidence of intense shaking 
on the hanging wall, there is clear precarious rock evi-
dence that the shaking on the footwall was relatively 
weak. Within 7 km of the trace of the fault on the footwall 
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there are numerous ‘semi-precarious’ rocks (definition of  
‘semi-precarious’ as given by Brune75, estimated toppling 
accelerations about 0.3–0.5 g for accelerograms with the 
shape of the El Centro record of the 1940 El Centro 
earthquake. 

 
Banning Fault: The Banning Thrust has had a major 
earthquake in the last thousand years95 and probably seve-
ral in the Holocene. The crystalline rocks of the San  
Jacinto Block south of the Banning Fault are ideal for 
producing precarious rocks. This rock type extends from 
about 4 km from the fault to more than 20 km. The centre 
of the San Jacinto Block is far enough from both the San 
Jacinto and San Andreas Faults that the main contribu- 
tion to the ground-shaking hazard is from the Banning  
Thrust. 

Semi-precarious rocks (toppling accelerations of about 
0.3–0.5 g, as defined by Brune75 exist on the south side 
(footwall side) of the Banning Fault, starting at a distance 
of about 4 km. Farther south, at a distance of about 15 km 
there exist ‘precarious’ rocks (toppling accelerations of 
about 0.2–0.3 g). The approximate estimates of bounds on 
ground motion decrease from about 0.5 g at a distance of 
4 km to about 0.3 g at a distance of about 15 km. These 
values are significantly lower than the USGS–CDMG 2% 
in 50 year hazard map values for this area, which vary 
from about 1.0 g to about 0.7 g in the same distance 
range. 
 

Asymmetry of ground motion in thrust faulting 

The shattered rock and precarious rock evidence cited 
above tends to confirm the suggestion from the physical 
and numerical modelling evidence that the ground motion 
on the footwall of major thrust faults is much lower than 
that for the hanging wall. This asymmetry is also consis-
tent with values from the recent Chi-Chi, Taiwan earth-
quake of 1999, the best instrumented thrust earthquake in 
history, which recorded considerably smaller ground  
motions footwall side, even though the stations there were 
primarily on sedimentary fill, which would tend to  
amplify the motion (Figure 4). The asymmetry is also 
supported by steady state dislocation models96,97 and by 
recent dynamic numerical models76,82,85. If this ground 
motion asymmetry is verified for thrust faults in general, 
it has important implications for seismic hazard from 
thrust faults. 

Comparison with regression curves 

Regression curves for peak ground acceleration from 
oblique thrust faulting indicate accelerations of about 
0.6 g for an M 7.6 earthquake at a distance of 4 km and 
about 0.45 g at a distance of 15 km (ref. 41). For the 

hanging wall these values may be too low, considering the 
shattered rock evidence. For the footwall these values are 
clearly too high to be consistent with the preliminary  
estimations from precarious rocks. Abrahamson and 
Silva34 considered hanging wall–footwall asymmetry and 
gave regression curves which indicated stronger shaking 
on the hanging wall than on the footwall (Figure 4), but 
the difference became zero at the fault trace and was not 
nearly as pronounced as suggested here on the basis of 
shattered rock and precarious rock evidence. 

Evidence for variations in intensity of ground  
motion along strike-slip faults 

Recent evidence from physical and numerical models has 
indicated that ground motion from extensional strike- 
slip earthquakes (strike-slip earthquakes in extensional  
regimes) may be much lower than for strike-slip faults 
with a large fault-normal compression81,84,85. The Ely  
and Day study84 was a finite-difference simulation of  
the Brune and Anooshehpoor81 physical model, and gave 
very similar results. Data from compressional strike- 
slip earthquakes and thrust faults dominate in the deter-
mination of regression curves for ground acceleration 
used in the USGS–CDMG probabilistic hazard maps,  
and thus these maps may be too high for extensional  
regimes. 

One of the main physical reasons for expecting low  
accelerations for strike-slip faults in extensional regions 
may be the fact that in extensional regions, the fault-
normal component of stress on the fault must approach 
zero near the surface because the lithostatic stress is zero 
and the tectonic stress is extensional81,98. Thus relatively 
little strain energy can be stored up at shallow depth near 
the fault trace. Preliminary evidence from reconnaissance 
surveys for precarious rocks has provided support for 
such low ground accelerations in extensional regions. 
 

Precarious rock evidence from the Honey Lake 
strike-slip Fault 

A spectacular zone of precarious rocks exists in the Fort 
Sage mountains, near (1–7 km distance) the strike-slip 
Honey Lake Fault Zone, California, interpreted to be the 
locus of a few to several major earthquakes in Holocene 
time99, and thus strong evidence for low ground accelera-
tions from a major strike-slip fault zone in an extending 
region. The appearance and geomorphic conditions of the 
rocks indicate they have been in precarious positions for 
thousands of years. More than 50 such rocks occur in a 
relatively small region. Some of the rocks are only one or 
two kilometres from the trace of the fault. Thus these 
rocks are a constraint on ground motion for the exten-
sional strike-slip fault in the Honey Lake Basin. The pre-
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carious rock evidence is consistent with the ground  
motion implications of the physical foam rubber model-
ling and the numerical modelling cited earlier, and also 
consistent with strong motion data from the recent Izmit, 
Turkey earthquake63,100. 

Precarious rock evidence from the San Jacinto 
Fault at the north-east end of Hemet Valley,  
near Beaumont, California 

Another zone of precarious rocks associated with an  
extensional strike-slip zone occurs near Beaumont, Cali-
fornia, a few km from the active San Jacinto Fault. A pre-
liminary estimate of the toppling accelerations for these 
rocks is about 0.4 g at a distance of about 5 km from the 
San Jacinto Fault. Although these values are again consis-
tent with accelerations recorded in the recent Izmit, Tur-
key earthquake63, they are considerably lower than 
predicted by current regression curves for the historic 
M 7.0 San Jacinto Fault earthquake, and much less than 
indicated for the region by the USGS–CDMG 2% in 50 
year hazard maps (about 0.5 g). These rocks provide a 
potentially critically important source of data to constrain 
ground motions for strike-slip faults in this extensional 
region, since they survived not only the 1899 and 1918 
earthquakes, but also probably several other such earth-
quakes in the last few thousand years. This part of the San 
Jacinto Fault is at the north-east end of Hemet Valley, an 
extensional rhombochasm associated with a right step in 
the San Jacinto Fault, and near the north-west terminus of 
the rupture zone of the M 7 San Jacinto earthquake101. 
The San Jacinto Fault is one of the most active in South-
ern California, with a slip rate of about 1 cm per year, and 
thus likely has produced several large earthquakes during 
the time period represented by the precarious rocks. Thus 
this region has the potential to provide important con-
straints on ground motion for extensional strike-slip 
faults. 

at a distance of 5 km, respectively. These values are  
significantly lower (almost one standard deviation) than 
the median values predicted by recent attenuation curves, 
and thus cast the validity of these curves into some ques-
tion63. Of course, one earthquake does not provide a  
sufficient sample for final conclusions, but rather empha-
sizes the uncertainty associated with current attenuation  
curves. 

Since the accelerations recorded at SKR and IZT are 
consistent with our preliminary estimates of constraints 
provided by precarious rocks near extensional strike-slip 
earthquakes, this brings up the suggestion that the section 
of the North Anatolian Fault near SKR and IZT may be an 
extensional strike-slip fault. It is at the edge of the Sea of 
Marmara, which has the appearance of an extensional 
basin. A final evaluation of the stress state on this section 
of the North Anatolian Fault awaits further study, but the 
situation suggests the importance of precarious rock stu-
dies to further constrain the ground motions from exten-
sional strike-slip earthquakes, and to better understand the 
accelerations recorded at SKR and IZT. 
 
 

Evidence for low ground motions on the footwall  
of normal faults 

There are no strong motion accelerograms from the near-
fault (distance < 3 km) footwall of major normal fault 
earthquakes. Recent physical and numerical models of 
normal faults indicate that the footwall has relatively low 
ground motions compared to similar strike-slip rup-
tures76,82,83,102,103. In the foam rubber model of Brune and 
Anooshehpoor102, the ground motions on the footwall of a 
physical normal fault model were about 1/5 to 1/10 of 
those for strike-slip faulting (the same stress conditions 
but different rupture geometry – however, the difference 
is not so great if the strike-slip fault has a shallow weak 
layer81). The ground motions along the hanging wall were 
also low, but not as low as for the footwall. Preliminary 
observations of the distribution of precarious rocks on the 
footwall of normal faults supported the conclusion of very 
low footwall accelerations for normal faults75, suggesting 
upper limits on ground accelerations of about 0.2 to 0.3 g 
(for a seismogram shape expected for large earthquakes, 
i.e. not a sharp, high frequency spike). 

In stark contrast to earlier observations for strike-slip 
faults75, observations of precarious rocks along major 
normal faults in California and Nevada show precarious 
and semi-precarious rocks extending nearly to the fault 
trace on the footwall side. Many precarious and semi-
precarious rocks are observed within a few kilometres of 
the footwall of major normal faults, including the Pleasant 
Valley, NV; Carson City, NV; Genoa, NV; Antelope Valley, 
CA; and Owens Valley, CA faults. These are all known or 
believed to have had major earthquakes (M ~ 7–7.5) in 

Implications of data from the recent Izmit, Turkey 
earthquake 

As mentioned earlier, most current attenuation curves for 
large earthquakes at near distances are based on very little 
constraining data. In fact they are extrapolations from 
data belonging to smaller earthquakes at larger distance, a 
data set dominated by thrust faults and strike-slip faults in 
compressional regimes. Thus it is questionable how accu-
rate they are for extensional strike slip regimes. The first 
rock site data for a large strike-slip earthquake at the dis-
tances of the precarious rocks in this study were provided 
by the recent M 7.4 Izmit, Turkey earthquake. The 
accelerations recorded at the sites Sakarya (SKR) and 
Izmit (IZT) were 0.42 g at a distance of 4 km and 0.23 g
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Holocene time (10 ka or younger). The Pleasant Valley 
Fault generated a large Ms 7.6 earthquake in 1915, the 
northern Genoa Fault generated a major earthquake, 
M 7+, about 600 years BP (ref. 104), the Carson City Fault 
generated a major earthquake about 500 years ago, possi-
bly at the same time as the northern Genoa Fault earth-
quake105; the Antelope Valley Fault has a very young 
looking late Holocene scarp106, and the Owens Valley 
Fault is shown as having a segment with Holocene rupture 
in the CDMG hazard map107. The young dates of these 
earthquakes make it essentially certain that the precarious 
rocks observed in this study survived the ground motions 
of large earthquakes. Recent revised attenuation curves 
for rock sites in extensional regions (SEA 99) give values 
about 10% higher near the fault108. Since there are no  
instrumental near-source (< 3 km) footwall accelerogram 
records for large normal faulting earthquakes, these 
curves have been extrapolated primarily from relatively 
large distance data from smaller normal fault earthquakes 
(e.g. ref. 109), or data from strike-slip earthquakes, and 
thus are quite uncertain. Since the new regression still 
does not include large magnitude-near source data, this 
difference is not significant. The precarious rock prelimi-
nary toppling accelerations72 suggest an upper limit on 
ground motions that is considerably lower than the  
extrapolated mean empirical attenuation curves, support-
ing the thesis that the ground motion on the footwall side 
of normal faults is considerably less than that for strike-
slip faults, as found for the foam rubber dynamic model of 
Brune and Anooshehpoor102. The values are also con-
siderably lower than values from the recent USGS–
CDMG seismic hazard maps for average recurrence times 
of about 2500 years (2% probability in 50 years) for the 
faults along the eastern Sierra Nevada Frontal Fault zone 
(typical values of 0.6–0.8 g (ref. 4)). The low accelera-
tions for normal faulting discussed here may be a partial 
explanation for the discrepancy between probabilistic 
estimates of ground motion and precarious rocks in  
Nevada discussed by Anderson and Brune15. 

The precarious rock observations support the thesis of 
relatively low footwall ground motions for normal faults 
relative to strike-slip faults, as reported for a dynamic 
foam rubber normal fault model by Brune and Anoo-
shehpoor102. Their model was an actual physical model 
with the same physical properties (medium properties and 
fault surface properties) as the model used earlier to study 
strike-slip and thrust faulting110–112, and with a shallow 
weak layer81. Therefore if the dynamics involved in the 
foam rubber models are similar to those involved in real 
earthquake ruptures, we might expect low ground motions 
on the footwall of normal faults. 

Conclusions 

The studies reviewed above have identified several impor-
tant physical phenomena that have not been incorporated 

into seismic hazard analysis. They indicate that much  
research remains to be done to test the hypotheses and to 
develop the new models into tools for engineering app-
lications. The key issues that we see as needing atten- 
tion are: 
 
• Partitioning of uncertainties into aleatory and epistemic 

contributions. 
• Quantification of seismic rock observations and use  

of the data to constrain and improve ground motion 
models. 

• Continuing to deploy strong motion instruments near 
major faults, since only more strong motion data will 
definitively resolve the issues of what is normal beha-
viour. 

• Understanding through modelling and observations the 
physical phenomena that affect strong motion, inclu-
ding the effect of total fault offset, surface rupture and 
type of faulting. 
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