
Cannot Earthquakes Be Predicted? 

Rober t  J.  Geller et al. are on shaky ground 
when they state, in the title of their Per- 
spective (1 ), that earthquakes cannot be 
predicted. In spite of their advice, we 
should not stop studying the physics of 
preparation for catastrophic rupture, in the 
field, the laboratorv, and theoreticallv: nei- , , 
ther should we stdp measuring crustal pa- 
rameters that might furnish constraints for 
nhvsical models: and we should continue 
L ,  

researching statistical methods to evaluate 
prediction claims and to test hypotheses 
quantitatively. 

Some of the arguments Geller et al. put 
forward are incorrect. For example, the "slip 
on geological faults" is not always as "sud- 
den" as they state. In 10% to 30% of large 
earthquakes, foreshocks occur days (2) to 
months (3) before the main shock. Seismol- 
ogists agree that foreshocks are a symptom of 
some preparatory process to the main rup- 
ture. Thus, foreshocks are precursors. If that 
process could be detected and understood by 
measuring the several physical parameters of 
Earth's crust that probably change during it, 
then prediction would be possible, even if 
foreshocks themselves can be identified with 
a low probability only (4). 

When Geller et al. state that li[t]here are 
no obiective definitions of 'anomalies'" and 
that "statistical evidence for a correlation is 
lacking," they appear to be referring to spe- 
cific papers that have been criticized (5) .  
However, there are examples of clearly for- 
mulated, even tested, hypotheses. Evison 
and Rhoades (6) formulated a rigorous sta- 
tistical test and au~ l i ed  it in real time to 
their well-defined hypothesis of precursory 
earthquake swarms. The algorithm M8 (7) 
has been tested in real time, and critically 
evaluated by others (8). The hypothesis of 
Drecursorv auiescence also has been clearlv 
stated (9), 'and specific predictions havk 
been made to test it (10). O n  the basis of a 
mathematical model of failure of earth ma- 
terials, the hypothesis of increasing moment 
release has been formulated (1 1) and tested 
by predictions (1 2). 

Geller et al. are also incorrect in stating 
that "no quantitative physical mechanism 
links the alleged precursors to earthquakes." 
Laboratorv rock fracture exueriments have 
shown that dilatancy occur' in rocks under 
high deviatoric stresses and that rock prop- 
erties are drastically altered by this phe- 
nomenon (1 3). Dilatancy could explain 
many precursors, as proposed by Scholz et 
al. (14). A n  alternate mechanism to ex- 
plain precursors is a reduction in ambient 
stress level that results from strain softening 
(15) during days to years before catastroph- 

ic failure in a major earthquake. This phe- 
nomenon is routinely observed in the lab- 
oratory in stiff rock presses, and it has been 
modeled quantitatively by modern friction 
laws 11 6 ) .  with the result that vears before ~ , ,  

large subduction shocks occur, a reduction 
of stress is exuected near the source volume 
(17). Thus, several types of measurements 
could furnish observable precursors. Finally, 
the pore pressure of underground fluids, 
which is known to play an important role in 
rupture initiation along many faults (18), 
can be altered in a number of ways, which 
also could lead to precursors. Some of these 
models are quantitative, others not yet be- 
cause too few constraints exist at this time. 

Geller et al. are again incorrect when 
they say that "the leading seismological au- 
thorities of each era have generally con- 
cluded that earthquake prediction is not 
feasible." They should have added "with the 
current knowledge" to this sentence. I re- 
member the frustration of Richter, when 
asked sensationalist questions about un- 
founded nredictions, instead of the science 
of earthquakes. However, as cited by Geller 
et al.. Richter did not advocate an ouinion 
that earthquake prediction was inherently 
impossible. 

Geller et al. state that thev believe that 
earthquakes occur at random. Randomness 
would require the assumptions that the tec- 
tonic stress is near failure everywhere and at 
all times, and that the stress drops are small, 
depleting the local elastic energy available 
for further ruptures only to an insignificant 
degree. But the accumulation and release of " 

strain that has been measured leading up to 
and following earthquakes, respectively, 
suggests otherwise. For example, the M7.2, 
Kalapana, Hawaii, earthquake in 1975 was 
anticbated on the basis of the observed 
accukulated strain (19). Over decades, 
compressive strain of 4 (I@-') accumulated, 
and during the earthquake the same 
amount of strain was released (20). This 
conclusion was also reached by Reid et al. 
(21 ) for the 1906 San Francisco earthquake. 
Precise leveling along the coast of Japan 
(22), and geological records of recent 
sedimentation along beaches (23) show 
that strain is released in great earthql~akes 
only after it has been accumulated over 
centuries. 

The figure in the Perspective by Geller 
et al. (p. 1617) does not support the idea 
that earthauakes are unuredictable. It 
shows, instead, that the sizes of cracks avail- 
able for failure in earthquakes are fractally 
distributed. In volumes where no strain en- 
ergy has been built up by tectonic processes, 

however, large earthquakes cannot occur, 
regardless of the nature of the crack distri- 
bution. Along the plate margins, where the 
vast majority of all earthquakes occur, the 
stresses are likely to be low, and the stress 
release may be nearly complete (24). 

A t  the time of Columbus, most experts 
asserted that one could not reach India by 
sailing from Europe to the west and that 
funds should not be wasted on such a folly. 
Geller et al. make a similar mistake, but I 
doubt that human curiosity and ingenuity 
can be prevented in the long run from 
exploring fully the extent to which at least 
some earthquakes are predictable, although 
it is not easy. Such discoveries will be made 
in Japan, Europe, or China if the current 
lack of funding for earthquake prediction 
research continues in the United States. 
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Gel le r  et al. ( 1  ) present an unduly negative 
view of research in a difficult field. A t  
present, no mechanism for the cause of 
electromaenatic orecursors is known well - 
enough so that these precursors can be used 
reliably for earthquake prediction (2) .  
Within the framework of the scientific 
method, however, refinement of a hypoth- 
esis in earthquake prediction becomes a 
multiyear process with infrequent experi- 
ments (that is, observations associated with 
earthquakes). This is the reason why most 
reports of precursors are written after the 
earthauake has occurred. It is time for 
earthquake prediction research to be more 
honestly identified as earthquake monitor- 
ing. Part of the problem is of our own 
making; some of us in the field have been 
overly quick to promise viable prediction 
techniques and equally quick to declare pre- 
diction experiments failures. Had we been 
more patient in the 1980s, monitoring such 
experiments as that in Hollister, California, 
we mieht have recorded the 1989 Loma " 
Prieta earthquake, and experiments in 
Palmdale, California, might have caught 
the 1994 Northridge earthquake. 

The length of an experiment should not 
be an argument against the potential value 
of the eventual results. Not only do efforts 
to detect these precursory changes continue 
in both the United States (3) and interna- 
tionally (4), but contrary to the statements 
by Geller et al., the VAN experiment (5) is 
still being actively debated and considered 
as a viable orediction tool. The kev to 
assuring that ihese experiments are valuible 
is to design them to objectively define 
anomalies, differentiate between natural 
signals and noise, elucidate physical mech- 
anisms, and orovide a data set amenable to 
statistical analysis. The answer to whether 
or not earthquakes can eventually be pre- 
dicted deoends on how one defines the 
acceptable level of uncertainty associated 
with urediction. The field is not vet suffi- 
cientfy mature to address the uncekainty in 
most cases. We  simply have not had suffi- 
cient numbers of events to establish a 
cause-and-effect relationship, much less as- 

sess uncertainty or identify a physical mech- 
anism. Whether or not a particular level of 
uncertainty is useful must be judged by 
those entrusted with public safety and de- 
cision making. 

Geller et al. say that the previous 100 
years of failure at prediction is an argument 
against future success. However, geophysi- 
cally based prediction techniques are still 
only a few decades old, and they introduce 
fundamentally new and different approach- 
es from the previous 100 years. Although 
we agree that earthquake hazard mitigation 
is more valuable in the immediate future. 
dismissing the field of earthquake predic- 
tion research seems premature to us. If one 
considers the potentially large payoff that 
can be realized from a successful prediction, 
and that at least one technique (VAN) is 
still being actively evaluated, one would 
have to conclude that earthquake predic- 
tion research should be continued and the 
debate left open. 
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Response: Earthquake science can achieve 
significant improvements in fundamental 
understanding of tectonics, material behav- 
ior, stress interactions, and related physical 
processes. It can also deliver improved 
seismic hazard estimation and risk reduc- 
tion. However, as we pointed out in our 
Perspective (1 ), earthquake prediction 
would have to be reliable (producing few 
false alarms and few failures to predict) 
and accurate (with small ranges of uncer- 
tainty in space, time, and magnitude) to 
justify the cost of responses such as declar- 
ing a state of emergency or ordering evac- 
uations. As decades of intensive research 
have not yielded positive results (2,  3),  

hopes for such reliable and accurate pre- 
diction appear to be unrealistic. 

There are many systems whose govern- 
ing physical laws are known, but whose 
underlying complexity and strong nonlin- 
earity nevertheless preclude reliable and ac- 
curate prediction. For example, the rate of 
auto accidents can be estimated, but the 
time and location of individual accidents 
cannot be predicted. Speeding frequently 
precedes accidents, but only a small fraction 
of speeding violations are followed by seri- 
ous accidents. Even after a crash has begun, 
its final extent and severitv d e ~ e n d  on un- , . 
predictable dynamic interactions between 
drivers, cars, and other objects. Predicting 
individual earthquakes is a still greater chal- 
lenge, because we lack detailed knowledge 
of the relevant parameters (fault geometry, 
strength variations in the fault zone mate- 
rial, rheological properties, and state of 
stress), and the relations governing failure 
are not known. Even after faulting starts, 
whether any small earthquake cascades into 
a large one depends on details of the non- 
linear interference of large amplitude dy- 
namic stress waves in a highly heteroge- 
neous medium. These general physical con- 
siderations, which do not rest on any par- 
ticular model of the source process, suggest 
that the outlook for reliable and accurate 
earthquake prediction is bleak (4, 5 ) .  

There are four key reasons why the 
above comments are overlv outimistic. , 

1) Statistically significant precursors 
have not been identified. The existence of 
foreshocks illustrates the fundamental diffi- 
culty of prediction. "Foreshocks" can be 
identified retrospectively: they are earth- 
quakes that occur shortly before larger near- 
by earthquakes. However, there is no 
known way to prospectively distinguish 
foreshocks from random small earthquakes, 
although considerable efforts have been " 
made, unsuccessf~~lly, to find one (6). Fore- 
shocks occur under almost the same condi- 
tions as the subsequent main shock, but 
their energy release is orders of magnitude 
smaller. Highly accurate strain measure- 
ments (5, 7) show that any physical change 
in the interval between the foreshocks and 
the main shock is extremely subtle. There is 
little, if any, correlation, even retrospec- 
tivelv. between the size of foreshocks and , , 
that of the subsequent main shock (8). 

The lack of agreement among prediction 
advocates on a single set of "best-candidate 
precursors" underscores the weakness and 
inconsistency of their case. A committee 
chaired by Wyss (9,  10) compiled a list of 
five possibly significant precursors, which 
he (10, p. 12) characterizes as the "cream of 
the crop." Yet his comment appears to ein- 
phasize a different set of possible precursors 
(his references 6-12), while Aceves and 
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Park (their references 2 ,  4, and 5 )  cite 
reports of possible electromagnetic precur- 
sors, some of which have been criticized by 
Wvss 111 ). To validate a wrediction meth- , , ,  

od, one must show it to be successful be- 
yond random chance (12, 13), but such 
success has not been demonstrated in these 
or other studies. 

The work cited in the comment bv Wvss , , 
(his references 6-12) does not appear to 
support the existence of precursors with 
reliable predictive power. The "M8" algo- 
rithm (14) does not aim to make predic- 
tions of the type discussed in our Perspec- 
tive; M8 instead aims to identify space-time 
regions where the probability of an earth- 
quake is higher than normal. However, the 
alarms issued by M8 are not statistically 
significant (15), and some appear to be 
artifacts ( 1  6). Evison and Rhoades (17) 
showed that the precursory swarm hypoth- 
esis was not statistically significant. "Pre- 
cursory quiescence" (18) is not a well-de- 
fined phenomenon, appears not to be a 
statistically significant precursor, and is fre- 
quently an artifact (19). A successful pre- 
diction of the 1978 Oaxaca, Mexico, earth- 
quake was claimed on the basis of a report 
of seismic auiescence 120). but other anal- , , ,  

yses (21) make a strong case that the qui- 
escence was an artifact. Kisslinger acknowl- 
edges that "the specifically predicted event 
has not happened" (22, p. 218). 

2)  A physical basis for prediction has not 
been established. It was briefly believed in 
the 1970s that dilatancy (an increase in 
volume of rocks before failure) occurs ex- 
tensively before earthquakes [see 13, 14 in 
the comment by Wyss]. Some reports of 
possibly precursory 10 to 20% temporal 
changes in seismic wave velocities were tit- - 
ed as evidence, but were later found to be 
artifacts (23). Such temporal variations 
were not found by studies using controlled 
(explosive) sources (24). Recent research 
has ulaced much lower limits on ~ossible 
temporal variations (25). A reported large 
crustal upllft in Callforn~a (the "Palmdale 
Bulge") was interpieted by Wyss (26) as a 
result of dilatancy, but was later shown to 
have been an a~tlfact (2, 27). 

Some models (see 15-1 7 in the com- 
ment bv Wvss) in u~ l~ ich  eartllauakes have , . 
observable precursors have been proposed, 
but their applicability to the Earth has not 
been demonstrated. Studies [see 19-24 in 
the comment by Wyss] of strain accumula- 
tion cannot be used to make reliable and 
accurate predictions, because actual seis- 
micity is highly irregular ( 1  3, 28). Wyss' 
statement that changes in "pore pressure of 
underground fluids . . . also could lead to 
precursors" is speculation. There is strong 
evidence that the crust is widely in a near- 
failure state, in which small perturbations 

can trigger earthquakes. Such triggering was 
observed over a large area at distances of 
lo@@ krn or more from the epicenter of the 
1992 Landers earthquake (29). 

3) Prediction efforts based on electro- 
magnetic observations do not seem promis- 
ing. There are several problems with reports 
of electromagnetic precursors: the lack of 
statistical significance ( 1  2,  30); the absence 
of simultaneous geodetic or seismological 
urecursors; the absence of coseismic (at the 
time of the main shock) electromagnetic 
signals of the same type as, but with larger 
amplitudes than, the alleged precursors; the 
fact that sources other than earthquakes 
have not been ruled out; the lack of consis- 
tency; and the lack of a quantitative rela- 
tion between the anomalies and the earth- 
quake source parameters. 

Aceves and Park cite the VAN studies 
in arguing that prediction research should 
be continued. However, some geoelectrical 
signals described as precursors in the VAN 
studies have been shown to be artifacts 
(31). We have not seen convincing evi- 
dence that anv of the signals observed in 
the VAN studies are eartcquake precursors. 
Varotsos and his co-workers state that geo- 
electrical sionals recorded weeks before. and 
at distances of over 100 km from, subse- 
quent earthquakes were precursors (32), but 
this would require paths with extremely 
high electrical conductivity that are incon- 
sistent with the geology of Greece (33). 
The VAN studies' "predictions" are vague 
and ambiguous, their "successful predic- 
tions" are not statistically significant, their 
"successes" include cases where the nominal 
tolerances were exceeded 134). and their 

\ , ,  

"predictions" correlate much better wit11 
preceding, rather than subsequent, earth- 
quakes, as they were issued preferentially 
during periods of heightened seismic activ- 
ity ( 1  2,  34). Wyss (1 1,  p. 1302) apparently 
shares our opinion: " . . . there is nothing in 
favor of the VAN l~voothesis." 

1 .  

4) Empirical prediction research seems 
unlikely to be fruitful. The long search for 
precursors has yielded none with reliable 
predictive power and has contributed little 
to understanding earthquakes. Some predic- 
tion research employs high standards, but 
putting the hoped-for result ahead of the 
scientific methodology invites a lack of rig- 
or. Wyss says "discoveries will be made in 
Japan. . . if the current lack of funding for 
earthquake prediction research continues in 
the United States." However, the obstacles 
to predicting earthquakes are the same in 
Japan as elsewhere; a recent review (35) 
criticized Japan's prediction program (36). 

Emergency measures in response to pre- 
dictions, as defined above, u~ould be llighlv 

u ,  

costly and would greatly disrupt society. 
Such measures could only be taken on the 

basis of a glaringly obvious precursor that 
almost invariably preceded large earth- 
quakes and almost never occurred otherwise 
(37). Furthermore there u~ould have to be a 
reliable quantitative relation between the 
precursor and the parameters of the im- 
pending earthquake. As the past decades of 
prediction research have not found any 
suc11 clear and highly reliable precursory 
signal (2 ,  3), it seems likely that none ex- 
ists. We therefore think that emphasis 
should be placed on basic research in earth- 
quake science, real-time seismic warning 
systems, and long-term probabilistic earth- 
quake hazard studies. 
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