
I Research News 

Weak Faults: Breaking Out All Over 
Studies of the Loma Prieta quake have finally laid to rest the fundamental premise that all 
faults are strong; now the problem is to figure out how weak faults work 

EARTHQUAKES USED TO BE SIMPLE. GENER- 
ating them took just two blocks of rock- 
huge ones, to be sure, squeezed together 
with crushing force-trying to slide by each 
other along a fault. Tremendous fiction 
built up along the fault, locking it until the 
stress reached such high levels that it over- 
came the fault's great strength and un- 
leashed an earthquake. That was the theory, 
anyway, and in the laboratory you could 
make little "quakes" by squeezing two 
pieces of rock together to create a strong 
"fault" and then pushing them by each 
other. Nice idea, but it now seems that 
faults aren't always strong. 

A spate of new findings from the San An- 
dreas and other faults is forcing researchers to 
swallow the notion that something comes 
between the great crustal blocks to let them 
slip as if they were as slick as banana peels. 
Speaking of the San Andreas (but you could 
apply this everywhere), geophysicist Mark 
Zoback of Stanford University says: "We've 
thrown off our high-stress paradigm." 

Bad news for seismologists, and not just 
for those who clung to strong faults in the 
face of accumulating evidence of fault weak- 
ness. "It puts us all on shaky ground," says 
Zoback, who quickly adds: "No pun in- 
tended. We hndamentally don't understand 
how earthquakes work. After all these years, 
we don't have a clue." And that bodes ill for 
the search for seismology's Holy Grail- 
earthquake prediction. With the collapse of 
traditional models of fault behavior, "we 
don't have a basis on which to build a 
strategy" for prediction, says Zoback. Oth- 
ers are less pessimistic, but everyone agrees 
that understanding earthquakes now hinges 
on learning how the strong bond of rock 
against rock can be weakened, either perma- 
nently or perhaps only once it begins rup- 
turing in earthquakes (see box). 

Doubts about the strength of faults have 
been mounting for some 20 years, but studies 
of Loma Prieta helped settle the issue by 
showing that faults do not carry the great 
load of stress implied by high strength. To  be 
sure, nobody had ever detected all the stress 
the traditional models had called for-earth- 
quakes release only modest amounts of stress, 
fir less than required by lab experiments with 
bare rock-on-rock sliding. Indeed, if big 

quakes worked the way bench experiments 
do, one seismologist half-jokingly speculates, 
''everythmg would die-even the insects." So 
how have researchers accounted for the short- 
MI? By arguing that only part of the stress 
built up along a fault was released in an 
earthquake, when it could be readily mea- 

Weakened but still dangerous. A gash 
marks the Sun Andreas, where pressurized 
fluids may be at work. 

sured, but most of it was still there afterward. 
Because Loma Prieta struck such a densely 

instrumented region, seismologists Andrew 
Michael, William Ellsworth, and David Op- 
penheimer of the U.S. Geological Survey 
(USGS) in Menlo Park were able to test that 
assumption. They analyzed small shocks that 
took place before and after the main quake 
to find out how stress along the fault had 
changed during the event. If the main event 
had dissipated only part of the stress, the 
aftershocks should have been aligned with 
all the earlier shocks, because much the 
same stress field would be generating them. 
But the USGS team found that aftershocks 
located near the main shock were oriented 
every which way. The overall stress that had 

driven the main shock was gone, or nearly 
gone, the USGS researchers concluded. Al- 
though fault stress may have varied from 
place to place, the nearly complete stress 
drop suggested that the average stress on 
the fault was modest to start, and the fault 
had given way more easily than strong-fault 
dogma would suggest. 

The San Andreas isn't the only fault show- 
ing distinct signs of weakness. In the after- 
math of Loma Prieta, the number of small 
earthquakes changed markedly along other 
faults, as well as along segments of the San 
Andreas well away from the main rupture. 
In pursuing the possibility that Loma Prieta 
triggered those changes, USGS seismolo- 
gists Paul Reasenberg and Robert Simpson 
in Menlo Park found they could best explain 
the response of faults up to 100 kilometers 
away if they are weak. In their model for 
how Loma Prieta could have produced the 
observed seismicity changes, they found that 
the link was strongest when they assumed 
that the coefficient of friction along the 
distant faults is low-more like that of the 
inside of a banana peel than the high friction 
of rock on rock measured in the lab. 

And l i e  any slippery object, faults seem 
able to  slide even when they're mostly 
squeezed rather than pushed. Studies of 
stress orientation are now showing that 
faults have slipped in response to stresses 
that are oriented across the fault instead of 
along it-the direction that would result in 
the maximum "push." Just as a melting ice 
cube will skate across a counter top even 
when it's being pushed from above, a weak 
fault should move even when the stress is 
close to perpendicular to the fault. 

Stress fields oriented at a high angle to the 
faults they drive are turning up all over. At 
Loma Prieta, Zoback and Gregory Beroza 
of Stanford, a specialist in stress and a seis- 
mologist, respectively, have taken a closer 
look at the Loma Prieta aftershocks, many 
of which took place on small fractures in the 
rock near the San Andreas. They found that 
the aftershocks near the main fault and more 
or less paralleling it were responding to 
stress that is nearly perpendicular to the 
fault. That finding suggests that not only 
the main fault but also the faults in the 
surrounding rock were weak. 
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At the other end of  the San Andreas, o n  
Southern California's now-extinct San 
Gabriel and Punchbowl faults, geologist 
Frederick Chester of  St. Louis University 
recently concluded from the arrangement of  
nearby geologic features that the stress driv- 
ing slippage was oriented as much as 60" 
and 80" away from the main faults. Farther 
afield from the San Andreas, Van Mount  
and John Suppe of  Princeton University 
have found from studies in wells near the 
Great Sumatran fault of  Indonesia that stress 
is oriented at 70" t o  80" t o  the fault, and 
preliminarystudies suggest the same may be 
t rue of  the  Philippine fault and New 
Zealand's Alpine fault. 

Now researchers are trying t o  figure out  
what could be making the faults weak 
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enough t o  respond to the feeble pushes that 
would result from high-angle stress. Some 
seismologists are considering the possibility 
that faults become temporarily weak only 
after slippage starts (see box). But other 
theorists are looking for ways to weaken 
faults permanently. Simply lubricating them 
with ground rock o r  clay won't work. At the 
pressures and temperatures 5 t o  1 5  kilome- 
ters down, where quakes get started, poten- 
tial lubricants become as strong as rock. But 
high-pressure fluids could d o  the job, weak- 
ening a fault not by lubricating it but by 
pushing back against the enormous pres- 
sures squeezing it shut (Science, 8 January 
1988, p. 145). 

T o  judge by the looks of  faults exhumed 
by erosion, there is plenty of  water around 
deep in a fault, but confining it until it 
reaches the necessary pressures had seemed 
a problem. Now two new means of  main- 
taining fluid pressures have been proposed. 
Fault mechanics specialist James Byerlee of  
the USGS in Menlo Park suggests that fluids 
now lubricating the San Andreas were 
trapped there when the fault formed, either 
by impermeable clays o r  by pore-filling min- 
erals deposited from the fluids. Once the 
fluid was confined, the weight of  the over- 
lying rock could pressurize it. 
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fluid into the fault. His model relies on the 
fact that at depths greater than about 15 
kilometers, below the fault itself, heat and 1 What Goes Around 
pressure make rock flow like putty rather 
than break. This ductile flow, says Rice, 
would tend to squeeze high-pressure fluids 
out of the rock at those depths and into the 
fault above. There the fluids would be con- 
fined by the relatively impermeable rock 
surrounding the fault until they leaked away 
and were replaced by more fluids pumped 
up from the ductile region. From their in- 
spection of exhumed faults, Chester, James 
Evans of Utah State University, and Ronald 
Biegel of Columbia University's Lamont- 
Doherty Geological Observatory tend to 
favor Rice's model of flowing fluids rather 
than Byerlee's static version; they see min- 
eral deposits in the form of veins-a strong 
indication of fluid flow. 

The notion that faults might be wedged 
open by high-pressure fluids pumped in 
from below is a long way from the idea that 
the high friction of rock on rock makes 
faults strong. But if researchers can figure 
out where fluids get into faults and just how 
they weaken them, they may be able to 
rebuild their understanding of fault me- 
chanics into a foundation for earthquake 
prediction. Knowing how the fluid-induced 
weakening varies along a fault, for example, 
could be crucial to forecasting the next 
damaging quake. And a picture of how 
fluids weaken faults might help seismolo- 
gists understand how some faults-nearly 
horizontal ones such as those beneath the 
Basin and Range province of Nevada and 
Utah, for example-slip at all (Science, 3 
June 1983, p. 1031). 

But the new picture of weak faults may 
also help heal a rift--the intellectual rift 
between laboratory experimentalists, whose 
work on fault mechanics had seemed in- 
creasingly at odds with the behavior of real 
faults, and some of their colleagues doing 
the fieldwork that conflicts with the labora- 
tory data. If invoking high fluid pressures 
can eliminate "the discrepancy between 
what we learn in the lab and what Nature 
does on a large scale," says Rice, "then it 
would mean lab mechanics would be useful 
for learning what the precursors might be" 
for the next big quake. Odd that peacemak- 
ing might emerge from such violence as 
Loma Prieta. RICHARD A. KERR 

ADDITIONAL READING 
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M. D. Zoback and G. C. Bcroza, "Heterogeneous slip 
and stress release in the Loma Prieta earthquake 11: 
Evidence for near frictionless faulting and complete co- 
seismic stress drop," EOS, Transactions, Am. Geophys. 
U. 72, 309 (1991). 

Comes Around 
An unlikely partnership of two mathematicians has solved 
one oldproblem and suggested ways to solve many new ones 
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IF THERE IS AN ODD COUPLE IN MATHEMAT- 

ics, it would surely have to be a differential 
geometer hooking up with an expert in 
dynamical systems. One mainly studies the 
structure of stationary objects, while the 
other is interested primarily in change. Nor- 
mally those two views of the world don't 
mix. But don't try telling that to John 
Franks and Victor Bangert. 

Franks, an expert in dynamical systems at 
Northwestern University, and Bangert, a 
differential geometer at the University of 
Freiburg in Germany, recently teamed up to 
solve a problem that had vexed differential 
geometers for decades: How many closed 
geodesics are there for any Riemannian 
metric on a sphere-or, to put it differently, 
ifArnold Schwarzenegger crushes a basket- 
ball, how many unbroken rubber bands can 
Magic Johnson wrap around it? 

The answer-that there are infinitely 
many conceptual rubber bands (closed geo- 
desics) that can be wrapped around any 
distorted sphere-comes from an entirely 
new theorem Franks and Bangert devel- 
oped, and it not only solves Magic's basket- 

a curve that follows the curvature of what- 
ever surface or space it lies in. "Following 
the curvature" means that geodesics have a 
"shortest path" property: Taken in seg- 
ments, a geodesic connects points in the 
most direct way possible, just as a rubber 
band tries to make itself into as short a loop 
as possible. By analyzing the lengths of 
these loops, mathematicians can deduce 
many properties of the surface they lie on. 

On an ordinary, undistorted sphere, the 
geodesics are all circles, such as the 
earth's equator. And they are all "closed," 
meaning that traveling along one of them 
always brings you around the sphere, back to 
where you started. But on other surfaces- 
ones that Schwarzenegger has worked over, 
for example-geodesics are typically not 
closed. They are more like broken rubber 
bands stretched to an infinite length and 
wrapped endlessly around the surface. Look- 
ing for closed geodesics among this tangle of 
curves is a bit like searching for the proverbial 
needle in a haystack. But Bangert and Franks' 
result shows that there are infinitely many 
needles in this particular haystack. 

To prove that there are 
d 8 an infinite number of 
2 closed geodesics for any 
? closed surface, Bangert 

started with a single closed 
$ geodesic, which served as 

an equator. The only prop- 
erty an equator must have 
-aside from being closed 
-is that it not cross itself. 
For any geodesic that does 
cross the equator, one of 

Distorted basketballs. O n  a things must happen: 
close u p  (left), while others may wrap around forever. Either it crosses the equa- 

tor again, or it doesn't. 
ball puzzle, it is also pregnant with "off- 
spring" from the marriage of mathematical 
disciplines that could have implications for a 
variety of scientific fields from plasma phys- 
ics to new materials. 

The new theorem is especially good news 
for geometers, who consider closed geode- 
sics worth their weight in gold. A geodesic, 
whether it's wandering about on the surface 
of a sphere or cruising through the gravita- 
tionally curved space-time of Einstein's 
theory of general relativity, is essentially just 

Several years ago, Bangert proved that if a 
geodesic crosses the equator, but afterward 
stays in one "hemisphere," then there are 
infinitely many other geodesics that are 
closed. H e  did this using classical tech- 
niques in differential geometry. But the 
other case, where each south-north crossing 
is followed by a north-south crossing, defied 
his geometer's bag of tricks. 

So he turned to an approach first suggested 
by American mathematician George David 
Birkhoff in the 1920s. Birkhoff showed that 




