Limitations of a Young Science

The centennial of the 1906 San Francisco carthquake is a natu-
ral time to reflect on the past, present, and future of seismol-
ogy. We've come far in little more than the hundred years since
the first scismometers were developed in the lare 1800s. We've
learned a lot abour Earth structure and are making progress in
using that knowledge to understand the Earch’s composition
and dynamics. Similarly, we've learned much about the phe-
nomenon of earthquakes and a reasonable amount abour the
tectonic processes that cause them, and are starting to learn
about the physics of the carthquake pro-
cess.

Seill, ir’s wseful to recall how short
one hundred years is compared to the time
scales of tnany Earth processes. The planet
is billions of vears old, plaze motions
that cause ecarthquakes haven't changed
much in the past few million years, and
carthquake histories on many faults seem
complicated on scales of many hundreds
or thousands of years. As a result, inferences we draw from the
short earthquake history available—even adding historical and
paleoseismic data—have serious limitadions and leave many
questions unanswered.

We ali know this and can think of examples, While discuss-
ing the 1906 earthquake, we. recognize that modern seismicity
maps don’t show the southern segment of the San Andreas on
which its 1857 cousin occurred, We realize that we kaow of
this earthquake from historical accounts, and know from paleo-
seismic dara that this fault segment has had a complicated and
irregular earthquake history over the past 2,000 years.

This example from the most studied fault system on Earth
illustrates why it’s worth bearing in mind the shorr records
available, recognizing the limitations they pose for our ability
to understand earthquakes, and accepting that the Earth will
continue to surprise us. Much of whar we expect will prove
dghr-—but some will prove wrong,

The great December 2004 Sumatra earthquake is a good
example. The segment of the trench berween Sumarra and the
Andaman [slands wasn’t particularly active seismically, wasn't
considered particularly dangerous, and wasn’t high-risk on seis-
mic gap maps. Lictle thought had been given to the possibility
of a glant earthquake and devastating megatsunami,

In hindsighr, the short record biased ideas abour where
such earthquakes occur. Earthquakes like this probably have
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happened before, but with long enough recurrence times that
they left no conventional cultural record. Now that scientists
know to look, they're starting to find possible paleotsunami
records.

Although the earthquake surprised us, it shouldn’t have,
We know that the earthquakes chat occur at trenches and other
major faults can be highly variable. For example, the long earth-
quake history at the Nankaj wough shows that sometimes the
entire region has slipped in very large earthquakes, whereas at
other times only parts have slipped in smaller events years aparz.
Another example is the trench segment that produced the
giant 1960 Chilean earthquake. If this
event were to recur as often as the 400-
year record suggests, the seismic slip rate
would exceed the plate convergence rate.
Hence either the 1960 event was bigger
than some of the other large historical
carthquakes, or the mean recurrence of
such events is longer.

Thus ideas aboutr plate-boundary
dynamics may also be biased by the short
earthquake history. Many of the apparent differences berween
subduction zones, such as some trench segments but not oth-
ers being prone to great earthquakes, may reflect the short his-
tory rather than differences in underlying physics. The seismic
coupling hyposhesis characrerizes these differences in terms
of either the largest carthquakes or the highest fraction of the
plate motion released as earthqualkes, and seels to relate them
to parameters such as convergence rate and plate age. No clear
cosrelation has emerged, however. Moreover, the Sumatra
earthquake would not have been expected from the idea that
strong coupling and thus gianc (M > 8.3) earthquakes occur
only when young lithosphere subducts rapidly. Hence we don’t
know whether trenches where we havent seen large thrust
carthquakes are weakly coupled and thus unlikely candidates
for great earthquakes and megacsunamis—or simply have along
recurrence time. Where some of the expected seismic moment
release is missing either there’s a seismic gap-—or there isn't.
Dertailed studies will be needed o resolve this issue. For exam-
ple, GPS data show that sites in the southern Lesser Antilles
move as though they were part of the Caribbean plate, implying
that the effects of the carthquake cycle and coupling are weak.

More generally, the fact that the short earthquake his-
cory makes it hard to distinguish ascismic motion from long
recurrence times makes it hard to assess whether the apparent
regional differences between the fractions of plate motion or
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intraplate deformation thar are released seismically are real. It
looks like essentially all of the expected motion occurs seismi-
cally on the San Andreas and in contineatal interiors, whereas
trenches, oceanic transforms, and continenral plate boundary
zones often appear to have significant aseismic motion. This
may tell us a lor abour differences in rheology and deforma-
tion—or it might be a sampling artifact,

Atafundamental level, the short earthquake history means
we still don’t know the most basic question about earchquake
recurrence: whether it’s time-dependent
or tme-independent. Most of us think
the former-—in the carthquake cycle or
elastic rebound model the probability of
a major carthquake increases with rime
since the last one on a fault segment—
and so we think in terms of seismic gaps.
Experiments based on the idea, however,
either global or ar specific sites such as
Parkfield, haven’t entirely succeeded.
Morecover, the recurrence intervals shown by paleoseismic
records can be interpreced in various ways. A time-dependent
model predicts quasiperiodic earthquakes, whose recurrence
times have a standard deviation smaller than the mean. In
contrast, a time-independent mode! predices clusters of earth-
quakes—because a large earthquake can occur shortly after
another-—and so recurrence times with a standard deviation
close to the mean. Two of the longest records we have lead to
opposite conclusions: Large earthquakes on the Nankai trough
appear quasiperiodic, whereas large earthquakes at Pallett Creek
on the San Andreas look clustered. The fatter may show cither
time independence, elastic rebound perturbed by stress transfer
from neighboring faults or fault segments, or something else.
This is going to be a hard question to settle, especially because
the answer may differ between faules. Perhaps trench earth-
quakes occur in a simpler geometry, are less affeczed by stress
interactions, and are thus more regular than continental trans-
form ones. Much longer earthquake records, some of which can
come from paleoseismology, are needed to address these ques-
tions. Simuiations of fault histories can also help.

Even so, we face the fundamental challenge that because
earthquake cycles for large earthquakes are longer than 100
years, our seismological and geodetic observarions do not span
even one earthquake cycle. As a result, our models are derived
from combinations of shorter data spans on different faults.
This process seems to give a reasonable average picrure, but
ebservations of multiple cycles on individua faults are needed
before we know if we've missed some crucial features.

The short history makes it hard to understand earthquake
recurrence at plate boundaries, where carthquakes episodically
release sirain that geodetic data show accumulates smoothly
over time. The challenge is even more complicated for plate
interiors. We've learned from GPS thar conrinental interiors
deform very slowly, less than 1-2 mm/yr, which limits the
long-term steady-state seisrnic moment release raze. We've also
learned from paleoscismology that faults in continental interi-
ors can turn “on” and “off ", such that where the small strains

[Wle still don’t know the
most hasic question ahout
earfhquake recurrence:

whether it's time-dependent
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are released varies. This makes sense, since the slow deformation
isn't enough to generate large carthquakes on many fault sys-
tems. Hence the past hundred years of seismicity may not tell us
much abourt long-term patrerns,

For example, although the New Madrid seismic zone has
had the most visible seismicity in the North American conti-
nental interior, we've seen only a two-hundred-year snapshot.
Geologic data indicate that this zone has been active for less—
probably much less—than a million years. We don't know why
the large carthquakes started, or how long
they’ll continue. Rock-friction studies
imply that aftershock sequences should
be longer in intraplate areas than at plate
boundaries due to slow loading, so today's
small earthquakes are likely to be after-
shocks of the large events of 1811—1812.
Hence although this is a likely place for
continued small earthquakes, we don’t
know if future large earthquakes are more
likely here than in other regions within the continental interior
that may be equally or more susceptible to strain concentra-
tions. Paleoliquefaction studies show prior sequences around
A.D. 900 and A.D. 1450, but we do not know if such sequences
will continue. After all, nothing appears to be very special about
the Reelfoot Rift. Recent data show little or no heat fow anom-
aly across it, so it’s unlikely to be much hotter or weaker than its
surroundings. Lots of similar fossil seructures are out there, and
it is possible thar seismicity migrates among them, The Meers
Fault in Oklahoma—with no present seismicity bus with evi-
dence of motion in the past few thousand years—may be just
one such struczure.

Similarly, although New Madrid is today’s best example
of large carthquakes in a continental plate interior, I doubt it’s
very different from other such zones. Incraplate seismic zones in
Australia, northwest Europe, and the Pannonian basin deform
at similar rates, and so have similar maximum earthquake mag-
nitudes and recarrence rates.

As a result, the short record poses a major challenge for
efforts to estimate furure seismic hazards, especially where the
plate motion or intraplate deformation rate is slow enough thar
the recurrence times of large earthquakes are long compared
to the record. Almost every aspect of hazard estimation faces
this challenge, because hazard estimates seek to quantify the
shaking expected during periods of time {once in 500 years in
California and other most countries, once in 2,500 vears in the
central and eastern US.) thar are much longer than the seismo-
logical records,

The first issue is deciding where large earthquakes are
likely. Seismic hazard maps for places such as the North African
coast, North Americas eastern continental margin, and the St.
Lawrence Valley sometimes show “bull's-eyes” of high predicred
hazard where we know from instrumental or historic records
that moderate to large earthquakes have occurred. There’s no
reason to believe, however, that these sites are more likely o
have furure large earthquakes than other sites on the same struc-
tures that should deform at similar rates. In fact, stress rransfer
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arguments imply that large earthquakes at the other sites may
be more likely. Hence although US. carthquake hazard maps
are still based primarily on the short earthquake record, other
countries are starting to also use the geology in maps that pre-
dict more uniform hazard along similar structures.

The second issue is inferring the maximum sizes and recur-
rence intervals of future earthquakes in a given area. Where long
earthquake records from plate-boundary segments exist, chey
show variability in the sizes and recurrence times of large earth-
quakes. Hence a short carthguake record from an area with Jong
recurrence times is likely cither to miss che largesc earthquake
entirely, or preferentially to detect farge eart }quakes with recur-
rence times shorter than the average. As S
a result, frequency-magnitude {6 value)
studies are likely either to underpredict
the sizes of the largest earthquakes, or
conclude that they are “characteristic”—
more common than expecred from the
rate of smaller carthquakes. Adding
historical and paleoseismic data is very
valuable, but combining these data with
seismological data is tricky. Historical
studies add events with known dares, bur with considerzble
uncertainty in magnitudes. For example, magaitude estimares
for the 1906 San Francisco earthquake ~based on early seismo-
logical data-~have been as high as 8.3, compared to the typi-
cal current value of 7.9. The challenge is even greater for pre-
instrumental data; recent results suggest low M7 magnitudes
for the largest 18111812 New Madrid earthquakes, but esti-
mates still range from low M7 to over M8. Paleoseismic studies
have uncertainties both in the estimated dates and in recurrence
times due to possibly missed events—and even larger uncer-
tainties in estimated magnitudes. For example, coauthors and 1
have concluded that palecliquefaction analysis for New Madrid
has overestimated the sizes of paleoevents, producing apparent
characteristic carchquakes.

We can assume earthquakes
are most fikely in parts of a
seismic zone where they've

happened recently, more
likely where they haven’t
happened recently, or equally
likely throughout the zone.

A third issue is that we lack inscrumental records of strong
ground motion in most areas of low seismicity. Hence hazard
maps for areas such as northwestern Europe and the eastern
U.S. depend crucially on the assumed ground motion model.

A fourth issue is that because the earthquake record is
too short to resolve whether earthquake recurrence is time-
dependent or time-independent, it’s not clear what to assume
in hazard maps. We can assume carthquakes are most likely in
parts of a seismic zone where they've happened recently, more
likely where they haven't happened recently, or equally likely
throughourt the zone. The predicted hazards vary: Time-inde-

pendcnt moddq predict the same probability of 2 large earth-

quake regardless of the time since the ast
one, whereas time-dependent models
predict lower probabilities for the first
two thirds of the mean recurrence inter-
val, and then higher probabilities as the
carthquake is “due” There’s no srandard
choice: Some California maps have been
based on time-dependent probabilities,
whereas the central US. maps are based
on time-independence. In cach region
these opposite assumptions tend to predict higher probabilities
than the alternative, due to the longer recurrence time in the
central US.

Problems resulting from the short earthquake record are
going to be tough, if not impossible, to fully solve on time
scales shorter than thousands of years unless we learn a great
deal more about the underlying earthquake physics, Naturally,
we won't stop trying. Ail we can do is keep doing our best, hop-
ing to do better as we learn more, while maintaining healthy
humilicy about what we don’t know in the face of the complex-
ities of narure. No matter what we do, our young science wilf
conginue to encounter major surprises such as the Sumarra
carthquake. B
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