Foreshocks and earthquake nucleation
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The processes that occur prior to and in the initial stages of earthquake rupture are a matter of great interest in earthquake science.  They determine how well large earthquake ruptures can be predicted, either ahead of time or as rupture is just beginning, and are a result of the stresses, friction laws, and fault systems in the Earth.  Better understanding give an indication if the timing of earthquakes must always remain a deadly surprise.  A workshop sponsored by the NSF US-Japan program and the Japan Society for the Promotion of Science addressed these topics on October 3-6, 2000, in Kyoto, Japan.

Abstracts of presentations made at the workshop are on-line at:

http://www2.rcep.dpri.kyoto-u.ac.jp/~mori/workshop/workshop.html.

The workshop focused on observations of foreshocks to earthquakes and on the early rupture process of earthquakes.  A foreshock is an earthquake occurring just before and near another, larger earthquake.  A significant proportion of earthquakes has one or more foreshocks, a fact worth remembering in earthquake country.  The percentage varies from 10% to 50% depending on the precise definition of foreshocks and on the region considered.  Obviously, identification of foreshocks as foreshocks at the time they occur would help earthquake prediction efforts.  Along with regional seismicity patterns, these phenomena offer the most promising geophysical data for prediction, as well as a strong connection to physical models of the earthquake cycle.  

Two end-member models of earthquake nucleation are shown in Figure 1.  In the cascade model, foreshocks, if present, would help cause both subsequent foreshocks and the mainshock by stress transferring stress due to static offset or the dynamic waves generated by the foreshock.  In this model a mainshock is just a normal earthquake that continues to rupture and grows large.  In the preslip model, foreshocks, if present, are a result of slow aseismic slip (pre-slip) in a nucleation zone; the pre-slip eventually causes the mainshock, and the magnitude and areal extent of pre-slip might control the magnitude of the mainshock.  Cascade foreshocks would be no different from other earthquakes, whereas preslip foreshocks might be different, as might the beginning of the mainshock in the preslip model.

One current issue is whether foreshocks are different from other earthquakes, despite appearing similar in most ways.  A number of studies over the past three decades have found that foreshocks as a group have a different distribution of magnitudes, in which the ratio of small to large foreshocks (b-value) is smaller than that for aftershocks.  This difference is typically not terribly helpful in recognizing foreshocks because of statistical uncertainties associated with their small numbers.  Current seismic evidence for other differences between foreshocks and other earthquakes was discussed at the workshop, but remains somewhat elusive.

Several participants suggested that the time constant associated with foreshock activity (p-value) is greater than that of other earthquakes.  That is, foreshocks may act to trigger mainshocks for a longer time than mainshocks continue to trigger aftershocks.  Additionally, foreshocks may be able to trigger mainshocks at a greater distance. However, other presentations indicated that much or all of this effect may be due to contamination by background seismicity, which is difficult to remove entirely due to the paucity of foreshocks.  These latter studies concluded that the foreshock process follows common space-time statistics over a wide magnitude range, which probably favors the cascade model.  On the other hand, foreshocks occur less frequently by a factor of two than is predicted by extrapolating models of aftershock frequency to the case in which an aftershock has a greater magnitude than the initial event.  This model transforms the initial event into a foreshock when the later event occurs.

Differences appear between the frequency of foreshocks for thrust and strike-slip mainshocks in California, although aftershock sequences are similar.  In addition, there are signs of aseismic deformation accompanying foreshocks.  Finally, in several examples, static (but not dynamic) stress transfer from foreshocks probably should have discouraged rather than encouraged the subsequent mainshocks, possibly supporting the pre-slip model.

Workshop participants were split evenly when asked whether foreshocks are different from other earthquakes, both before and after reviewing the evidence.

Direct observation of earthquake nucleation is a primary goal of seismologists.  Nucleation is an important process in models and laboratory studies of friction, and results in a gradual beginning to faulting.  A crucial question is whether the size of the nucleation region scales with the size of the mainshock in the Earth.  A key issue, however, is the relationship of the nucleation processes implied by rate-and-state-dependent models of friction to seismically observable phenomena.  Some nucleation scenarios would be too small to measure, others might be captured with sufficient effort.  Strainmeters or perhaps broadband seismometers with more sensitivity to slow ground motion and closer placement of instruments would provide a more sensitive probe.  A crucial step in measuring short, weak nucleation processes is properly modeling wave attenuation.  Recent findings of very brief slow starts to earthquakes may show nucleation zones 10's of meters wide for earthquakes of a range of magnitudes.

Several observations presented at the workshop document similar hesitant or gradual beginnings to earthquakes ranging in magnitude from 1 to 8, possibly showing seismic nucleation phases.  However, other observations presented there suggest that bigger events start with more of a bang, that is faster, arguing against a previously-proposed scaling of duration of seismic nucleation phases (and area of pre-slip) with mainshock magnitude.  A complication is that processes other than those in models of rate-and-state-friction rupture nucleation may be captured in seismic observations of earthquake beginnings (seismic nucleation phases).  More complex behaviors are possible.  For example, rupture could begin slowly, expand more energetically than average for a while, then revert back to average energy release for the rest of the rupture.

In general, these observations permit the possibility that there may be information in the beginning of the rupture about the eventual earthquake size.  Any such systematic features would aid our ability to forecast how much more energy is yet to come from an earthquake.  However, whether and how the observable seismic nucleation process actually does depend on magnitude is another question on which workshop participants were evenly divided.  If a sufficiently strong dependence could be demonstrated, then valuable information about the ultimate size of the earthquake could be extracted while the event is still beginning, with the rupture still accelerating.

Foreshocks and perhaps the initial stages of earthquakes provide clues to whether damaging ground motions are impending.  It remains to fold in broader seismicity patterns and geodetic deformation and quantify these indicators.  Ultimately, our understanding of how earthquakes initiate bears on societal decisions about practical methods to mitigate seismic hazard.

The workshop ended with a field trip surveying parts of the Median Tectonic Line on Shikoku Island and the fault of the 1995 Kobe temblor.  During the field trip the participants were thrilled to be mildly shaken by the largest earthquake in Japan since the devastating Kobe quake, the Mw 6.7 Western Tottori earthquake.  Afterward, the rapid collection and release of information to the public was impressive.  Knowledge of the foreshock process was used in the response plan to issue public forecasts of the possibility of future strong shaking.  The warnings helped bring people out of damaged buildings and into shelters for safety in the days following the event.
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