








length of the preceding cycle. The last two episodes preceding the main shock were
accompanied by the occurrence of events outside the study area at distances of less than
60 km from the main shock. These events were comparable in size (mp 4.6 and 4.7) to
the main shock. This pattern (fig. 3) could have been used to predict the time of the end
of the fourth cycle, but not that the cycle would be terminated by a much larger event,
that is, the main shock. The expectation of the main shock was, however, indicated by
application of a nonlinear time- and slip-predictable foreshock model developed by
Bufe, Varnes, and Nishenko (1993). This model, applicable to those foreshock sequences
in which larger foreshocks occur as time of failure is approached, was applied to the
upper and lower bounds of the cumulated square root of seismic moment versus time
plot (fig. 4). The best retrospective functional fit, represented by the lower- and upper-
bound curves, describes the principal features of the sequence, projecting from the last
datum, 43 days before the main shock, to an expected main shock of mp 4.5 (actual 4.8)
at a time only 2 days later than the actual time.

Properties of nonlinear dynamic systems

The above indications that the seismic series had an underlying regularity led us to
apply some techniques for analyzing nonlinear dynamic systems to the Virgin Islands
data. One method is to determine the dimension of a pertinent characteristic of the
system. We chose the time between events as a precisely determined, observable
characteristic of the system. In the classical concept, such a set of points defining times
would have a dimension of zero. It turned out that all the possible 666 interevent times
among the 37 earthquakes of the series formed a set with a non-integer correlation
dimension of 0.7. This suggested that the seismic time series is temporally fractal. A
similar examination of interevent hypocentral distances, which if nonfractal would have
a dimension of 1, yielded a correlation dimension of 1.3, also suggesting that the seismic
series is spatially fractal. These calculated dimensions are approximate, calculated from
a relatively small data set, and are probably minimums, as they were determined from
an irregular and discrete set of interevent times and distances.

Knowledge of a poorly understood process often can be advanced by disclosing
patterns in the development or products of the process. One of the techniques used to
reveal unsuspected patterns in analysis of discrete nonlinear dynamic systems is to
iterate successive outputs. We have chosen, for example, to iterate successive rates of
seismicity. The rate of occurrence of seismic events can be defined simply by the
reciprocal of interevent time intervals between consecutive events. These successive
rates, Rjand Rj4+1, define points in 2-D log-log space, as shown in fig. 5. This diagram
reveals some unexpected regularities: several families of parallel, or nearly parallel,
lines connect successive data points. Even more striking are the similar geometric
figures made by connecting the series of points in set 6, 7, 8, 9, 10 and in a second set of
points 24, 25, 26, 27, and 28. These two sets, shown by heavy lines, are separated in time
by a nearly constant interval of about 200 days, yet identify parallel sequences of events
that are not apparent in the raw data.



The irregular spiral of Figure 5 can be expanded into 3 dimensions by plotting each
point of the figure at the time t; of the event that separates the intervals. Figure 6 is a
projection of the resulting helix as viewed horizontally and in the direction indicated by
the arrow in Figure 5. Now, more regularities become apparent concerning the times
between events. If a certain interval of 140,488 minutes (97.56 days) is taken as a unit of
measure, many other intervals between events are seen to be simple rational fractions of
that unit. Each of those identified in the figure are accurate within one percent.

Summary

We have shown that accumulated seismic strain release may follow determinable
mathematical functions and that regularities in the times between precursory seismic
events can be disclosed by iterative techniques used in nonlinear dynamics. Although
the physical causes of these regularities are not clear, the presence of different types of
regularities strongly suggests that at least some earthquake sequences are not random
but result from underlying deterministic nonlinear physical processes. We believe
analyses of these relations and regularities may lead to a better understanding of the
dynamics of earthquake generation.
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Figure 1. Cumulative (from 1855) pre-step values of Benioff strain release for northern
California earthquakes of magnitude 5 or greater for the period 1927-1988. The line is the best
fit solution for m and tf.
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Figure 2. Time-to failure analyses of cumulative Benioff strain
for combined Shumagin Islands and Alaska Peninsula segments
(155-162 W. longitude) using data for Mg>5.2 from an
earthquake catalog developed by Steven Jaume’' at Lamont-
Doherty Earth Observatory (Jaume’, 1992). Time is in years
since 1900, t¢ is projected time of failure, mag is projected moment

magnitude, mfixed is exponent of time to failure, and coercoef is
correlation coefficient for data fit.
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Figure 3. Times of principal intervals (largest event in cluster) form a linear plot
when iterated one against the next. This allows prediction of the time of the main
shock, but not its size.



x 108
2-5 T ] i H

—-—
(8}
T

1

-tf = 1980.128
mlower = 0.3

mupper = 0.2058
magnitude = 4.465

cumulative (Mo in Nm)~0.5

o
n
T

-99579.2 1979.4 1979.6 1979.8 1980 1980.2
TIME

Figure 4. Stairstep graph of the accelerating increase of the cumulative
square root of seismic moment released by the 37 events in the Virgin
Islands sequence. The upper and lower bounds of the plot (values at tfare

shown as + and o, respectively) are confined within curves, described in the
text, that lead to estimates of the time and magnitude of the main shock.
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Figure 5. Iteration of log rate of occurrence of successive seismic events. Rate is defined by the
reciprocal of the time since the previous event. For example, the point labeled 10 is plotted at
log R; = log [1/(t10-t9)] = 0.112, and log Ri+1 = log [1/t11-t10)] = -1.416, where t9, t10, and
t11 are the times of successive events since April 15, 1979. The heavier lines connecting points
6 through 10 and 24 through 28 indicate two similar successions of time intervals that
occurred about 200 days apart. The arrow indicates the angle of view of Figure 6.
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Figure 6. The cyclic trajectory of Figure 5 has been expanded along a time axis into a helix.
This figure is a 2-dimensional projection of the helix as viewed horizontally from the angle shown
in Figure 5.



