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Abstract
Several retrospective analyses have proposed that significant increases in moment release
occurred prior to many large California earthquakes of recent time. However, the finding of
accelerating moment release (AMR) strongly depends on the choice of several parameters
(magnitude range, area being considered surrounding the events, time period prior to large
earthquake) and the AMR analysis may appear as a data-fitting exercise with no new predictive
power. As AMR may relate to a state of high stress around the eventual next epicenter, it is
interesting to compare the AMR results to models of stress accumulation in California. Instead of
assuming a complete stress drop on all surrounding fault segments implied by the back-slip stress
lobe method of Bowman and King [1992], we consider that stress evolves dynamically,
punctuated by the occurrence of earthquakes and governed by the elastic and viscous properties
of the lithosphere [e.g., Freed et al., 2007]. We study the seismicity of California obtained from
the ANSS catalog between 32N and 40N since 1911 and extract events for AMR calculations
following the systematic approach employed in previous studies. To quantify the AMR, we
examine the ratio (c-value) between the root mean square of a power-law time-to-failure function
versus a linear fit to the cumulative energy of events. Using Nutcracker, a stress and seismicity
analysis software, we generate several sensitivity tests of the method, as well as a first gridsearch analysis for a few large events in Southern California (Kern County, Landers and Loma
Prieta). With the same optimized AMR parameters as Bowman, the grid search results show that
the regions surrounding the earthquakes have the smallest c-value. That may be interpreted as a
positive result for the AMR analysis. However the AMR parameters are first chosen in order to
get the smallest c-value at the epicenter of each particular event and they are different for each
earthquake. We also present here a more general AMR analysis from 1955 to today with a fixed
magnitude range, radius of area and period of time. We compare these results to the occurrence
of large events in time and to maps of Coulomb stress changes due to all M>7.0 earthquakes
since 1812, subsequent postseismic relaxation and interseismic strain accumulation. The goal of
this comparison is to evaluate if areas inferred to be highly stressed also exhibit significant
evidence of accelerating seismicity.
Significance and Objectives
It has been proposed that significant increases in moment release occurred prior to many
large California earthquakes of recent times [Bowman and King, 2001; Bowman, et al., 1998;
Bufe and Varnes, 1993; Ellsworth, et al., 1981; Jaumé and Sykes, 1999; Sammis, et al., 2004].
Precursory accelerating seismicity has also been suggested in other regions of the world [Lindh,
1990; Mignan, et al., 2006; Robinson, 2000]. Most of these analyses were retrospective forecasts
or “postdictions” [Sammis, et al., 2004], and the evidence for accelerating moment release
(AMR) depends on the choice of the area being considered surrounding such events. Some
prospective forecasts have been undertaken and some success been reported [Bowman, et al.,
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2003; Bufe, et al., 1994]. Related methods, such as the Pattern Informatics approach by Rundle
and colleagues [Rundle, et al., 2002; Rundle, et al., 2003] identify correlated regions of
seismicity in catalog data that are thought to precede a main shock by months and years. A large
number of models have been proposed to explain the mechanical source of AMR-type behavior
including intermittent criticality, damage mechanics, critical stress accumulation, and Coulomb
stress interaction [Bufe and Varnes, 1993; King and Bowman, 2003; Rundle, et al., 2002].
A key challenge in using AMR analysis to improve the precision of earthquake forecasts is to
determine the area over which seismicity is being evaluated and where stress is thought to be
close to critical levels. Earlier studies considered circular regions of varying radii (e.g., Figure
1b). Bowman et al. [1998] suggest that the size of the critical region of significant AMR in past
events scales with the magnitude of the concluding earthquake and thus needs to be scaled
appropriately for each event. A critical analysis of the AMR approach employing circular regions
by Michael et al. [2006] suggests that the evidence for AMR may be biased by optimizing the
time period, area, and sometimes magnitude range analyzed before each mainshock. Following
the approach of Bowman et al. [1998], Michael et al. [2006] conduct an analysis of both real and
synthetic catalogs of southern California seismicity to ultimately “suggest that the AMR
observed using this method is actually the result of data-fitting and does not represent a real,
precursory process”.
As AMR may relate to the level of stress loading the impending rupture, Bowman and King
[2001; King and Bowman, 2003] propose that the critical region of high stress and likely
moment-release acceleration is one that is better represented by high-stress areas determined
with a back-slip dislocation model of the final rupture. In retrospective studies “recovering”
Coulomb stress lobes are modeled using the reverse of the earthquake-rupture slip model, in
prospective studies various potential scenario earthquakes need to be considered. With this stress
recovery method a specific pattern of stress is being considered which is equivalent to that being
produced by aseismic and/or seismic slip of the fault plane adjoining and below the future
rupture (Bowman and King, 2001, Figure 1a). Similar to the optimization procedure in finding
the critical region in circular areas, an optimal Coulomb stress contour is determined (Figure 1b),
within which AMR is inferred to occur. This model is clearly a first-order representation of the
pre-rupture stress, as it assumes complete relief of stress on all but the impending rupture plane.
Use of this technique for earthquake forecasting or prediction is complicated by the required
knowledge of the fault or fault segments that will rupture in future events [Bowman and King,
2001]. Nonetheless, systematic evaluation of a large number of rupture segment scenarios can be
undertaken (e.g., [Mignan, et al., 2006]).
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Figure 1. (a) Illustration of back-slip approach to identify areas of high stress prior to a large earthquake
rupture based on the assumption that slip has occurred either by creep or seismic rupture on the adjoining
fault plane (modified from Bowman and King, 2001). (b) Example of circular and back-slip stress-lobe areas
evaluated for AMR prior to events in Baja California (modified from Sammis et al., 2004). (c) Interseismic
stressing rate (Coulomb stress on N40°W fault planes assuming µʻ = 0.4) derived from geodetic SCEC CMM
3 velocity field. (d) Contributions from co- and postseismic deformation of M>6.5 earthquakes since 1812 to
the evolving stress field in southern California. Stress is assumed to be uniform prior to the starting period.
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Introduction
Several retrospective analyses have proposed that significant increases in moment release
occurred prior to many large earthquakes of recent times. However, the finding of Accelerating
Moment Release (AMR) strongly depends on the choice of several parameters (magnitude range,
area being considered surrounding the events, time period prior to the large earthquake) and the
AMR analysis may appear as a data-fitting exercise with no new predictive power. As AMR may
relate to a state of high stress around the eventual next epicenter, it is interesting to compare the
AMR results to models of stress accumulation in California. Instead of assuming a complete
stress drop on all surrounding fault segments implied by the back-slip stress lobe method
[Bowman and King, 2001], we consider that stress evolves dynamically, punctuated by the
occurrence of earthquakes and governed by the elastic and viscous properties of the lithosphere
[Freed et al., 2007]. We generate several sensitivity tests of the method, as well as a first gridsearch analysis for a few large events in Southern California. We also present here a comparison
of a more general AMR analysis from 1965 to today with maps of Coulomb stress changes due
to all M≥7.0 since 1812, subsequent postseismic relaxation and interseismic strain accumulation.
The AMR concept and data
It has been found that an increase in the number of intermediate earthquakes occurs before a
large event, which produces a regional increase in the cumulative Benioff strain. This cumulative
Benioff strain can be fit by a power law time-to-failure relation (Bowman et al., 1998), which
has the following form:

"(t) = A + B(t c # t) m
and
N (t )

!
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where ε(t) is the Benioff strain, N is the number of earthquakes considered, E is the energy of
individual earthquakes, tc is the time of the large earthquake and A is the value of the Benioff
strain when t=tc. The energy of !
each particular seismic event is defined as:
log(E)=4.8+1.5Ms
To quantify the AMR, we examine the ratio called c-value between the root-mean-square of a
power-law time-to-failure function versus a linear fit to the cumulative energy of events. When
the c-value is smaller than 0.7, we may consider a case of AMR. The cumulative Benioff strain is
then better fit by a power law than by a linear trend.
In the case of using a circular search area for AMR, several parameters (magnitude range,
area surrounding the events, time period prior to large earthquake) are required according to the
choice of the mainshock studied and the AMR results depends on them.
We study the seismicity of southern California obtained from the ANSS catalog between 32N
and 40N latitude since 1910 with a minimum magnitude 3.5. We extract events for AMR
calculations following the systematic approach employed in previous studies. We use
Nutcracker, a stress and seismicity analysis software to perform all the AMR calculations.
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Grid search of AMR for three California earthquakes
Figure 2 presents two different maps for two large earthquakes of California: Kern County in
1952 and Loma Prieta in 1989. Each map shows the c-values obtained by a grid search analysis
over southern California using the same parameters used by Bowman et al. [1998]: radius of the
circular search, period of time and magnitude range. The location of the mainshock is indicated
by the star, the seismicity used in the search is represented by black dots.
The first grid search analysis was done with the goal of testing the concept of AMR and to
answer the question: Can one find other regions of small c-values with the same parameters
outside of the mainshock area?
On the contrary, the two mainshocks are located in the main areas of small c-values at the
time of the respective main shocks. The choice of AMR parameters made by Bowman does not
result in other potential regions of apparent AMR. However we still have to adjust the three
parameters according to the mainshock we study.

Figure 2. Grid search analysis of AMR for Kern County and Loma Prieta.
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AMR grid search maps versus stress change maps
The AMR concept can be interpreted as a data-fitting exercise since there is no general
relationship between the radius of the search, the magnitude range and the period of time before
the mainshock according to its magnitude. However, based on the results of Bowman et al.
(1998), the AMR circular search seems to be optimal between 150 km and 250 km around a
magnitude 6.5-7.5 event. Figure 3 presents maps of c-values for a possible M7 event in southern
California, using a 30-year period of time and three radii: 150 km, 200 km and 250 km. The
occurrence of large earthquakes during the tested period increases the c-value, meaning that there
is no significant AMR at that time and location. Once the seismicity associated with this event is
no longer included in the data set, the results are in better agreement with the seismicity. This is
particularly the case for Loma Prieta in 1989 and for Hector Mine in 1999.
Figure 3 also presents a comparison between the AMR grid search results and models of
stress change over southern California in order to evaluate if areas inferred to be highly stressed
also exhibit significant evidence of accelerating seismicity. Rather than assuming a complete
stress drop on all surrounding fault segments implied by the back-slip stress lobe [Bowman and
King, 2001], we consider that stress evolves with time from contributions of coseismic,
postseismic and interseismic processes, governed by the elastic and viscous properties of the
lithosphere. This emphasizes the importance of postseismic relaxation processes in timedependent stress transfer and resulting earthquake hazard. Except for the contributions from the
largest earthquakes, there is no large variation in the stress pattern with time. The AMR and
stress change maps do not look similar when there are many large earthquakes in the periods of
the AMR calculations. However, they present similar features in 1985 and 1995.
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Figure 3. Examples of comparison of maps of c-values from AMR circular grid search and of state of
stress (bars) for 1975 and 1995.

Discussion and future work
The present work shows the first grid search analysis done for AMR. Adjusting three major
parameters of the AMR circular search (radius of the circular region, magnitude range of
background seismicity and time period considered), the results of the AMR are positive for large
earthquakes in southern California. The comparison of a more general AMR grid search over
southern California and stress maps from 1965 to 2005 shows more variable results. The AMR is
sensitive to the time and location of larger events during the period of time considered. If a large
shock occurs near the beginning of the tested period, the c-value will be larger at the end of the
period than if the major earthquake occurs later.
More research has to be done especially in the direct comparison of the stress state with
seismicity patterns. It would be interesting to remove all the aftershock sequences and test again
the similarity between AMR and stress change in southern California. Also, the work should
evolve from an AMR circular search to a direct evaluation of a correlation between areas of high
stress and AMR.
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