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1 Summary 
We have used high quality seismicity catalogs from California and from Japan to develop a novel 

method for characterizing individual earthquake ruptures and seismicity sequences, in a data-driven, 
objective and fully automatable way. The core of the method is an eigenvalue decomposition of 
earthquake hypocenter clusters to characterize the evolution of event sequences in space and time.  

We have been able to use this method i) to derive novel earthquake source scaling relationships 
that span an unprecedented magnitude range and cover the medium and small magnitude events, 
which are usually outside the applicability window of existing methods; ii) to gain data-driven 
insights into various aspects of earthquake triggering processes and statistics, including for on-fault 
versus off-fault triggering; iii) to test various source physics hypotheses, such as the rupture aspect 
ratio would change above a threshold magnitude; anomalous Brune-type stress drops would represent 
untypical rupture sizes; the rupture area would be devoid of seismicity because of complete or near-
complete stress drop; iv) to perform fully automated, rapid source dimension estimates during an 
ongoing earthquake sequence in near-real time and can be used for fault plane identification, as well 
as for association with known faults. Because of the constantly improving detection sensitivities of 
our seismic network and monitoring methods, the small events that the method uses and characterizes 
become increasingly important for a wide range of seismological research domains, including hazard 
estimates and fault characterization.  
 

2 Developed method & results 
The method computes the covariance matrix of a hypocentral point source cluster, and computes 

the three eigenvalues (λ1, λ2, λ3) and -vectors (E1, E2, E3) of that covariance matrix, with the origin at 
the cluster's centroid. The eigenvectors provide an estimate for the spatial orientation of the 
distribution, and the eigenvalues measure the spatial extent in each direction. Since the size of the 
aftershock zone is related to the main shock rupture, the square roots of the eigenvalues are 
proportional to the rupture dimensions, as:  

 
Method calibration with synthetic triggering models 
The constant c depends on how exactly the aftershocks relate to the rupture itself. We used 

synthetic seismicity triggering models based on (Dieterich, 1994), to study the relation between the 
rupture size and the eigenvalues returned by our method (Figure 1). Are the aftershocks only 
occurring beyond the edges of the main shock rupture, with their prevalence decaying with distance 
from the rupture edge as r(-3) (Figure 1a)? Or are there aftershocks also in the main rupture plane, e.g. 
due to stress drop heterogeneities or off-fault triggering, such that the aftershock density would be 
constant in the rupture plane and decay as r(-3) only beyond the rupture plane (Figure 1b)? Or one 
could think of a similar model, but with a slower decay rate r(-1) (Figure 1c). With these synthetic 
models we can calibrate our method to provide absolute source dimension estimates, in terms of 
rupture length, width and thickness. Our tests indicate that c ~ 2, i.e. that the square root of the 
eigenvalues are close to the half-dimension of the rupture. 

We have further used the synthetic models to test how many events we need to attain stable 
source dimensions estimates (Figure 2), and how stable the method is with respect to outliers (not 
shown). The tests suggest that stable estimates are reached with as little as 10 aftershocks. This means 
the method is applicable also for small events, for which the number of detected aftershocks can be 
low. 

The 2019 Mw7.1 Ridgecrest California earthquake proved an excellent testing case for the 
method at the upper end of the shallow crustal magnitude scale. The rupture length and width 
estimates after the first few hours of activity are on the order of 40km and 8km, respectively, in 
reasonably good agreement with published rupture models (Figure 3). 
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Rupture dimension estimates are expected to be accurate to within a factor of 1.5 – 2. This is not very 
useful for the larger events where numerous additional constraints provide better dimension estimates. 
However, an estimator with this level of precision is highly valuable for smaller events where no such 
additional constraints are typically available,  

 

Figure 2: Synthetic test to evaluate how many events are necessary to reach stable estimates of 
cluster dimension (top right) and orientation (bottom right). 

Figure 1: Synthetic triggering 
models using the stress 
distributions of the crack models 
of Dieterich 1994, with stress 
profile (left), aftershock cluster 
and scaled eigenvectors (middle) 
and aftershock density as a 
function of distance from the 
centroid (right) for three 
different triggering models. 
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For the southern California re-located catalog (Hauksson et al., 2012), the method leads to an 
impressively clear scaling relation for all three source dimensions covering the entire magnitude 
range, down to M2.0 (Figure 4). Notably, the exponent for all three dimensions is identical within 
uncertainties. This implies the aspect ratio is not a function of magnitude and does not change at any 
scale smaller than the thickness of the seismogenic crust. It is close to 2 for all magnitudes. Only the 
three M~7 events stand out because they saturate the seismogenic crust and have much higher aspect 
ratios than smaller earthquakes.  

 

Figure 3: Application of the developed method to the Mw7.1 Ridgecrest, California earthquake. The 
early aftershocks delineate the finite rupture size (left). Although events from nearly all of California 
were considered as potential aftershocks, the method yields stable and reasonably precise source 
dimension estimates within less than an hour of the main shock occurrence.  

 

Figure 4: Best fit regression relations between rupture dimensions and magnitudes for southern 
California re-located seismicity (left). The scaling exponent for all three dimensions is close to 0.5 
and it is stably estimated for the full magnitude range (right). 
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The resulting scaling relation for rupture area (A = L x W) is in excellent agreement with existing 
scaling relations (Kanamori & Anderson, 1975; Leonard, 2010; Wells & Coppersmith, 1994), which 
are mostly limited to larger magnitudes (Figure 5). This suggests that the rupture dimension estimates 
from the developed methods are accurate also at the smaller magnitudes, which are out of range for 
the existing relations, and for the other dimensions that are not typically estimated (notably, 
thickness).  

An analysis of regression residuals shows which 
events have untypically high or low source dimensions 
(Figure 6 top row), which turn out to be well 
correlated between dimensions (unusually long 
ruptures also tend to be unusually wide). For the 
subset of events for which the (Trugman & Shearer, 
2017) provide Brune-type stress drop estimates, we 
can compare the source dimensions residuals with 
stress drops and find that there is a weak correlation at 
best (Figure 6 bottom row). Notably, the weak 
correlation that does exist is a positive one, i.e. events 
with larger stress drops have larger source dimension. 
This is contrary to the common interpretation of stress 
drop, as high stress drops are thought to indicate 
events where a larger amount of slip occurs over a 
smaller area than usual. The observation may indicate 
that i) high stress drop events are more efficient at 
triggering aftershocks, including at larger distances 
from the source, or ii) that Brune-type stress drops are 
poor estimators for rupture dimensions.  

 
 
 

 

 
 

As suggested in the project proposal, the possibility of objectively and easily normalizing the 
seismicity to unity length, width, and thickness provides an interesting way for studying the statistics 
of aftershock triggering. After normalization the clusters can be readily stacked, and quantities that 
otherwise would be hard to measure, become statistically well behaved, owing to the large number of 
samples. In particular, the stacked clusters for southern California seismicity show a very well-
behaved power-law drop-off of aftershock density with distance from the centroid clusters (Figure 7). 

Figure 5: Comparison of magnitude/rupture 
area scaling with existing scaling relations.  

Figure 6: Source dimension residuals 
(top row) for the three dimensions and 
correlation with the Brune-type stress 
drop estimates of Trugman and Shearer 
2017 (bottom row). Positive residuals 
(larger-than-average rupture dimensions) 
are weakly correlated with larger rupture 
dimensions. 
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Notably, no distinct aftershock deficit at normalized distances <1 (i.e. inside the main rupture plain) is 
observed. This may suggest i) that aftershocks also commonly occur inside or near the main rupture 
plane, ii) that the location uncertainties are too large and effectively cover up a potential deficit, or iii) 
that the one would need to consider (and, normalize) also the azimuthal distribution of aftershocks. 
This same analysis also reveals the magnitude independence of triggered aftershocks, in that the 
distance distributions of triggered events in different magnitude bins are nearly identical (Figure 8).  

 
 

 

3 Challenges & limitations 
The following challenges and limitations are noteworthy: 

• Using modern high-sensitivity catalogs, e.g. the template-matching based catalog of (Ross et 
al., 2019) does not significantly alter the rupture dimension estimates, because the additional 
events in such catalogs are mostly from the same or similar locations as the ones in more 
standard catalogues. While this was a mild disappointment, the other side of this is that the 
method is applicable in real-time to provide maximally fast finite source characterizations. 

• For offshore events, the rupture dimension estimates are biased because of the larger location 
uncertainties, stemming from the one-sided station distributions. Unless we can account for 
that bias, this prevents us from expanding the source scaling to largest magnitude earthquakes. 

4 Future perspectives & remaining tasks 
We are still working on improving the absolute calibration of the method, accounting for the bias 

for offshore and otherwise poorly located events, and applying the method to hazard models, and 
potentially also a real-time implementation. The results of this study will be described in a manuscript 
we are currently drafting, and will be submitted to BSSA when finalized.  . The project has been 
presented at two different SSA annual meetings. 
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Figure 7: Three-dimensional representation 
of the normalized, stacked seismicity cluster 
for southern California, and aftershock 
density decay as a function of distance from 
normalized cluster centroid. The black dots 
are the aftershocks that locate within +/- 0.1 
of the main rupture plane.  

 

Figure 8: Distributions of aftershocks triggered as a 
function of distance from the normalized cluster centroid, 
for four different magnitude bins.  
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Exemplary Figure 5: 
 

 
 

Caption:   Best fit regression relations between rupture dimensions of mainshocks and their 
respective magnitudes for southern California re-located seismicity; Meier et al., in 
preparation; Meier et al, in preparation.   

 


