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Summary

We present recent results on assessing the degree of regional clustering of
earthquakes and progressive localization of seismicity in relation to the
earthquake cycle. First, we demonstrate that events included in the existing short-
duration instrumental catalogs are concentrated within a very small fraction of the
space-time volume, which is highly amplified by activity associated with the largest
recorded events (Fig. 1). The earthquakes that are included in instrumental catalogs
are unlikely to be fully representative of the long-term behavior of regional seismicity,
creating a bias in a range of seismicity analyses. The results justify earthquake
declustering and suggest a new robust metric for assessing quality of declustering
independent of a particular declustering technique (Figs. 2,3,4,5). The second part
focuses on progressive localization of seismicity, which corresponds to mechanical
evolution of deformation from distributed failures in a rock volume to localized shear
zones, culminating in generation of primary slip zones and large earthquakes. We
present a methodology for estimation of localization using earthquake catalogs (Figs.
6,7) and showcase its applications to tracking preparation processes of large
earthquakes (Figs 8,9). This analysis is performed with declustered catalogs.
Methodologically, both discussed topics are based on the Receiver Operating
Characteristic (ROC) analysis of seismicity (Figs. 2,3,4,5). We demonstrate how this
unified framework is adopted for diverse tasks, including assessment of coupled
space-time clustering after controlling for space and time marginal inhomogeneities
of earthquake rates (Figs. 3,4), and tracking time-dependent transformations of a
highly inhomogeneous earthquake space distribution (Figs. 7,8,9) . The examined
data include crustal seismicity in California, Alaska and other regions, synthetic
catalogs of the ETAS model, and acoustic emission data of laboratory fracturing
experiments.
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Localization Prior to Large Events

A high degree of earthquake clustering is commonly masked by a strong space-time concentration that is not
obvious in a visual catalog inspection. Figure 1 shows that at least half of events in the southern California
catalog by Hauksson et al. (2012, extended) is in the form of extremely dense clusters not easily discernible by
eye. The majority of earthquakes occur within the immediate spatio-temporal vicinity of other events, and do not
evenly sample the active seismogenic volume.

Receiver Operating Characteristic (ROC)
diagram is quantifies the inhomogeneity of the
space-time distribution of seismicity. We
partition the examined space-time volume into
voxels, count events in the voxels, and construct
a diagram (Fig. 2) that shows the proportion of
events in the most populated voxels (y-axis) vs.
the proportion of such voxels (x-axis). We
quantify the non-uniformity of the ROC diagram
by the Gini coefficient G defined as twice the
area between the diagram and the diagonal line.
All realistic values of G are within the interval
(0,1), where 0 corresponds to constant counts
and 1 to an extreme concentration of all events
within a single voxel.

Fig. 2: ROC diagram for earthquakes with M ≥ 2 in Hauksson et al. (2012, extended)
catalog of SoCal. Space, time, and space-time analyses.

To eliminate the effects of marginal space and time inhomogeneities on clustering and only quantify the coupled space-time
variations, we introduce a weighted ROC diagram. Here, the x-axis is scaled in such a way that the product J(x,t) = S(x)T(t)
of the marginal space S(x) and marginal time T(t) rates of the estimated background seismicity corresponds to the diagonal.
Formally, the x-axis in Fig. 3 shows the proportion of the factorized rate J(x,t) within the most active cells of the examined
process, and the y-axis shows the respective proportion of events in the examined process. The marginal space and time
inhomogeneities are reflected by J(x,t) and are mapped onto the diagonal. Only coupled space-time irregularities cause
deviation from the diagonal. The overall degree of the coupled space-time clustering is measured by the Gini coefficient G of
this scaled ROC diagram. Figure 4 illustrates a calculation of the factorized rate.

Fig. 3: Weighted ROC diagram for events
with M ≥ 2 in Hauksson et al. (2012,
extended) catalog of southern California.
Full catalog and declustered catalog.

Coupled Clustering in Various Catalogs

Notice that that the examined ETAS catalog has no substantial space-time coupling beyond that dictated by inhomogeneous 
background distribution. This is not the case in all examined observed catalogs. 

The catalog of Hauksson et al.
(2012, extended) with magnitude
M ³ 2 during 1981 – 2020. Gini
coefficient G of the full catalog
(panel a) and background
earthquakes (panel c) in the ROC
analysis with respect to the
factorized rate J(x,t) for different
space (x-axis) and time (y-axis)
resolutions. Average number of
events per non-empty voxel in the
experiment of panels (a,c) is
shown in panels (b,d),
respectively. Blue circles
correspond to the cases
illustrated in Fig. 3.

Progressive localization of deformation is a basic mechanical process that produces simultaneously reduced
strength and increasing stress in a deforming rock volume (Kato & Ben-Zion, 2021). The localization framework
describes the progressive evolution of deformation from distributed failures in a rock volume to localized shear zones,
culminating in generation of primary slip zones and large earthquakes (Fig. 6).

We quantify the absolute and relative localization of background earthquakes as a function of time. The absolute
localization measures the “spikiness” of a measure, or the difference between a given spatial measure and the uniform
measure with the same support. The relative localization of measure P with respect to measure Q reflects two
simultaneous phenomena: (i) measure P is more localized in the absolute sense than Q, and (ii) both measures
concentrate within the same spatial areas. This is done via ROC diagrams (Zaliapin and Ben-Zion, 2020).

Localization in AE Data

Localization in SoCal and Alaska

Fig. 1: Clustering of seismicity in SoCal. Time-latitude projection of earthquakes with
magnitude M ³ 3 in the catalog of Hauksson et al. (2012, extended) during 1981-2020.

Fig. 4: Factorized rate: Illustration

Fig. 5: Stability of
clustering measure G
with respect to space and
time resolutions of the
ROC diagram.

Fig. 6: 
Localization concept

Fig. 7: Absolute and relative localizations: Illustration

Fig. 8: Localization in AE experiment of Goebel et al. (2013)

Fig. 9: Localization cycle in SoCal (top)  and Alaska (bottom)
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