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Tectonic faults show rheological heterogeneity in interfaces, and the spectrum of their
sliding regimes span a continuum from the slow-slip events to dynamic ruptures. The
heterogeneity of the fault interface is crucial for the mechanics of faulting. By using the
earthquake source locations, the complex structure of a fault interface can be reproduced
at a resolution down to 50–100m. Here, we use a declustered seismic catalog of Northern
California to investigate structures of 11 segments of San Andreas, Calaveras, and
Hayward faults. The cumulative length of all the segments is about 500 km. All the
selected segments belong to subvertical strike–slip faults. A noticeable localization of
sources near the fault cores is observed for all segments. The projection of earthquake
sources to the fault plane shows severe inhomogeneity. Topologically dense clusters
(seismogenic patches (SPs)) can be detected in fault planes. The longer the observation
are, the more distinct are the clusters. The SPs usually cover about 10%–20% of the fault
interface area. It is in the vicinity of SPs that earthquakes of magnitudes above 5 are usually
initiated. The Voronoi tessellation is used to determine the orderliness of SPs. Distributions
of areas of Voronoi cells of all the SPs obey the lognormal law, and the value of Voronoi
entropy of 1.6–1.9 prevails. The findings show the informativeness of the background
seismicity in revealing the heterogenous structure of a tectonic fault interface.

Keywords: earthquake localization, seismic catalog, tectonic asperity, topological filtering, Voronoi tessellation, San
Andreas fault

INTRODUCTION

Earthquake source localization is one of the fundamental problems of seismology and continues to
attract considerable attention. In 1910, H.F. Reid provided arguments that earthquakes are linked to
faults in the Earth’s crust (Reid, 1910). The localization of earthquake hypocenters in fault zones and
tectonic junctions manifests most evidently if the accuracy of their location is high enough
(Waldhauser and Schaff, 2008). Earthquake epicenters trace tectonic faults, while the dynamics
of seismicity allows judging about fault slip behavior (Valoroso et al., 2014; Vorobieva et al., 2016;
Ross et al., 2020).

Earthquake rupture dynamics is controlled by the processes taking place in fault zones. Direct
studies of exhumed faults are the main source of information about the fault zone structure. At all
scales, fault planes are rough (Candella et al., 2012). Because of the roughness of fault edge surfaces,
specific contact areas can be detected in fault interfaces, the so-called asperities, which concentrate
tectonic stresses (Lay et al., 1982). Strong asperities form when granular mineral phases such as
quartz, feldspar, pyroxene, olivine, calcite, and dolomite predominate. Their static strength is
consistent with the Coulomb criterion under Byerlee’s friction law, 0.6 <μ < 0.85 (Collettini et al.,
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2019). To generate a dynamic rupture, the asperity must be
velocity-weakening, which means that the resistance to shear
decreases as the sliding velocity grows (Dieterich, 1978; Barbot,
2019). Thus, the asperity will be statically strong and dynamically
weak. The area around an asperity is rather unloaded and with a
high probability displays velocity strengthening (Scholz and
Campos, 2012; Collettini et al., 2019), that is, frictional
strength increases as the sliding velocity increases. The
rheological heterogeneity of the fault interface can be traced at
different scales (Fageneng, 2011; Collettini et al., 2019).

Sizes of asperities can be accessed via seismological methods
by determining the slip distribution at the fault plane from the
inversion of body waveforms. It is suggested that asperities
correspond to the areas with maximum slip amplitude. The
slip distribution may either have a single maximum or several
slip maxima distributed over the fault plane (Zeng, Anderson,
2000; Yamanaka and Kikuchi, 2004). The slip distribution with
several maxima may be interpreted as a complex rupture. In
strong earthquakes, the co-seismic ruptures, starting at one of the
asperities, can “pass” through the conditionally stable segment
and trigger other asperities. The characteristic size of asperity is
about 1.5–3 times less than the length of the co-seismic rupture
(Kocharyan and Kishkina, 2021). The characteristic sizes of
asperities become apparent in the spectra of emitted seismic
waves as well (Gusev, 2013).

Geodetic measurements are one more source of information
about the location and size of asperities. The degree of
interseismic coupling (the ratio of the interseismic slip rate to
the plate-convergence velocity (Ruff, Kanamori, 1983)) is
determined by resting on the GPS data. Inside the asperity,
when the fault is fully locked, the coupling is 1.0. Areas where
the average coupling can reach values as low as 0.4 could,
therefore, be associated with areas of velocity strengthening
behavior—able to slow down or stop rupture propagation
(Métois et al., 2016). At creeping segments, where no strong
earthquakes occur, the coupling is small. High coupling (inside
the asperity) occurs in zones subjected to high normal stresses
with a switch to low coupling occurring abruptly as the normal
stress decreases below a critical value (Scholz and Campos, 2012).

Probably, the structure of a fault interface remains invariable
at least for several decades (Ide, 2019). As fault rupture starting at
one of the asperities can “pass” through the conditionally stable
segment and trigger other asperities, one cannot judge about the
regularities of the emergence of different slip modes (fast dynamic
rupture, slow slip event, and aseismic creep (Peng and Gomberg,
2010; Fageneng and Beall, 2021) without understanding the
orderliness of asperities. Beyond all doubts, asperities have
complex spatial structures. It is suggested that asperities have
self-similar structures with the coefficient of self-similarity from
1.4 to 2.5 (Seno, 2003; Mykulyak, 2018; Kocharyan and Kishkina,
2021). But, both the slip distribution patterns obtained in the
inversion of body waves and the seismic coupling distribution
obtained in geodetic measurements cannot precisely trace the
boundary between an asperity with velocity weakening and the
surrounding relatively stable area with velocity strengthening.
The high accuracy of a weak earthquake source location allows
considering seismic catalogs as new sources of information about

the structure of fault zones and about the asperity orderliness
(Kocharyan and Ostapchuk, 2022). While a single seismic event
points to a possible area of asperity localization, an ensemble of
events allows judging about asperity orderliness.

Here, we concentrate on the spatial distribution of earthquakes
over the fault interface. Before analyzing the seismicity over space,
all dependent events, including the main shocks, were removed
from the seismic catalog. We applied the method of topological
filtering to obtain topologically dense clusters of seismic sources
whose areas of localization were interpreted as seismogenic patches
(SPs). SPs can be marked out in the fault interface. The structural
features of SPs were investigated using Voronoi tessellation.

SEISMIC DATA

We examine spatial structuredness of the fault interface along the
San Andreas fault system using the hypocenter information of
Double-difference Earthquake Catalog for Northern California.
The seismic catalog being analyzed includes 513,474 events from
1984 to 2011. The locations of earthquakes presented in the
catalog are shown in Figure 1. The catalog is based on 1.7 billion
CC differential time measurements with the correlation
coefficients Cf > = 0.7 from all correlated pairs of events that
are separated by less than 5 km (Schaff and Waldhauser, 2005).
The accuracy of local earthquake locations over horizontal, and
depth is less 40 m. The magnitude of completenessMc is equal to
1.1 (Wiemer, 2001), and its Gutenberg–Richter distribution is as
follows (Gutenberg and Richter, 1944):

FIGURE 1 | Map of seismicity and tectonic faults. Presented are
earthquakes (dots) recorded by the Northern California Seismic System
(NCSS) between January 1984 and December 2011. Red lines indicate the
mapped surface fault traces.
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logN[year−1km−2] � 0.25 − 0.96 ·M. (1)
Earthquake localization clearly traces the architecture of fault

system. Eleven segments of the well-defined subvertical
strike–slip faults were selected for detailed analysis (Table 1;
Figure 1). Each selected segment comprises one zone of fault core
(Fagereng and Sibson, 2010; McKay et al., 2021). The cumulative

length of the selected segments is about 500 km, and 11
earthquakes with ML ≥ 5 belong to the selected segments
from 1984 to 2011.

The hypocentral delineation shows that the main portion of
earthquakes is concentrated in the vicinity of a single plane which
should be interpreted as the fault plane (Figure 2). The layer

TABLE 1 | Characteristics of tectonic fault segments.

No Bounding box Tectonic
fault

Seismogenic
thickness, km

Specific distance
between

earthquake
foci, km

Parameters of SPs

Number of
SPs (areal
density,
km−2)

Relative
area

of SPs

Mean
Voronoi

entropy of
SPs with

M ≥

4

Mean
Voronoi

entropy of
SPs with
M < 4

1 (122°40′ W; 37°30′ N) &
(122°30′ W; 37°50′ N)

San Andreas 3.0 4 2 (0.03) 0.17 — 1.6

2 (121°40′ W; 36°45′ N) &
(121°25′ W; 36°45′ N)

0.8 3 4 (0.03) 0.39 1.9 1.7

3 (121°32′ W; 36°42′ N) &
(121°22′ W; 36°48′ N)

0.6 3 4 (0.13) 0.09 1.8 1.6

4 (121°23′ W; 36°30′ N) &
(121°05′ W; 36°45′ N)

0.9 4 6 (0.02) 0.11 1.9 1.7

5 (121°10′ W; 36°05′ N) &
(121°40′ W; 36°35′ N)

1.5 5 11 (0.03) 0.08 1.8 1.7

6 (121°45′ W; 35°40′ N) &
(120°15′ W; 36°10′ N)

1.3 8 6 (0.02) 0.05 1.7 1.9

7 (121°57′ W; 37°02′ N) &
(121°45′ W; 37°09′ N)

Sargent 2.0 6 5 (0.07) 0.23 1.8 1.5

8 (121°42′ W; 36°55′ N) &
(121°30′ W; 37°00′ N)

1.1 3 2 (0.03) 0.01 1.6 1.6

9 (121°50′ W; 37°07′ N) &
(121°32′ W; 37°30′ N)

Calaveras 1.1 6 5 (0.02) 0.21 1.8 1.7

10 (121°35′ W; 37°05′ N) &
(121°30′ W; 37°13′ N)

0.4 4 8 (0.11) 0.23 1.7 1.8

11 (121°32′ W; 36°55′ N) &
(121°25′ W; 37°05′ N)

0.3 3 4 (0.05) 0.02 — 1.2

12 (122°05′ W; 37°30′ N) &
(121°55′ W; 37°42′ N)

Hayward 0.3 3 6 (0.13) 0.08 — 1.3

13 (121°55′ W; 37°14′ N) &
(121°38′ W; 37°30′ N)

0.7 5 4 (0.05) 0.01 — —

FIGURE 2 | Localization of earthquake foci. 3D localization of earthquakes for segment no. 6 (Table 1). Red dots show localization of earthquake epicenters. The
inset corresponds to the gray rectangle and shows the fault-normal 3D cross section 4 km long. oXYZ is the coordinate system linked to the fault: OY–direction of fault
strike, OX–direction perpendicular to fault strike, and OZ–direction of fault dip.
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including 95% of sources localized within 5 km from the fault
plane was defined as the seismogenic thickness (Table 1).

Considering the segments with narrow seismogenic thickness,
it seems reasonable further on to detect the structural properties
of the interface in the coordinate system linked to the fault plane
(Figure 2). OY is the distance along fault strike, OX is the distance
perpendicular to fault strike, and OZ is the distance along fault
dip. However, the difference of coordinates along the OX
direction can be neglected because the seismogenic thickness is
less (Table 1). Figure 3 presents localization of earthquake
hypocenters over the fault plane for the segment no. 9. One
can detect the areas of point concentration and areas with
numerous scattered points. The spatial distribution tends the
aggregated type. The distribution of distances between the
earthquake foci shows the presence of a single maximum. The
characteristic distances between the earthquake foci for all the
segments are shown in Table 1.

METHODS

Algorithm of Declustering the Earthquake
Catalog
It is well known that foreshocks and aftershocks group in space
and time. Declustering of the earthquake catalog (withdrawal of
clustered events) is necessary for the analysis of timeless features
of the fault structure. To identify the background and clustered
populations of seismicity, we follow the method first proposed by
Baiesi and Paczuski (2004). It is based on the calculation of
nearest neighbor distance in time–space–magnitude domains.
For each pair of earthquakes {i, j}, we compute the proximity
function (Zaliapin et al., 2008):

ηij � { tij(rij)d10−bMi , tij > 0
+∞, tij ≤ 0

, (2)

where tij � tj − ti is the event intercurrence time, rij is the spatial
distance between a pair of earthquakes in the fault plane,Mi is the
magnitude of event i, d is the fractal dimension of the spatial
earthquake distribution, and b is the slope of the
Gutenberg–Richter distribution (Eq. 1). The nearest-neighbor

distance for a given event j is the minimal distance among ηij,
where i goes over all the earlier events in the catalog. The event i
which corresponds to the nearest-neighbor distance is called the
nearest neighbor. Earthquakes of magnitude smaller thanM were
deselected, which are within a 0.02 × 100.5M km radius during
the first 0.04 × 100.55M days after a magnitude M earthquake
(Tsuboi, 1956; Shebalin and Narteau, 2017). The distribution of
the nearest-neighbor function is shown in Figure 4. “Families” of
the nearest neighbors were constructed using a threshold η0 for
the proximity function (2), which corresponds to 99% confidence
interval for a stationary homogenous Poisson’s point process that
a priori has no clustering (Zaliapin and Ben-Zion, 2013).
Poisson’s point process is homogenous in d-dimensional
space, stationary in time, and has magnitudes that follow the
Gutenberg–Richter distribution. The dependent events are
defined by the complementary condition ηij < η0, and event i
is called the parent of event j. If ηij > η0, the events turn out to be
independent. The population of independent events can be
considered background seismicity, and the population of
dependent events can be considered clustered seismicity.
Figure 4 shows both the background and clustered modes of
seismicity. One can see that the populations localize in the
same areas.

Algorithm of Seismic Source Topological
Filtering
The spatial distribution of the background seismicity shows a
severe inhomogeneity. Several areas of event grouping can be
detected, where the stronger it manifests, the longer is the
monitoring duration. The Discrete Perfect Sets (DPS)
algorithm of topological filtering was applied to reveal dense
clusters (Agayan et al., 2014; Dzeboev et al., 2021). The DPS is
aimed at isolating subsets with a given density level α in a finite set
of Euclidean space. The DPS cuts out isolated objects (subset H)
and concatenates rest of the objects in dense clusters (subset B)
from the set W of recognition objects of seismic sources:

W � B ∪ H,B ∩ H � ϕ. (3)
The result of DPS algorithm is as follows:

FIGURE 3 | Fault plane view of earthquake localizations for segment no. 9 (Table 1). (A) Projection of earthquake foci on the fault plane (yellow dots are the
earthquakes with ML ≥ 5 and red circle is the 1984Morgan Hill earthquake M6.2); (B) Probability density function of the distance between each pair of earthquake foci on
the fault plane. Single maximum of the distance distribution is observed, and the mode is 6 km.
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DPS(q, β): W → {B1, . . . , Bn}, (4)
where q and β are the free parameters of the algorithm.

The parameter q determines the localization radius rq(W),
which is calculated as the power mean of all nontrivial pairwise
distances D(W) in a set of recognition objects W:

r � ⎛⎝∑d ∈ D(W)d
q

|D(W)|
⎞⎠

1
/q
. (5)

For a specified radius of location r, the density of an arbitrary
subset A ⊆W in the point w ∈W is defined as the sum of the
weights of points, localized in the r-neighborhood BA(w, r) of the
point w:

PA(w) � ∑
g∈BA(w,r)

(1 − d(w, g)
r

). (6)

The determination of density rests on a fuzzy comparison
(Gvishiani et al., 2008). The measure of comparison of the
densities PW(W) of set W in all its points w ∈W and the
density level α is defined as follows:

n(PW(W), α) � 〈 PW(W) − α

max(PW(W), α)〉. (7)

The parameter β in Eq. 4 defines the maximality of density and
β ∈ [−1, 1]. If β is a necessary level of maximality of density P
against the background ofW, then the immediate level α � α (β)
because P is uniquely determined by β in the equation:

n(PW(W), α) � β. (8)
It follows from Eq. 5 that α � α (β, q). At the same time, the set

W(α) is the set of the required dense subsets:

W(α) � {w ∈ W: PW(α)(w)≥ α} � {B1, . . . ,Bn}. (9)
The dense sets {B1, . . . , Bn} define the areas of SP localization.

As the algorithm of topological filtration utilizes only the
information about the locations of events, the repeating
earthquakes and all the events located closer than 100 m from

each other were withdrawn from the catalog. The withdrawal was
performed by merging the events into a single point.

Detection of Seismogenic Patches
Detection of SPs was performed depending on the analysis of the
catalog of background seismicity. We rely on the fact that SPs
emerge in the zones of most intensive interaction of the fault
edges; consequently, it should manifest in the background
seismicity. After the DPS filtration of the declustered catalog, a
dense set {B1, . . . , Bn} of seismic sources is formed. The areas of
localization of each subset form separate SPs. The potential
number of SPs depends strongly on the parameters q and β of
the algorithm of topological filtration. By introducing two
principal conditions, we can avoid ambiguity in defining the
space location and number of SPs:

• Localization of earthquakes in the interface plane shows that
along with a pronounced grouping of events, the specific
distances between them can be detected (Figure 3). These
specific distances are characteristic of all selected segments,
and their values are given in Table 1. Condition I: if SPs form
in an interface containing dense clusters of seismic sources,
the specific distance between the clusters should correspond to
the specific distance between all the sources that are localized
in the fault segment under consideration.

• The number of SPs that could form in the fault plane,
generally, should be defined by the geometry of fault edges,
and particularly, by their long-wavelength roughness
(Selvadurai and Glaser, 2017; Kocharyan et al., 2022).
However, under high heterogeneity of the fault interface,
some SPs can turn to be “invisible”, for example, due to
velocity strengthening of the interface. Condition II: the SP
configuration which best represents the current state of
knowledge about the heterogeneity of the fault interface is
the one with the largest number of SPs.

The two abovementioned conditions allow to unambiguously
define the parameters q and β and, consequently, unambiguously
detect the dense clusters of seismic sources {B1, . . . , Bn}. The
spatial boundaries of each subset Bi should correspond to the
boundaries of separate SPs. With some conditionality, the SP

FIGURE 4 | Two modes of seismicity (segment no. 9, Table 1). (A) Localizations of the background (dark) and clustered (red) modes of seismicity; (B) Relative
frequency histogram of the nearest-neighbor distance η.
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boundaries were designated as ellipses. The method of principal
components was used to detect the directions of main ellipse axes
(Jolliffe, 2002). The ellipse axis lengths were determined so that
the ellipse area was minimal.

RESULTS

Figure 5 presents the example for detecting SPs. SPs with areas
from 0.03 to 56 km2 are detected. Patch boundaries of an ellipse
form and the most probable value of flattening is 0.6. Two to 11
SPs can be detected in a separate segment, and the areal density of
SPs varies from 0.02 to 0.13 km−2 (Table 1).

As SPs are detected over the declustered catalog, the question
arises: «Do sources of earthquakes with ML ≥ 5 get into SPs?"
Figure 6 shows the variation of distances from the earthquake
sources to the boundary of the nearest SP. One can see that nine
of 11 earthquakes with ML ≥ 5 are localized inside or in the

vicinity [distance is less than one earthquake source radius
(Brune, 1970)] of SPs. For earthquakes with ML ≥ 4, 60% of
the events localize inside or in the vicinity of SPs.

Fault asperities are complex structured objects. Earthquakes
are initiated by slippage in a distinct domain in the vicinity of
velocity-weakening asperities (Collettini et al., 2019, Barbot, 2019;
Kocharyan, 2021). Thus, the distribution of earthquake sources
over an SP reveals localizations of some small-scale asperities
inside this SP and allows judging about the structural peculiarities

FIGURE 5 | Seismogenic patches. (A) Localization of SPs in the interface of fault segment no. 9 (Table 1). Boundaries of SPs are represented by blue ellipses. Gray
dots mark the background seismicity, blue dots correspond to dense clusters, and red dots represent earthquakes with ML ≥ 4. (B) Plots of SP area and SP flattening vs.
magnitude of the largest earthquake localized inside or in the vicinity of the SP.

FIGURE 6 | Attribution of earthquakes with ML ≥ 4 to SPs. Distance from
the earthquake focus to the SP boundary. Distance is normalized by
earthquake radius. Distance “0” corresponds to the ellipse boundary. Gray
area shows localization near the boundary.

FIGURE 7 | Example of Voronoi tessellation of SPs (segment no. 9,
Table 1). Voronoi tessellation (A) and distribution of Voronoi cell areas (B) of
SPs in the interface of a fault.
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of the large-scale asperity [akin to building up a diffraction
pattern from individual electrons by recording single one
detection events diffracting through a double-slit (Bach et al.,
2013)]. Voronoi tessellation is applied to characterize the
distribution of background seismic sources from dense clusters
{B1, . . . , Bn} (Voronoi, 1908; Schoenberg et al., 2009). The
Voronoi tessellation divides the SPs into a space-filling,
nonoverlapping convex polyhedral shown in Figure 7. To
assess the validity of power-law distributions for areas of
Voronoi cells, we use a likelihood-ratio test (Clauset et al.,
2009; Phillips and Williams, 2021). This test compares the best
fit probability density functions from each alternative distribution
(Palt) to the probability density function of the power-law fit
(Ppow) (Phillips andWilliams, 2021). We consider alternative log-
normal and exponential distributions. A log-likelihood ratio is
the sum of pointwise log-likelihood ratios for each cell area (x):

RLR � ∑
x

ln(Ppow(x)
Palt(x) ). (10)

If RLR is positive, then the power-law distribution is
mathematically a better fit, while a negative value indicates
that the alternative distribution is a better fit. We reveal that
the log-normal distribution provides a statistically better fit for
75% of all the SPs of all the segments. The remaining SPs cannot
be reliably statistically fitted by any of the three (power, log-
normal, or exponential) distributions.

The Voronoi entropy is used to quantify the orderliness of the
Voronoi tessellation (Bormashenko et al., 2018). The Voronoi
entropy is defined as follows:

SVor � −∑
i

Pi logPi, (11)

where Pi is the fraction of cells with n sides for a given Voronoi
tessellation. One can see that the entropy varies in a wide range
from 1.2 to 1.9 (Table 1). There is no difference between the SPs
with earthquakes ML ≥ 4 and SPs with earthquakes ML ≤ 4. The
Voronoi entropy becomes zero for a perfectly ordered structure
consisting of a single type of cells. For a fully random 2D
distribution of points, the value of SVor is 1.71 (Bormashenko
et al., 2018).

DISCUSSION

Earthquake source localizations provide essential information
about the crustal fault architecture (Kocharyan et al., 2010;
Valoroso et al., 2014), while space distribution of dense
earthquake clusters highlights the geometric features and
rheological heterogeneity of the fault interface.

During a long-term evolution, asperities are subjected to
crushing, cataclasis, and frictional wearing, which lead to
asperity fragmentation. The log-normal distribution is
characteristic of rock fragmentation in blasting and of particle-
size distribution in cataclasis (Phillips and Williams, 2021). This
can be explained by the fact that the probability of asperity
fracturing is independent of asperity size and history (Epstein,

1947). Voronoi mosaic highlights the fragmentation of SPs. The
areas of Voronoi cells are distributed according to the log-normal
law; hence, the fragmentation of SPs should obey the log-normal
law too.

While at the initial stages of fault evolution, an intensive
crushing of asperities takes place, a frictional sliding along
with flattened asperities goes on in mature faults (Yang et al.,
2001). The seismogenic thickness of a mature fault corresponds to
the effective thickness of the fractured zone, which is controlled
by the waviness of the fault surface (Kocharyan et al., 2010). The
inclination of a large-scale asperity at the edge of a mature fault is
about θ ~ 5 ÷ 7° (Kocharyan and Spivak, 2003).Thus, assuming
that a fault core is rather narrow and comprises cataclastic rock,
the asperity spacing (L) can be estimated via the seismogenic
thickness of a fault (W) as

W � 2L · tan θ � (0.18 ÷ 0.24)L. (12)
Relation (12) can also link the specific distance between SPs

and seismogenic thickness (Table 1). It means that the specific
distance corresponds to the large-scale wavelength, and the
localization of SPs is predetermined by the waviness of fault
edges. SPs must be associated with the fault large-scale asperities.
At the same time, fault roughness should control the orderliness
at a lower scale. Since SPs are topologically dense clusters, areas of
SP localization are characterized by relatively lower roughness.

Two conditions should be true for the slip instability to form.
First, the fault segment should display velocity weakening, which
means that the resistance to shear decreases as the sliding velocity
increases (Dieterich, 1978). Second, the rheologic stiffness (kc) of
the fault segment should be higher than the stiffness of the host
rock (K). The fault slip mode and earthquake radiation efficiency
are governed by the ratio of kc/K. The higher the ratio kc/K is, the
higher is the earthquake radiation efficiency (Leeman et al., 2016;
Kocharyan et al., 2017). The stiffness of the host rock is (Scholz,
2002) as follows:

K � η
G

L
, (13)

where G is the shear modulus of the enclosing massif, η ~ 1 is the
shape factor, and L is the characteristic fault size correlating with
the earthquake magnitude. The rheologic stiffness (kc) is
determined as

kc � σn(b − a)
Dc

, (14)

where (b–a) are the frictional rate parameters, ((b–a) > 0—the
segment is velocity-weakening, (b–a) < 0—the segment is
velocity-strengthening), σn is the normal stress, and Dc is the
critical slip distance (Leeman et al., 2016). Spatial variations in the
kc/K ratio occur mainly due to changes in rheological stiffness.

The fault roughness controls the critical slip distance Dc

(Dieterich, 1979). Laboratory studies have pointed out that Dc

decreases with the decreasing fault roughness, and smallDc favors
unstable slip. Since asperities are characterized by relatively lower
roughness, the fault segments containing asperities are
frictionally more unstable ones.
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Single crustal fault, tens of kilometers long, can be
characterized by both weak fault patches with velocity
strengthening ((b–a) < 0) and strong fault patches with
velocity weakening ((b–a) > 0) (Collettini et al., 2019).
Formation of a frictionally heterogenous structure is
determined by metasomatic processes that accompany the
long-term evolution of a fault. In rather unloaded areas, an
active fluid input occurs and crustal and mantle fluid exerts a
chemical role, facilitating the replacement of strong with weak
mineral phases (Collettini et al., 2019; Kocharyan, 2021). The
frictional strength of the unloaded areas decreases, and the
frictional parameter (b–a) decreases. In the stressed zones (in
asperities), fluid-assisted reaction of softening is not efficient, and
crustal deformation is achieved predominantly by fragmentation
and grain-size reduction (Kocharyan, 2021). The frictional
strength remains high and obeys the Byerlee’s law, while
asperity remains velocity-weakening. As a rule, weak patches
with velocity-strengthening show predominantly aseismic creep
(Chen, Lapusta, 2009), while strong patches (asperities)
determine the seismicity features of the fault segment.

CONCLUSION

We have presented a new approach to the analysis of seismicity
clustering, revealing the structural features of fault interfaces. For
the first time, the seismicity pattern is associated with the
frictional heterogeneity of the fault interface. Spatial clustering
of background seismicity is controlled by the geometric features
and frictional heterogeneity of the fault interface. Topologically

dense clusters (SPs) can be detected in the fault planes, which are
associated with strong velocity-weakening asperities. It is in the
vicinity of SPs that earthquakes of magnitudes greater than 5 are
usually initiated.
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