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ABSTRACT

Although rheological heterogeneities are invoked to explain differences in fault-slip be-
havior, case studies where an interdisciplinary approach is adopted to capture their specific
roles are still rare. In this work, we integrated geophysical, geological, and laboratory data
to explain how rheological heterogeneities influence the earthquake activity at the roots of
the seismogenic zone. During the 2016-2017 Central Italy sequence, following the major
earthquakes, we observed a deepening of seismicity within the basement associated with
a transient stress change. Part of this seismicity was organized in clusters of events, with
similar sizes and waveforms. The structural study of exhumed basement rocks highlighted
a heterogeneous fabric made of strong, quartz-rich lenses (up to 200 m) surrounded by a
weak, interconnected phyllosilicate-rich matrix. Laboratory experiments simulating the main
shock-induced increase in loading rate showed that the matrix lithology experienced an ac-
celerating and self-decelerating aseismic creep, whereas the lens lithology showed dynamic
instabilities. Our results suggest that the post-main shock loading rate increases favored
accelerated creep within the matrix, which promoted, as a consequence, seismic instabilities
within the lenses in the form of clustered seismicity. Our findings emphasize the strong con-
nection between seismicity and the structural and frictional properties of the seismogenic zone.

INTRODUCTION

Geological investigations on exhumed faults
and shear zones have defined heterogeneous fault
structures (e.g., Fagereng and Sibson, 2010)
ranging from localized deformation on one or
more discrete planes to distributed deformation
within thick shear zones. A common view is
that shear localization results from cataclastic
processes affecting granular fault rocks, whereas
phyllosilicate-rich rocks promote the develop-
ment of thick and distributed shear zones (e.g.,
Faulkner et al., 2010; Collettini et al., 2019).
The structural heterogeneities described along
exhumed faults are strongly connected to fric-
tional heterogeneities. Localized deformation
commonly correlates with high friction, p ~0.6,
high healing rates, and a rate-weakening behav-
ior (Ikari et al., 2011; Collettini et al., 2019).
For these reasons, fault patches with localized
deformation are considered strong (high fric-
tion), locked (high healing rates), and poten-
tially unstable (rate weakening). On the other
hand, distributed frictional sliding along thick
phyllosilicate-rich shear zones results in low
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friction, 0.1 < p < 0.3, low healing rates, and
rate-strengthening behavior, and thus these fault
patches are typically weak, favoring stable creep
(Ikari et al., 2011; Lockner et al., 2011; Collet-
tini et al., 2019).

More than 30 yr of high-resolution earth-
quake detection and location have highlighted
distinctive features of seismicity that seem to be
connected to geological and frictional hetero-
geneities. Along plate-boundary faults or sub-
duction zones, small earthquakes with identical
waveforms have been interpreted as repeated
ruptures originating from the same fault patch
(Nadeau et al., 1994; Igarashi et al., 2003;
Uchida and Biirgmann, 2019). The recurrence
time of repeaters as a function of loading rate
suggests that repeaters nucleate from discrete
structures representing small and locked fault
patches (i.e., asperities) loaded by the surround-
ing fault creep (Uchida and Biirgmann, 2019;
Waldhauser et al., 2021). Along intracontinental
faults, low loading rates do not allow for long-
term (decades) characterization of repeaters.
Here, it appears that the activity of repeaters
is isolated to shorter intervals, less than 1 mo,
and can be related to special conditions such as
changes in the loading rate preceding and fol-

lowing large main shocks or transient high fluid
pressure (Chiaraluce et al., 2007; Vuan et al.,
2017; Uchida and Biirgmann, 2019; Essing and
Poli, 2022). Loading by large main shocks can
also promote a transient deepening of the base of
the seismogenic zone (Ellis and Stockhert, 2004;
Cheng and Ben-Zion, 2019). This provides use-
ful insights on the stress state of the overlying
seismogenic zone.

Although field, laboratory, and seismologi-
cal observations can provide a coherent picture
of the ways in which fault heterogeneities may
influence slip behavior (Fagereng and Sibson,
2010; Uchida and Biirgmann, 2019; Fagereng
and Beall, 2021; Bedford et al., 2022), this pic-
ture remains fuzzy because case studies where
complementary observations are integrated
are still rare. Here, we addressed this gap by
studying the 20162017 Central Italy seismic
sequence. We show that clustered aftershock
activity at the base of the seismogenic zone was
promoted by the increased loading rates induced
by the main shocks within otherwise creeping
rock volumes.

RESULTS
Seismicity within the Basement

The 2016-2017 Central Italy seismic
sequence started on 24 August 2016 with the
Amatrice M,, = 6.0 earthquake (Fig. 1A).
This first main shock was followed by two
other large earthquakes: the M,, = 5.9 Visso
and M,, = 6.5 Norcia earthquakes on 26 and
30 October, respectively. On 18 January 2017,
the M,, = 5.5 Campotosto earthquake (the larg-
est of four events with M,, >5.0) occurred on
the SE portion of the sequence (Fig. 1A). The
seismic sequence activated a NW-SE—trending,
80-km-long normal fault system. The base of
the seismogenic zone (defined as the depth
above which 95% of seismicity occurs; e.g.,
Sibson, 1989; Magistrale, 2002) is located at
~9 km depth, where seismic reflection profiles
mark the top of the acoustic basement (Bar-
chi et al., 2021; Volpe et al., 2022). Within the
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Figure 2. (A) Magnitude distribution of clustered events. (B) Distribution of maximum rupture radius for each cluster, considering stress drop
of 3 MPa (e.g., Kanamori and Anderson, 1975). (C) Daily evolution of cluster seismic rate. Vertical lines mark occurrences of main shocks:
A—Amatrice; V—Visso; N—Norcia; C—Campotosto. (D) Daily evolution of magnitude of clustered events. (E) Cross-correlation coefficient
distributions for each seismogram component. (F) Cross sections of two clusters (upper panels) with associated rupture radius, number of
earthquakes, and magnitude distribution in time (lower panel).
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seismogenic zone, seismicity is localized on
SW-dipping normal faults hosting the main
shocks (e.g., Chiaraluce et al., 2017) and dis-
tributed on imbricated bands located between
5 and 9 km depth (SM2 in the Supplemental
Material'). These bands have been variously
interpreted as: extensional detachments (Wald-
hauser et al., 2021), reactivated ancient thrusts
(Improta et al., 2019), or distributed deforma-
tion favored by a ductile-brittle rheology (Col-
lettini et al., 2022). Below the seismogenic
zone, the rheology of the basement is controlled
by the rate-strengthening nature of phyllosili-
cate-rich rocks, promoting a frictionally con-
trolled seismicity cutoff (Volpe et al., 2022; see
also SM2) and providing key information to
understand the deformation processes at play
at the roots of the seismogenic zone.

To gain insight into the deformation pro-
cesses of the basement, we analyzed the evolu-
tion of the basement seismicity in space and time,
building on a high-resolution seismic catalogue
spanning a 1-yr period (Tan et al., 2021). We
observed in the basement an abrupt increase in
the seismicity rate (Fig. 1B) immediately after
the main shocks (M,, > 5.5). Then, the seismicity
rate decreased to a sequence background level.
Part of the basement seismicity (15%) was orga-
nized in 625 small clusters (Fig. 1C) that we
highlighted via a spatial-temporal clustering
algorithm (SM3) and analyzed in space and time.

While most clusters were sparse, some were
instead organized along east-dipping subpar-
allel structures (SM2). All clusters were char-
acterized by earthquakes of small magnitude
(0 <M, < 3.5), with a mode of M, = 1.1
(Fig. 2A), corresponding to an average rup-
ture radius <400 m (Fig. 2B), with a mode of
~35 m. The clusters showed short-term activ-
ity (<13 d) with variation of the seismicity rate
through time (Fig. 2C). The largest events were
homogeneously distributed in time without any
correlation with the main shocks (Fig. 2D), con-
sistent with a swarm-like evolution (Vidale and
Shearer, 2006). To further explore cluster seis-
micity, we studied the waveform similarity of
the earthquakes within each of 125 randomly
selected clusters. This was performed by cross-
correlation coefficient (CCC) analysis over
long windows, capturing the entire wave train:
from the P-wave arrival to 2 s after the S-wave
arrival (SM4 and SMS5 [see footnote 1]). The
mode of the cumulative distribution of all com-
ponents ranged between 0.8 and 0.9 (Fig. 2E),
and ~72% of the clusters were characterized

'Supplemental Material. SM1 (Coulomb stress
change); SM2 (basement geometries); SM3 (clustering
methods); SM4 (cross-correlation analysis); SMS5 (clus-
ters); SM6 (experimental apparatus and procedures);
SM7 (basement gouges); and SMS (seismicity cutoff
evolution). Please visit https://doi.org/10.1130/GEOL
.S.23881308 to access the supplemental material, and
contact editing @geosociety.org with any questions.
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by more than two events with CCC >0.9. Most
of the analyzed clusters consisted of more than
four spatially separated events, occurring in a
short time window, and with partially overlap-
ping source regions (Fig. 2F). These data sug-
gest that the Apenninic basement is structurally
complex and composed of small asperities that
host swarm-like (i.e., burst-type) earthquakes
when subject to main shock—induced stress
increases (Figs. 1B and 1C).

Basement Structures and Frictional
Properties

Details on the geology of the basement were
obtained from both deep boreholes within the
seismically active area of the Apennines (Pialli,
1998) and geological outcrops (Volpe et al.,
2022; Giuntoli and Viola, 2022). Basement
fabric can be described as an interconnected
matrix (Figs. 3A and 3B) of highly deformed
and foliated phyllosilicate-rich rocks (Fig. 3A)
that envelop hundred-meter-wide lenses com-
posed of quartz-rich rocks (Figs. 3A and 3B),
the latter populated by veins and faults.

The phyllosilicate-rich rocks have a low
friction coefficient (n = 0.28), low healing rate
(3 = 0.0002), and rate-strengthening behavior
(a—b = 0.0034; Volpe et al., 2022). These rocks
are thus weak horizons that can easily creep at
the low loading rates of the central Apennines
(3 mm/yr; Anderlini et al., 2016). The quartz-
rich lenses have higher friction (i = 0.50), high
healing rates (3 = 0.0069), and nearly rate-neu-
tral behavior (a—b = 0.001; Volpe et al., 2022);
therefore, they represent asperities within the
basement. We posit that, following the main
shocks, the transient stress increase within the
basement (Fig. 1C) produced complex slip
behavior controlled by the basement geom-
etry and its frictional properties. To assess this
behavior, we performed a suite of laboratory
experiments simulating the post—-main shock
stress rate increase (details in SM6). We tested
both phyllosilicate-rich matrix and quartz-rich
lenses using three shear-stress rate protocols
(Figs. 3E and 3F). We started from a stress level
at 80% of the steady-state frictional strength (7,
the stress required to reactivate the fault), and we
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Figure 3. (A-B) Photos of exhumed basement rocks in Mount Argentario (Tuscany, Italy), showing
highly deformed matrix characterized by pervasive foliation (marked by dashed white lines) (A),
and contact between strong lens and foliated matrix (cyan line) (B). Location of A is marked by
red box in B. (C-D) Evolution of slip velocity vs. time for phyllosilicate-rich matrix (C) and quartz-
rich lenses (D) for three loading-rate protocols, represented in E and F. (E-F) Three loading-rate
protocols. Mineralogy is given in SM7 (see text footnote 1). t,,—steady-state frictional strength.
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increased the stress stepwise while monitoring
the fault-slip behavior (Figs. 3C and 3D). When
the shear stress remained below T (Fig. 3), the
experimental fault was stable and deformed at
creeping velocities of tens of nanometers per
second (Figs. 3C and 3D). When the shear stress
reached T, we observed different styles of fault
reactivation depending on the rock type. The
phyllosilicate-rich matrix gently accelerated to
a slip velocity (V) of ~1 pm/s and then self-
decelerated (Fig. 3C). Conversely, the quartz-
rich lenses abruptly accelerated to slip velocities
higher than millimeters per second (Fig. 3D).
Our results suggest that a transient stress
increase can result in creep acceleration for both
materials, but only the quartz-rich lenses evolve
into an earthquake-like instability.

DISCUSSION AND CONCLUSION

Our data provide an integrated view (Fig. 4)
on the style of deformation at the roots of the
seismogenic zone during the Central Italy 2016~
2017 seismic sequence. Following the main
shocks, the seismicity significantly increased
within the basement (Fig. 1). About 15% of the
basement seismicity was organized in small
clusters that occurred in crustal volumes loaded
by the main shocks (Fig. 1C). The remaining
seismicity was homogeneously distributed and
could have been due to several factors, including
small lenses, earthquakes occurring within the
matrix, or earthquakes occurring within small
inherited faults. Clusters were generally char-
acterized by short-term activity (<13 d) and
low average magnitudes (M,, ~1.1), and they
consisted of events with partially overlapping
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source regions (Fig. 2). Outcrops of basement
lithologies (Fig. 3), representing exhumed ana-
logues of rocks where clustering activity occurs,
show pervasive and distributed deformation
along interconnected and phyllosilicate-rich net-
works (matrix) that surround quartz-rich lenses
(hundreds of meters wide) with fractures and
localized faults. Laboratory friction experiments
with variable loading rates showed that the phyl-
losilicate-rich rocks deform by an accelerating
and self-decelerating aseismic creep, whereas
the quartz-rich rocks reactivate via dynamic
instabilities.

Our findings provide insights on the mecha-
nisms that control the deepening of the seis-
mogenic zone (e.g., Sibson, 1989; Cheng and
Ben-Zion, 2019). The base of the seismogenic
zone is generally linked to the brittle-ductile
transition (BDT; Brace and Kohlstedt, 1980;
Sibson, 1989), and in this view, the BDT
divides an upper crust characterized by brittle
and seismogenic faults from a lower crust where
deformation is accommodated aseismically by
viscous shearing in thick quartz-rich mylonites
at temperature >300 °C (Brace and Kohlstedt,
1980). In the central Apennines, rheological
models building on heat-flow data locate the
BDT at ~15 km depth for quartz-rich litholo-
gies (Pauselli et al., 2019). However, during the
20162017 Central Italy seismic sequence, a
marked seismicity cutoff occurred at ~9 km
depth, corresponding to the phyllitic basement
(Fig. 4C; SM2; Volpe et al., 2022). Following
the main shocks, we observed a deepening of
the base of the seismogenic regime, along with
an increase of the seismicity rate within the
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basement (Figs. 1A and 4C; SMS). We posit
that this transient deepening was related to the
polyphasic frictional rheology of the basement
rocks. Following the main shocks (M,, >5.5),
an increase of loading rate (Fig. 1B) caused
accelerating and self-decelerating aseismic
creep in the weak phyllosilicate-rich matrix
(Figs. 4A and 4B; Ellis and Stockhert, 2004).
The accelerated creep of the matrix transiently
increased the stress at the edges and within the
quartz-rich lenses. Small faults contained within
single or neighboring lenses could thus reacti-
vate, producing small cluster activity (Figs. 4A
and 4D). In this interpretation, the post-main
shock transient deepening of seismicity within
the basement (Figs. 1B and 4C) resulted from a
frictional aseismic-to-seismic transition within a
rheologically heterogeneous deformation zone
(e.g., Fagereng and Beall, 2021) rather than
a strain rate—induced ductile-to-brittle switch
(Sibson, 1989; Cheng and Ben-Zion, 2019). On
a larger scale, the main shock—induced stress
change caused an aftershock sequence in the
whole basement that decayed inversely with
time (Figs. 1B and 1C). The subsequent stress
rate change caused a long-term response in the
matrix (e.g., Toda et al., 2002; Ellis and Stock-
hert, 2004), which induced the observed burst-
type activity of the clusters (Fig. 2C).

The long-term accelerated creep within the
phyllosilicate-rich basement is supported by
interferometric synthetic aperture radar (InSAR)
data and geodetic models highlighting tens of
centimeters of afterslip in the months following
the Norcia main shock at 10 km depth (Pousse-
Beltran et al., 2020; Mandler et al., 2021). These
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observations, together with the occurrence of
basement seismicity in a large volume and in
a relatively short time (Fig. 1C), suggest that
this seismicity is consistent with stress-transfer
processes modulated by the phyllosilicate-rich
matrix. Our analysis highlights the fundamen-
tal role of structural and frictional heterogene-
ities in modulating the seismicity at the roots
of the seismogenic zone. These results provide
complementary and supporting evidence to the
seismological observation of clusters of repeat-
ing earthquakes, which are interpreted as the
result of rupture of discrete structures loaded
by surrounding fault creep (Nadeau et al., 1994;
Igarashi et al., 2003; Avouac, 2015; Uchida and
Biirgmann, 2019).
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