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data have shown that faulting within and around the traditional seismogenic zone occurs in a large
variety of slip modes. Frictional and structural heterogeneities have been invoked to explain such
differences in fault slip mode and behaviour. However, an integrated and comprehensive picture remains

Keywords: extremely challenging because of difficulties to properly characterize fault rocks at seismogenic depths.
earthquakes Thus, the central-northern Apennines provide a unique opportunity because of the integration of deep-
rheology borehole stratigraphy and seismic reflection profiles with high resolution seismological data and outcrop
friction studies. These works show that seismic sequences are limited within the sedimentary cover (depth <
;tmcwl'ai heterogeneities 9-10 km), suggesting that the underlaying basement plays a key-role in dictating the lower boundary of
asemen

the seismogenic zone.
Here we integrate structural data on exhumed outcrops of basement rocks with laboratory friction data
to shed light on the mechanics of the Apenninic basement. Structural data highlight heterogeneous and
pervasive deformation where foliated and phyllosilicate-rich rocks surround more competent quartz-rich
lenses up to hundreds of meters in thickness. Phyllosilicate horizons deform predominantly by folding
and foliation-parallel frictional sliding whereas quartz-rich lenses are characterized by brittle signatures
represented by extensive fracturing and minor faulting. Laboratory experiments revealed that quartz-
rich lithologies have relatively high friction, « =~ 0.51, velocity-strengthening to neutral behaviour, and
elevated healing rates. On the contrary, phyllosilicate-rich (muscovite and chlorite) lithologies show low
friction, 0.23 < w < 0.31, a marked velocity strengthening behaviour that increases with increasing
sliding velocity and negligible rates of frictional healing.
Our integrated approach suggests that in the Apenninic basement deformation occurs along shear
zones distributed on thickness up-to several kilometres, where the frictionally stable, foliated, and
phyllosilicate-rich horizons favour aseismic deformation and therefore confine the depth of major
earthquake ruptures and the seismogenic zone.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

seismogenic regime

1. Introduction regime, or the brittle-ductile transition (hereinafter, BDT) repre-
sents a transition zone from elasto-frictional faulting along lo-
The seismogenic regime is defined by the distribution of back- calised brittle structures to viscous shearing in thick mylonites

ground microearthquake activity within the upper 10-15 km of (.8, Sibson, 1977; Scholz, 2019). In this canonical view, the base

the continental crust (Sibson, 1989). The base of the seismogenic  ©f the BDT is mainly constrained by the extrapolation of quartzite
flow laws that place the transition at about 300-350 °C (Brace and

Kohlstedt, 1980; Chen and Molnar, 1983).
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Fig. 1. a) Location map of the study area. Mainshocks (red stars: [1], Emilia 2012; [2] Colfiorito 1997; [3] Visso 2017; [4] Norcia 2017; [5] Amatrice 2017; [6] L'Aquila 2009)
and aftershocks (shaded grey area) of the major seismic sequences since 1997. Yellow diamonds mark locations of deep-boreholes where acoustic basement was encountered:
PSS-Pieve Santo Stefano, SD-San Donato, PG-Perugia 1. Blue and green to the west show basement outcrop locations; studied and sampled outcrops are represented in green.
Black arrows indicate sections reported in Fig. 1c and Fig. 9a. Red lines represent major thrust faults. Active compressional (red shaded area) and active extensional (blue
shaded area) areas constrained by GPS (Anderlini et al., 2016) and stress measurements (Montone and Mariucci, 2016). b) Stratigraphic column of the Umbria-Marche
region consisting of Miocene turbidites, Jurassic-Oligocene carbonates and Triassic Evaporites laying above the “acoustic basement”: Verrucano formation (Triassic) and upper
Palaeozoic basement. c) Time-migrated seismic profile (location in panel a) approximatively corresponding to a 7.5 km thick stratigraphic column: M.Tur., Miocene turbidites;
t.Car., top Jurassic-Oligocene carbonatic multilayer; t.Ev., top Triassic Evaporites; t.Bas., top acoustic basement (modified from Collettini and Barchi, 2002). (For interpretation
of the colours in the figure(s), the reader is referred to the web version of this article.)

is promoted by the rate-weakening behaviour induced by local-
ization along brittle faults (Dieterich, 1979; Marone and Scholz,
1988; Beeler et al., 1996; Scholz, 1998). In this framework, the
seismogenic layer is confined at depth by the viscously deforming
mylonites, and at shallow (1-2 km) levels by cataclastic flow at low
confining pressure involving velocity strengthening and dilatancy-
hardening (Scholz, 1998). However, in the last 10-15 years high-
resolution seismological and geodetic data have documented a
large gamut of fault slip behaviour along structures belonging to
the elasto-frictional regime. For example, aseismic creep and re-
peating earthquakes have been documented along some segments
of the San Andreas fault (Waldhauser et al., 2004) or along exten-
sional detachments (Chiaraluce et al., 2007). Aseismic slip is some-
times prevalent over the entire depth range of the seismogenic
portions of subduction megathrusts (Perfettini et al., 2010; Avouac,
2015), calling into question the simple concepts and methods used
to define the seismogenic zone. Moreover, slow slip events appear
to be ubiquitous on seismic faults (e.g., Jolivet and Frank, 2020)
where they play an important role throughout the earthquake cy-
cle (Biirgmann, 2018 and references therein). Finally, accelerated
creep has been recorded during hydraulic stimulations of faults
(Eyre et al., 2019; Cappa et al., 2019).

Several arguments have been proposed to explain the observed
spectrum of fault slip behaviour. Friction laboratory experiments
indicate that slow slip events arise near the threshold between
stable and unstable failure and are controlled by fault frictional
properties, the effective normal stress and the stiffness of the fault
loading medium (e.g., Baumberger et al., 1994; Gu and Wong,
1994; Leeman et al., 2016; Scuderi et al., 2017; Mclaskey and Ya-
mashita, 2017; Marone, 2019; Passelégue et al., 2019; Bedford and
Faulkner, 2021). Works building on the integration of rheological
and mechanical data indicate that structural and frictional hetero-
geneities are relevant for complex fault slip behaviour (e.g., Tesei
et al.,, 2014; Collettini et al., 2019; Fagereng and Beall, 2021).

Although recent works have significantly improved our under-
standing of the beauty and complexity of fault slip behaviour,
an integrated and comprehensive picture that incorporates struc-
tural and frictional aspects of the seismogenic zone remains un-
resolved. Here, we integrate subsurface geology and seismological
data from the Apennines with structural observations and friction

experiments on rocks that represent exhumed analogues of those
present at seismogenic depths to propose a model in which the
seismogenic zone, and confinement at depth of the major seismic
sequences of the Apennines, is dictated by the frictional, rate-
strengthening properties of basement rocks.

2. Seismicity distribution and the Apenninic basement

From the Oligocene to the present day, the central-northern
Apennines have experienced two phases of eastward migrating de-
formation: an early compression with eastward directed thrusting
and a later phase of extension (e.g., Carminati et al., 2012). Com-
pressional tectonics is now active in the Adriatic coast and Po Plain
(Carminati et al., 2012; Govoni et al.,, 2014; Montone and Mari-
ucci, 2016) whereas active extension (Fig. 1a) is located along the
axial zone of the Apennines (e.g., Montone and Mariucci, 2016).
This seismo-tectonic setting makes the Apenninic chain one of the
most seismically active area in Europe, as confirmed by four catas-
trophic seismic sequences since 1997: Colfiorito 1997-98, L'Aquila
2009, Emilia 2012, and Amatrice-Norcia 2016-17. In this region,
150 years of work on surface geology and stratigraphy (Centamore
et al, 1986; Cresta et al, 1989), the availability of an extensive
dataset of seismic reflection profiles (Bally et al., 1986; Pialli, 1998)
and high-resolution seismic data (Chiaraluce et al., 2003, 2017; Im-
prota et al, 2019; Chiarabba et al., 2009, 2014; Waldhauser et
al,, 2021) allow for a unique comparison between geological and
seismological data. From this comparison several common aspects
have been noted: a) the mainshocks (M > 5) of all the seismic
sequences nucleate within the Triassic evaporites (Mirabella et al.,
2008; Govoni et al.,, 2014; Baccheschi et al., 2020; Barchi et al.,
2021; Buttinelli et al., 2021); b) Seismicity occurs within the sed-
imentary cover (Mirabella et al., 2008; Govoni et al., 2014; Barchi
and Collettini, 2019; Baccheschi et al., 2020; Barchi et al., 2021),
with aftershock distributions mainly confined between 1 and 10
km of depth (Chiaraluce et al., 2003, 2017; Chiarabba et al., 2009,
2014); c) the base of the sedimentary cover and its contact with
the basement marks the transition from seismic to aseismic defor-
mation (Barchi et al.,, 2021).

In the area of active Apenninic extension, the basement is
present only at seismogenic depths. It has been drilled by few
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Table 1
Summary of lithology and mineral content of the sampled basement rocks. See Fig. 1 for the location of the outcrops.
Formation Rock Lithology Mineralogy Outcrop
Verrucano Scisti Viola phyllites Quartz = 37% Eastern Elba
formation Phyllosilicates = 46% Island
Oxides = 17%
Anageniti meta- Quartz = 66% Monte Argentario

conglomerates

Upper Palaeozoic
basement

phyllites phyllites

quartzites meta-

quartzarenites

Phyllosilicates = 24%
Carbonates = 8%
Oxides = 2%

Quartz = 36% Monti Romani
Phyllosilicates = 58%

Oxides = 6%

Quartz = 65%
Phyllosilicates = 33%
Oxides = 2%

Monti Romani

deep boreholes: San Donato, Pieve Santo Stefano, and Perugia wells
(Bally et al., 1986; Anelli et al., 1994; Barchi et al., 1998, and
Fig. 1a). In some of these boreholes, the tectonic superposition of
basement slices above the Triassic Evaporites indicates that some
major thrust faults are rooted at least within the shallower por-
tion of the basement (Barchi et al., 1998; Scrocca et al., 2005). In
seismic reflection profiles the basement is characterized by a set
of oblique, medium to high amplitude, low-continuity reflections,
contrasting with the overlying transparent facies of the Evapor-
ites (Fig. 1c). These peculiar seismic facies have been defined as
the “acoustic basement” (Bally et al., 1986; Barchi et al., 1998;
Mirabella et al., 2008). The boundary between the evaporites and
the basement also corresponds to an important inversion in seis-
mic velocity, with Triassic evaporites, characterised by Vp = 6.0 —
6.3 kmy/s (Bally et al., 1986; Trippetta et al., 2013) and the acoustic
basement with Vp at about 5.0 km/s (Bally et al., 1986; Ponziani
et al.,, 1995; Montone and Mariucci, 2020). Some interpretations of
seismic profiles suggest a basement with a thickness up to 7.5 km
(Patacca et al., 2008).

Since extensional tectonic migrated eastwardly with time from
the Tyrrhenian Sea to Apenninic chain, extension in the Tyrrhenian
islands and Tuscany has been active for enough time to change the
geological and geophysical character of the area and to allow ex-
humation of basement rocks (Fig. 1a). Here we have studied the
basement rocks corresponding to the “acoustic basement” in bore-
holes and seismic reflection profiles. This basement is represented
by Triassic clastic deposits (Verrucano formation) that overlies low
grade meta-sediments belonging to the foredeep-foreland system
of the Hercinic chain, upper Palaeozoic basement (Bally et al.,
1986; Lazzarotto et al., 2003; Carminati and Doglioni, 2012; and
Fig. 1b). The Verrucano formation consists of two main litholo-
gies: phyllites (Scisti Viola) and meta-conglomerates (Anageniti,
Aldinucci et al., 2008; Cassinis et al., 2018). The upper Palaeozoic
basement is represented by Carboniferous phyllites and quartzites
of low metamorphic grade (Moretti et al., 1990; Verrucchi et al.,
1994; Pandeli et al., 1994).

3. Materials and methods
3.1. Structural geology and rock sampling

We studied the Verrucano formation and the upper Palaeozoic
basement in selected outcrops in the Tuscany region (Fig. 1a and
Table 1). We focused on characterizing the lithological and struc-
tural heterogeneities of exhumed shear zones of the basement at
the meso-scale (< km) together with the distribution of competent
vs. incompetent lithologies. Representative endmember lithologies
from each locality were chosen and analysed with the optical mi-
croscope (details in paragraph 4.2). From the Verrucano formation

we sampled quartz-meta-conglomerates, Anageniti, and phyllites,
Scisti Viola (Tongiorgi et al., 1977; Aldinucci et al., 2008) while for
the upper Palaeozoic basement, quartzite and phyllites (Moretti et
al.,, 1990).

3.2. X-ray diffraction (XRD) analysis

The mineralogical composition of the sampled rocks was deter-
mined by XRD analysis on the same powders used for the friction
experiments (grain size, ¢ < 125 um). The analysis was conducted
using a Bruker D8 Advance X-ray system equipped with Lynxeye
XE-T silicon-strip detector at the Department of Earth Sciences,
Sapienza University of Rome. The instrument was operated at 40
kV and 30 mA using CuKo radiation (A = 1.5406 A). Samples were
run between 2-70° 260 with step sizes of 0.02° 26 while spinning
the sample. Data were collected with variable slit mode to keep
the irradiated area on the sample surface constant and converted
to fixed slit mode for semiquantitative analysis. Semiquantitative
estimation of mineral phases was performed by calculating peak
areas and using mineral intensity factors as calibration constants
(Moore and Reynolds, 1997).

3.3. Friction experiments

Friction experiments were conducted using BRAVA (Brittle Rock
deformAtion Versatile Apparatus), a servo-controlled biaxial test-
ing apparatus (Collettini et al., 2014). Experiments were performed
in the Double Direct Shear configuration (DDS) consisting of three
steel grooved blocks which sandwich two identical layers of gouge
or intact rock wafers. Normal and shear stress are applied by
fast-acting hydraulic servo-controlled rams and measured by strain
gauged load-cells with an accuracy of + 0.03 kN in a range from
0.2 kN to 1.5 MN. Stresses are obtained using the contact sample
area (5 x 5 cm?). The vertical and horizontal load point displace-
ment are measured by LVDT (linear variable displacement trans-
formers) with an accuracy of + 0.1 um (Collettini et al., 2014). The
displacement time series were corrected for the elastic stretch of
the load frame, considering that the machine stiffness is 329.50
kN/mm on the horizontal direction and 386.12 kN/mm on the ver-
tical direction. Data were sampled at frequencies of 1 Hz to 1 kHz
and recorded continuously with a 16 channel 24-bit analog to dig-
ital acquisition system (Collettini et al., 2014).

Two types of experimental samples were tested: one using
gouge formed from for all the sampled lithologies and another
using intact wafers only for foliated lithologies (phyllites and
quartzites of upper Palaeozoic basement). The gouge was produced
by crushing, milling, and sieving (¢ < 125 pm) the sampled rocks
whereas the intact wafers were obtained by cutting the sampled
rocks, according with their in-situ orientation, in parallelepipeds
of 5 x 5 cm? of area and 1.0 cm of thickness.
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Table 2
Experimental results for the tested lithologies. “/” symbol indicated missing data related to premature end of experiments.
Formation Rock Type on Experiment JLSS Healing rate a-b
Verrucano Scisti Viola gouge 25 b996 0.28 —0.00064 0.0034
50 b997 0.28 0.00023 0.0035
75 b998 0.29 0.00044 0.0031
100 b999 0.29 0.00112 0.003
Anageniti gouge 25 b1003 0.52 0.00742 0.0008
50 b1006 0.51 0.00674 0.0011
75 b1008 0.51 0.00707 0.0014
100 b1007 0.51 0.00682 0.0017
Upper Palaeozoic phyllites gouge 25 b955 0.33 0.00142 0.0007
basement 50 b973 0.34 0.00176 0.0022
75 b974 0.34 0.00193 0.0025
100 b975 0.32 0.00154 /
wafer 10 b1009 0.27 0.00046 0.0034
25 b981 0.19 0.00091 0.0031
35 b1011 0.35 / /
50 b985 0.20 0.00036 0.0026
quartzites gouge 25 b987 0.49 0.00474 0.0022
50 b988 0.49 0.00471 0.0019
75 b989 0.48 0.00468 0.0021
100 b990 0.48 0.00485 0.0023
wafer 10 b1004 0.32 / /
25 b995 0.24 0.00149 0.0024
35 b1002 0.25 0.00138 0.0026
50 b991 0.27 0.00129 0.0025
10 um/s 10 pm/s
0.5 0.504 o A
= 0.48
2 0.4 Run-in SHS Velocity steps thoa = 300's
c
Q 0.46 1 b
RS 9200 9300 9400 9500 9600
& 0.3
O .
g time [s]
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o 2 >
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« 0.
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Fig. 2. a) Evolution of friction as a function of shear displacement for one complete experiment (b989). Our procedure consisted of a run-in phase followed by slide-hold-slide
tests (SHS) and velocity step tests. b) Detail of a 300-s slide-hold-slide test showing evolution of friction with hold time and re-shear. c) Detail of a velocity step test from

30 to 100 s (black line) and a best-fit model using RSF (red line) (see text for details).

The experiments were performed at room temperature and at
normal stress of 25, 50, 75 and 100 MPa for gouges and 10, 25,
35 and 50 MPa for intact wafers. We report on a total of 24 ex-
periments (details in Table 2) with several other tests done to
check consistency and perform calibrations. All experiments were
performed under water saturated conditions by placing the exper-
imental assembly within a plastic membrane and submerging it
with CaCOs-rich water. To ensure water percolation and full sam-
ple saturation, the samples were left under a low normal load of 1
kN for 30 minutes. After sample saturation, we increased the nor-
mal stress at steps of 0.4 MPa until the target normal stress was
reached. Once the sample compacted to a constant layer thickness,
during the run-in, the sample was sheared for 10 mm by impos-
ing a displacement rate of 10 um/s. During this phase, the fault
reaches a steady state shear strength (Fig. 2a). After the run-in, we
performed slide-hold-slide tests consisting of a shearing phase at
10 pum/s for 500 um of displacement, alternated with hold periods

ranging from 1 to 3000 s (Fig. 2b). Finally, we performed veloc-
ity steps by shearing the sample at increasing velocity, from 0.1 to
300 pm/s (Fig. 2c).

Our friction measurements include steady-state sliding friction,
healing behaviour during slide-hold-slide tests, and velocity/state
dependence of friction. The Rate and State friction theory (Di-
eterich, 1979; Ruina, 1983) is used as framework for this analysis
(Fig. 2). The steady state friction coefficient (u) was calculated as
the shear stress normal stress ratio, and assuming negligible cohe-
sion.

ss = Tss/o N (1)

During slide-hold-slide tests, the amount of frictional healing
(Aw) was calculated as the difference between the peak friction
measured upon re-shear after each hold and the pre-hold steady
state friction (Marone, 1998). Frictional healing rate (8) was calcu-
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Fig. 3. Verrucano outcrops in Monte Argentario (see location in Fig. 1). a) panoramic view of the area, blue dotted lines highlight Anageniti lenses contained within the Scisti
Viola matrix (foliation in brown dotted lines). b) decametric lens of Anageniti embedded with foliated Scisti Viola (brown dotted lines). ¢) Distributed deformation within
the foliated (brown dotted line) Scisti Viola. d) Brittle fault within an Anageniti lens, yellow lines highlight subvertical quartz veins cut and displaced by the fault.

lated by diving the frictional healing (A ) by the logarithm of the
hold time, logqo(At).

B = Au/logio(AD). (2)

During velocity steps test, the near-instantaneous step in slid-
ing velocity from Vg to V corresponds to an instantaneous change
in friction that scales as the friction parameter aln(V/Vp), where
a is an empirical constant defined as the direct effect. The subse-
quent evolution to a new steady-state value of friction scales as
the friction parameter bIn(V/Vy), where b is an empirical constant
defined as the evolution effect (Dieterich, 1979; Ruina, 1983). The
velocity dependence of friction, described by the a-b parameter, is
defined as:

(a-b) = Apss/In(V/Vo) (3)

where A is the difference between the dynamic steady-state
friction after and before a change in sliding velocity from Vg to
V (Dieterich, 1979; Ruina, 1983). Positive values of (a-b) define
velocity-strengthening behaviour, indicating that aseismic creep is
expected. Negative values of (a-b) define velocity-weakening be-
haviour, which is a condition required to develop a frictional in-
stability (Dieterich and Kilgore, 1994; Marone, 1998). The velocity
steps were modelled (Fig. 2c) using the Dieterich time-dependent
evolution law coupled with the RSF equation (Dieterich, 1979):

W= o +aln(V/Vo) + bn(Vo/Dc) (4)
80/8t=1—6V/Dc (5)

Where o is friction for steady-state slip at velocity Vo, V is
the frictional slip rate and Dc is the critical slip distance needed
to renew the asperities. Parameter 6, also calculated as Dc/V at

steady state, represents the state variable that describes the aver-
age lifetime of the asperities (Ruina, 1983). For modelling, these
two equations are coupled with an equation that describes the
elastic coupling between the frictional surface and the loading sur-
rounding:

dje/dt = K(Vip — V) (6)

Where Vi, is the measured loading point velocity and K is the
stiffness of the loading apparatus and the assembly, normalized
by the normal stress, in units of coefficient of friction per dis-
placement (Saffer and Marone, 2003). These last three equations
(eq. (4), (5) and (6)) are simultaneously solved by using a fifth
order Runge-Kutta numerical integration. The constitutive parame-
ters a, b, and Dc for each velocity step, were obtained as best fit
parameter values using an iterative, least squares method to solve
the nonlinear inverse problem (Blanpied et al., 1998; Saffer and
Marone, 2003).

4. Results
4.1. Field work

One of the best exposures of the Verrucano formation, 500
m long and 250 m high, is located in Monte Argentario (Fig. 1
and Fig. 3). The outcrop consists of anastomosed and foliated
phyllosilicate-rich rocks (Scisti Viola, Fig. 3a-c) that surround more
competent quartz-rich sandstone and conglomerate lenses (Ana-
geniti, Fig. 3b-d). The Scisti Viola are highly deformed domains
characterized by phyllosilicate-rich pervasive foliation (details in
paragraph 4.2) that obliterates the primary sedimentary features.
In contrast to the Scisti Viola, the Anageniti are domains of lesser
deformation that include places where the original sedimentary
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T el St

Fig. 4. Interpretation of outcrops of upper Palaeozoic basement in Monti Romani (see location in Fig. 1). a) Quartzite lens within foliated phyllite matrix. The boundary
between the phyllites and the quartzites lens is marked by a distributed shear zone. b) Outcrop with the presence of strong quartz lenses surrounded by foliated phyllite
matrix. ¢) Boudinated quartz lenses within a foliated phyllite matrix. d) Quartzite lens within phyllites foliated matrix. In circles: Phy is for phyllites, Qzt is for quartzites.
Brown dashed lines marks foliation in phyllite matrix; light blue dashed lines encompass stronger quarts-rich lenses.

structures (e.g., stratification and pebbles imbrication) are pre-
served. Within the Anageniti we observed brittle features repre-
sented by different sets of quartz veins with a maximum thickness
of 10 cm, veins of Fe and Mn oxides and minor faults with dis-
placement lower than a few meters (Fig. 3d). Similar features have
been observed in the Verrucano formation in eastern Elba, but here
the geometries of the structures are not very well preserved. These
features are obliterated by deformation that includes distributed
Fe-rich mineralization and post-orogenic magmatism (Bortolotti et
al,, 2001; Smith et al., 2011).

We studied the upper Palaeozoic basement primarily in the
Monti Romani area (Fig. 1 and details in Moretti et al., 1990).
Here, phyllites alternate with fine grained quartzites (Fig. 4a) and,
in some areas quartz-rich lenses are contained within an intercon-
nected phyllosilicate-rich foliation (Fig. 4c-d and details in para-
graph 4.2). In these outcrops the quartz-rich lenses range in size
from centimetres to several meters. In some cases, brittle normal
faults cut and displace the foliation, in others, normal faults mark
the boundaries between the foliated matrix and the competent
lenses (Fig. 4a).

4.2. Mineralogy and microstructures

XRD analysis provides semi-quantitative mineralogical analysis
of the sampled basement rocks (Table 1). The composition is simi-
lar among the samples, which are mainly composed of quartz and
phyllosilicates (muscovite and chlorite, with minor paragonite in
upper Palaeozoic basement, and pyrophyllite in Anageniti). Minor
mineral phases are oxides (rutile and hematite) and carbonates
(calcite and dolomite).

Microstructural analysis was made on petrographic thin sec-
tions (30 pm thick) prepared by cutting the sampled rocks per-
pendicularly to foliation and parallel to the sense of shear. Images

acquired using a petrographic microscope are reported in supple-
mentary materials (Fig. S2). The sampled basement rocks show
different microstructures that span between highly anisotropic (fo-
liated) to isotropic (massive) textures. The Scisti Viola and upper
Palaeozoic phyllites are characterized by a highly anisotropic tex-
ture due to pervasive plane-parallel foliation made of an alignment
of phyllosilicate crystals that bound minor quartz microlithons
(Fig. S2). Upper Palaeozoic quartzites show a schist-to-gneissic tex-
ture made of aligned phyllosilicate seams that envelop quartz-rich
lenses. Anageniti is characterized by an isotropic, grain-supported
texture made of sub-rounded quartz grains (up to several cen-
timetres in diameter) with an interstitial non-foliated phyllosilicate
matrix.

4.3. Mechanical results

For each lithology we have characterized frictional strength,
healing rate and velocity dependence of friction (details in Table 2).

4.3.1. Frictional strength

During the run-in phase, the powdered material (blue curves
in Fig. 5) reaches steady state friction with minor strain harden-
ing trends, mostly appreciable in the Scisti Viola at high normal
stresses (Fig. 5a). For wafers (red curves in Fig. 5c-d) we observe
an initial, modest strain-weakening following the peak friction. The
friction displacement curves for wafers are characterized by small
oscillations while the curves for gouges are relatively smooth and
steady.

The steady-state shear stress values for each lithology define a
linear relation (Fig. 6) in agreement with Coulomb failure and cat-
aclastic dominated processes and/or frictional sliding along phyl-
losilicate foliae. The steady state friction of the tested litholo-
gies ranges between 0.19 and 0.52 (Table 2). Verrucano formation
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shows a large range in friction between the end member litholo-
gies: for Scisti Viola = 0.30 and for Anageniti © = 0.51. Con-
cerning the upper Palaeozoic basement, powdered samples display
m =0.31 in phyllites and u = 0.47 in quartzites, whereas wafers
samples show lower but similar fiction values in both lithologies:
0.23 for phyllites and 0.25 for quartzites.

4.3.2. Healing properties

Frictional restrengthening (Au) shows different behaviour de-
pending on the lithologies as well as the sample type (gouge
and wafer). Within the Verrucano formation, Scisti Viola samples
are characterized by small Ap values that slightly increase with

increasing hold time and normal stress (Fig. 7a). All the exper-
iments conducted on Anageniti display a high healing rate that
slightly decreases with normal stress (8 = 0.0074 at 25 MPa and
B = 0.0068 at 100 MPa, Fig. 7b). Within the upper Palaeozoic
basement quartzite gouges have the highest values of Au which
increase with hold time and slightly decrease with applied normal
stress, maintaining an almost constant healing rate (8 = 0.0047,
Fig. 7d). The wafers of this lithology show lower values of fric-
tional restrengthening resulting in lower healing rates (8 = 0.0014,
Fig. 7d). The phyllites of the upper Palaeozoic basement are char-
acterized by low healing rates: g = 0.0015 and 8 = 0.0005 for
gouges and wafers, respectively (Fig. 7c).
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4.3.3. Velocity dependence of friction

The velocity dependence of friction for the Verrucano forma-
tion is strongly controlled by lithology. Scisti Viola gouges have the
strongest velocity strengthening behaviour with a-b values that in-
crease with increasing sliding velocities, i.e., a-b evolves from 0.002
to 0.004 (Fig. 8a). The Anageniti gouges show the lowest value of
a-b around 0.0002, with a reduction in a-b values with decreasing
normal stress (Fig. 8b). Gouges and wafers of the upper Palaeozoic
phyllites and quartzites (Fig. 8c-d) are characterized by a velocity
strengthening behaviour that increases with increasing sliding ve-
locities. A few slightly negative a-b values were documented for
phyllite gouges at 25 MPa of normal stress and shearing velocities
in the range of 10-100 um/s (Fig. 8c).

5. Discussion
5.1. Mineralogy, fabric and mechanical data

The integration of mineralogical and mechanical data highlights
key aspects of two main rock types with different mechanical be-
haviour within the Apenninic basement: I) phyllosilicate-rich rocks
represented by Scisti Viola and upper Palaeozoic phyllites charac-
terized by 46% and 58% of muscovite and chlorite respectively;
and II) quartz-rich rocks with about 65% of quartz, and minor
phyllosilicates (i.e., Anageniti and quartzites, details in Table 1).
The phyllosilicate-rich lithologies are characterized by low friction,
=~ 0.3 (Fig. 6), very low healing rates (—0.0006 < 8 < 0.0017,
Fig. 7) and a marked velocity strengthening behaviour that in-
creases with increasing sliding velocity (Fig. 8a-c). This behaviour
is well-explained by the large amount of phyllosilicates contained
within the phyllites and Scisti Viola that, during deformation, pro-

motes the development of an interconnected network of phyllosil-
icates (Fig. 3c and Ruggieri et al., 2021) Frictional sliding along the
phyllosilicate foliae favours low friction (e.g., Saffer and Marone,
2003; Moore and Lockner, 2004; Tembe et al., 2010; Ikari et al.,
2011; Collettini et al., 2019), while the platy habit of the phyllosil-
icate affects the low healing and the marked velocity strengthening
behaviour. This has been interpreted as a saturation of contact area
for weak phyllosilicates at normal stresses above ~ 25 MPa and
for longer hold periods and lower slip velocity (Saffer and Marone,
2003; Ikari et al., 2009; Carpenter et al., 2011; Collettini et al.,
2011; Tesei et al., 2012). We suggest that this observation is the re-
sult of a transition from phyllosilicate-dominated behaviour at low
normal stress to a more pronounced quartz grains contact interac-
tion, with some growth in contact area of quartz grains promoting
the observed increase of S.

The quartz-dominated rocks of the Verrucano, and upper
Palaeozoic basement show a relatively high friction coefficient u ~
0.5 (Fig. 6), high healing rates (0.0047 < 8 < 0.0076, Fig. 7b-d)
and a velocity strengthening behaviour that, for Anageniti evolves
into a velocity neutral behaviour with decreasing normal stress
(Fig. 8b). Here the mechanical data are mainly controlled by the
large amount of quartz contained within these rocks. Cataclastic
deformation with grain-size reduction and dilation well explains
the high friction and the velocity strengthening behaviour (e.g.,
Marone and Scholz, 1988; Scholz, 1998), whereas the high healing
rates are consistent with the increase of grain contact junctions
with hold time (e.g., Dieterich and Kilgore, 1994; Marone, 1998).
With increasing normal stress, we observe a reduction in frictional
healing (Fig. 7b) and a more pronounced velocity strengthening
behaviour (Fig. 8b). We interpret this as an increase in contact
area saturation, either promoted by a quick saturation of quartz
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grain contacts at higher normal stresses (e.g., Ruggieri et al., 2021)
and/or phyllosilicate enrichment within the shear zones.

Mechanical tests on wafers have been conducted only for fo-
liated rock of the upper Palaeozoic basement. Despite the signif-
icant differences in phyllosilicates content, (i.e., 58% for phyllites
and 33% for quartzites), their mechanical behaviour is very simi-
lar, and it is also similar to phyllosilicate-rich powdered samples
(e.g., Fig. 6). In particular, friction is low, 0.23 < u < 0.25, healing
rate is close to zero (0.0003 < B < 0.0014), and a marked rate-
strengthening behaviour is observed (Fig. 8c-d). In addition, the
comparison of powdered vs. foliated quartzites shows completely
different frictional properties, although mineralogical composition
is the same. This result agrees with previous works showing that
weakness of the foliated fault rocks is due to the reactivation
of pre-existing phyllosilicate-rich surfaces that are absent in the
powders (e.g., Collettini et al., 2009; Niemeijer et al., 2010). This
observation emphasizes the role of fabric in frictional properties of
phyllosilicate-rich rocks.

5.2. Structural and frictional properties of the basement and seismicity

cut-off

Although the role of basement in the seismicity cut-off has
been observed for the Colfiorito 1997 (Mirabella et al., 2008),
L’Aquila 2009 (Baccheschi et al., 2020) and Emilia 2012 (Govoni
et al, 2014) seismic sequences, the 2016-2017 Central Italy se-
quence is the best example to capture insights on fault rheology
via the comparison between seismological, geological, and experi-
mental mechanical data. For this seismic sequence, comprehensive
seismological catalogues, based on machine learning techniques
are available (e.g., Tan et al., 2021) and subsurface geology is con-

strained by seismic profiles and borehole data (Porreca et al., 2018;
Barchi et al., 2021; Buttinelli et al., 2021). The sequence is charac-
terized by three major earthquakes, the Mw 6.0 Amatrice event on
24 August 2016, the Mw 5.9 Visso event on 26 October and
the Mw 6.5 Norcia event on 30™ October. These events occurred
on SW-dipping normal faults and details on fault geometry and
kinematics can be found in the literature (Chiaraluce et al., 2017;
Improta et al., 2019; Michele et al., 2020; Tan et al,, 2021; Wald-
hauser et al., 2021). Along a crustal section that is parallel to the
strike (147°, see trace in Fig. 1a) of the Norcia, Mw 6.5, mainshock
(Chiaraluce et al., 2017), the aftershock distribution is mainly con-
fined at depth < 9-10 km (Fig. 9). In addition, co-seismic fault
slip distribution (Chiaraluce et al., 2017; Scognamiglio et al., 2018),
shows that all the slip along the faults hosting the mainshocks is
confined within the first 10 km of depth. At depth greater than
6 km, i.e., below the mainshock nucleation, the seismicity is con-
centrated on 2-4 km thick, sub-horizontal and imbricated bands
(Fig. 9a). Different interpretations have been proposed for this
basal seismicity. On the grounds of aftershock geometry and ex-
tensional focal mechanisms, Chiaraluce et al. (2017) interpret this
seismicity as a basal extensional shear zone that in some places
is fragmented (Waldhauser et al.,, 2021). From the imbrication of
the basal seismicity bands, Improta et al. (2019) suggested a reac-
tivation of previously developed compressional structures that root
into the basement. Here, building on the observation that the bot-
tom of the basal seismicity coincides with the top of the basement
(Fig. 9), we propose that this seismicity cut-off is mainly controlled
by the basement rheology.

Significant insights into the rheology of the basement can be
obtained from the geological and mechanical investigations re-
ported in this paper. The studied outcrops of the Verrucano for-
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mation and upper Palaeozoic basement rock schematically consist
of interconnected networks of foliated and phyllosilicate-rich hori-
zons (the Scisti Viola in the Verrucano and the phyllites in the
upper Palaeozoic basement) that surround more competent quartz-
rich lithologies (Anageniti in Verrucano and quartzites in the up-
per Palaeozoic basement). Due to their interconnectivity (Fig. 9c),
the phyllosilicate-rich horizons control the rheology of the base-
ment. These rocks are characterized by low friction, very low or
null healing rates, and a marked rate strengthening behaviour
(Fig. 9e). These data define the basement as a several kilome-
tres thick, weak layer, which accommodates deformation predom-

10

inantly by aseismic creep. In other words, the basement is a good
horizon for a frictionally controlled seismicity cut-off. The seismic-
ity, above the phyllitic basement is well explained, on the other
hand, by the frictional properties of the carbonates-anhydrites rich
faults hosted within the sedimentary cover (high-friction, velocity
neutral-weakening behaviour and high healing rates; Scuderi et al.,
2013; Carpenter et al., 2014; Scuderi et al., 2020).

Our results suggest that the documented seismicity cut-off is
frictionally controlled and does not correspond to the canonical
brittle-ductile transition, BDT, i.e., a transition zone where the de-
formation switches from frictional faulting along brittle structures
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to viscous shearing in thick mylonites once achieved a temper-
ature of about 300-350°C (Brace and Kohlstedt, 1980; Wallis et
al., 2015). Firstly, the maximum depth of the background mi-
croseismicity, which defines the base of the seismogenic regime
(e.g., Sibson, 1989; Scholz, 2019) or the canonical BDT, is located
at 14-15 km in this portion of the Apennines (Chiaraluce et al.,
2017). Secondly, a new heat flow map built on the temperature
data from 174 boreholes poses the modelled BDT at depths be-
tween 15-20 km (Pauselli et al., 2019). Thirdly, frictional sliding
of muscovite-rich phyllosilicates is favoured up to temperatures as
high as 600°C (Den Hartog et al., 2013). These temperatures are
significantly higher than the 200°C expected at 10 km depth in
the active portion of the Apennines (Pauselli et al., 2019), indicat-
ing that brittle frictional sliding is the main deformation mech-
anism for basement rocks at these depths. Finally, the seismicity
cut-off is not planar (Fig. 9a-b), as it should be for a temperature-
controlled cut-off, but it rather mimics the basal geometry of the
major thrusts of the area that are imbricated and root into the
basement (Fig. 9a and Barchi et al., 2021).

Following the Norcia 30™ October mainshock, an increment of
diffuse microseismicity is observed within the basement (Fig. 9a-
b). A possible explanation for that is found in the structural and
frictional heterogeneous nature of the basement. Within the base-
ment we have documented the presence of quartz-rich lenses,
with size ranging from centimetres to hundreds of meters (e.g.,
Fig. 9c, 3 and 4), showing brittle structures such as faults with
small displacement and veins (Fig. 3). These rocks are character-
ized by relatively high friction, high healing rates, and a velocity
strengthening/neutral behaviour. The quartz-rich lenses are there-
fore strong and competent objects interspersed within the weak
foliated phyllosilicate-rich matrix (Fig. 9c¢). Lithological heterogene-
ity promotes differences in strain rate and finite strain magnitude
(e.g., Goodwin and Tikoff, 2002) with local strain rate gradients
that induce amplified shear stresses in the competent lenses (Beall
et al,, 2019). During tectonic loading, shear strain-rate increase can
result in amplified shear stresses along the competent lenses and
trigger a dynamic instability also in a slightly velocity strengthen-
ing/neutral material (e.g., Boatwright and Cocco, 1996) like those
represented by quartz-rich lenses hosted within the basement.
Therefore, we interpret that the deep microseismicity following the
Norcia mainshock (Fig. 9b) originates from these competent lenses,
which deform in response to the post-seismic increase of shear
strain rate. The seismicity located within the basement is mainly
characterized by M < 2.0 earthquakes (Fig. 9a) with a few events
in the range 2.0 < M < 4.0. The 0 < M < 2.0 events represent
ruptures with dimensions ranging from 10 to about 300 m (Sibson,
1989) that is the same scale of the competent lenses observed in
the field (Fig. 9c-d). The few larger ruptures can be explained via
the interaction of several competent lenses forming force chains
that are activated simultaneously (e.g., Fagereng and Beall, 2021)
or by basement portions with rheology not entirely dominated by
phyllosilicates.

6. Conclusions

In the active region of the Apennines, the integration of seismic
reflection profiles with high resolution seismological data shows
that the strongest seismic sequences are confined within the sedi-
mentary cover. For the Amatrice-Norcia 2016 seismic sequence the
integration of geophysical data highlights a seismicity cut-off at 9-
10 km of depth in correspondence of the top of the basement that
shows several steps produced during the Pliocene compressional
tectonic phase. Outcrops of exhumed basement rocks schematically
consist of structural and mechanical heterogeneous zones of dis-
tributed deformation along interconnected phyllosilicate-rich hori-
zons surrounding quartz-rich lenses up to hundred meters thick.
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Due to their interconnectivity, the rheology of the basement is con-
trolled by the phyllosilicate-rich horizons. These rocks show low
friction, 0.23 < @ < 0.31, very low or null healing rates, —0.0006
< B < 0.0017, and marked rate strengthening behaviour. The in-
tegration of field and laboratory data depicts the basement as a
several kilometre thick, weak layer, which accommodates deforma-
tion predominantly by aseismic creep, hence representing a good
horizon for a frictionally controlled seismicity cut-off. Following
the mainshock, the increase of seismic activity at higher depths
(i.e., within the basement) is interpreted as the brittle reactivation
of quartz-rich competent lenses following post-mainshock shear
strain rate increase. The integration of subsurface geology and
seismological data with structural observations and friction experi-
ments on rocks that represent exhumed analogues of those present
at seismogenic depths depict a model in which the depth of the
seismogenic zone is dictated by the frictional, rate-strengthening
properties of basement rocks.
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