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Abstract Observations of heterogeneous and complex fault slip are often attributed to the complexity of
fault structure and/or spatial heterogeneity of fault frictional behavior. Such complex slip patterns have been
observed for earthquakes on normal faults throughout central Italy, wheremany of theMw 6 to 7 earthquakes in
the Apennines nucleate at depths where the lithology is dominated by carbonate rocks. To explore the
relationship between fault structure and heterogeneous frictional properties, we studied the exhumed Monte
Maggio Fault, located in the northern Apennines. We collected intact specimens of the fault zone, including the
principal slip surface and hanging wall cataclasite, and performed experiments at a normal stress of 10MPa
under saturated conditions. Experiments designed to reactivate slip between the cemented principal slip surface
and cataclasite show a 3MPa stress drop as the fault surface fails, then velocity-neutral frictional behavior
and significant frictional healing. Overall, our results suggest that (1) earthquakesmay readily nucleate in areas of
the fault where the slip surface separates massive limestone and are likely to propagate in areas where fault
gouge is in contact with the slip surface; (2) postseismic slip is more likely to occur in areas of the fault where
gouge is present; and (3) high rates of frictional healing and low creep relaxation observed between solid fault
surfaces could lead to significant aftershocks in areas of low stress drop.

1. Introduction

Spatiotemporal variations in the frictional properties of faults are hypothesized to exhibit significant control
on earthquake nucleation and earthquake related slip [e.g., Rice, 1993; Boatwright and Cocco, 1996; Muhuri
et al., 2003; Ben-Zion, 2001; Parsons, 2005]. Such variations are hypothesized to result from the dependence of
frictional constitutive behavior on-fault conditions such as consolidation state, normal stress, and
temperature [e.g., Marone and Scholz, 1988; Blanpied et al., 1991; Den Hartog and Spiers, 2013; Niemeijer and
Vissers, 2014], the complexity of rheology due to changes in lithology [e.g., Collettini et al., 2009; Ikari et al.,
2013; Tesei et al., 2014], and changes in fault structure [e.g., Ben-Zion and Sammis, 2003; Di Stefano et al., 2011;
Faulkner et al., 2010; Collettini et al., 2011]. Spatial variations in frictional properties and fault strength occur for
faults in all tectonic settings [e.g., Miyazaki et al., 2004; Kaneko et al., 2013; Noda and Lapusta, 2013] and are
considered to exhibit a first order control on the mode of fault failure.

In central Italy, many of theMw 6 to 7 earthquakes that occur in the active Apennines rupture steeply dipping

normal faults. One such recent event, the 2009 Mw 6.3 L’Aquila earthquake, produced well-documented,
complex fault slip [Di Stefano et al., 2011; Chiaraluce, 2012; D’Agostino et al., 2012; Valoroso et al., 2013].
Complexity in fault slip has been noted on timescales of earthquake rupture, where slip propagation
occurred at different velocities and in various directions, including a momentary pause in rupture [Di Stefano
et al., 2011], and the postseismic period, where afterslip occurred in distinct patches of the rupture plane
[D’Agostino et al., 2012; Cheloni et al., 2014]. Furthermore, a complex image of the L’Aquila fault has emerged
from high-resolution seismology [Chiaraluce, 2012; Valoroso et al., 2013; Valoroso et al., 2014]. Such complexity
has been observed for other normal faulting events in central Italy, such as the 1997 Colfiorito sequence
[Chiaraluce et al., 2003; Miller et al., 2004]. This work shows that these earthquakes nucleate at depths of
5–8 km and have aftershocks that extend to shallow depths (<1 km). Furthermore, widespread seismicity is
observed throughout central Italy at these depths [Chiarabba et al., 2005]. The lithologies at these depths,
from the surface to ~10 km, are dominated by thick, carbonate sequences [e.g., Mirabella et al., 2008] whose
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frictional properties under shallow crustal conditions, until recently, have received very little attention [Collettini
et al., 2011; De Paola et al., 2011; Smith et al., 2011; Fondriest et al., 2013; Scuderi et al., 2013; Violay et al., 2013].

In order to better understand observations of complex fault slip, we conducted experiments to investigate
several sources of complexity using fault rocks representative of those at seismogenic depths. Here we
present results from experiments on-fault rocks collected from the Monte Maggio Fault, with the explicit goal
of determining how rock type andmechanical complexities in the fault could control variations in earthquake
nucleation and fault slip.

2. Geologic Setting and Fault Description

The Monte Maggio Fault (MMF), located in the northern Apennines, is a major structure that aligns with the
currently active tectonic setting (Figure 1). Normal faults in the Apennines are known to host some of the
largest earthquakes [e.g., Basili et al., 2008; Chiaraluce, 2012]. The MMF, exhumed from ~2 km depth, has
accommodated approximately 650m of slip [Collettini et al., 2014] and cuts across lithologies similar to those
that hosted the Gubbio 1984, Umbria-Marche 1997, and L’Aquila 2009 earthquake sequences.

This 10 km long structure is particularly well exposed (Figure 2, top) near the town of Rocchetta, Italy. At the
kilometer scale, the fault is similar to the structures observed, via high-resolution aftershock mapping of the

Figure 1. Location and schematic map of the Umbria region in central Italy showing regional fault structures, historical seis-
micity, and focal mechanisms for the noted events [Collettini et al., 2003, and references therein]. The Monte Maggio Fault
(MMF) is identified by the red arrow.
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fault that produced the 2009 L’Aquila
earthquake [Valoroso et al., 2014]. At
the outcrop scale, the fault is
composed of parallel, distinct slip
surfaces extending for a total width of
~50m (Figure 2), all showing
kinematic indicators of fault slip that
are consistent with the current,
extensional tectonic setting. Fault
structure and slip surface phenomena
are consistent with observations of
other normal faults cutting carbonate
lithologies [Stewart and Hancock,
1991; Smith et al., 2011; Bullock et al.,
2014] and are more fully explored in a
separate manuscript [Collettini et al.,
2014]. Here we focus on an
exceptionally well-exposed fault
exposure (Figure 2, top) that separates
cataclastic fault rocks derived from the
Calcare Massiccio massive limestones
(Lower Jurassic) in the footwall and
cataclasite, formed mainly from marly
limestone of the Bugarone formation
(Upper Jurassic-Lower cretaceous) in
the hanging wall (Figure 2, bottom).
The presence of clay in the hanging
wall fault rock enhances pressure
solution processes [e.g., Gratier et al.,
2013; Viti et al., 2014] as indicated by
the development of an intense
network of stylolites and mineral

precipitation as indicated by an extensive calcite fracture system that is perpendicular to the stylolites
[Collettini et al., 2014]. At the exposed outcrop, undeformed hanging wall material is not present.

Excellent exposure of the fault allowed us to identify slip surfaces separating different types of fault rocks.
We observe distinct slip surfaces within massive limestone (i.e., solid rock versus solid rock), massive
limestone versus gouge (i.e., solid rock versus gouge), and solely within gouge (Figure 2, bottom). In cases
where gouge is present, it is derived from both the massive limestone of the footwall and marly limestone
of the hanging wall. The complexity of this fault structure, with multiple closely spaced slip surfaces
and different mechanical contacts, would likely lead to complex slip patterns during earthquake rupture
and post seismic slip. Furthermore, differences in the frictional behavior of the different slip patches
would also likely control processes involved in earthquake nucleation and the restrengthening of the fault
after dynamic failure.

3. Experimental Methods
3.1. Experimental Samples

In order to evaluate the complexity observed at the outcrop scale, we collected three sets of samples. Our
samples are representative of the full range of fault rocks and include (1) solid rock versus solid rock, (2) solid
rock versus powdered gouge, and (3) powdered gouge. We collected many samples, both intact pieces and
gouge/rubble, to ensure a representative sampling of both the hanging wall cataclasite and footwall limestone.
In order to collect intact specimens of the fault surface, we cored the fault surface in areas of relatively uniform
surface topography and without noticeable fractures (Figures 3a and 3b). In a few areas, the hanging wall
cataclasite was both competent and thin enough to core across a principal slip zone (PSZ, Figure 3c). In these

Figure 2. Panoramic outcrop picture of the (top) exposed Monte Maggio
fault and (bottom) schematic illustration summarizing our observations of
fault structure. We observe three parallel slip surfaces at the outcrop scale
(highlighted in red) that all show consistent slip kinematics. The slip
surface is highly polished but shows grooves and striations at many
scales. Slip is observed in areas where the slip surface brings into contact
solid rock versus solid rock, solid rock versus powdered gouge, and
powdered gouge only.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011337

CARPENTER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3



few areas, it is clear that the healed PSZ survived exhumation and subsequent sampling. Scanning electron
microscope observations taken across the PSZ show evidence for multiple slip events along this single surface
including evidence of calcite decarbonation that would result from seismic slip [Collettini et al., 2014].

Samples of the intact PSZ and fault surface were carefully cut into L-shaped blocks for experiments (Figure 3d),
making sure not to reactivate the healed PSZ or small displacement, antithetic faults found in both the hanging
wall and footwall (Figures 3d–3f). Subsequently, the nonsliding faces of these blocks were surface ground flat
and parallel to ensure even stress distribution and prevent fracturing. Our sample collection and preparation
provided three sample types: (1) intact PSZ (Figure 3d), (2) intact fault rock including the fault surface (Figures 3e
and 3f), and (3) samples of the footwall and hanging wall that were pulverized and sieved to a grain size
<150μm. The footwall and slip surface samples are mainly composed of calcite (>98%), whereas the hanging
wall marly cataclasite is mostly calcite but contains a minor amount (~10%) of smectite [Viti et al., 2014].

3.2. Experimental Procedures and Sample Configurations

We performed experiments in six different configurations (Figure 4a and Table 1). These included the
following: (1) refractured and sheared samples of an intact fault surface (SS/Cc), (2) samples of the shear
surface that were collected from separate locations and sheared as solid blocks (SS/SS), (3) powdered
gouge composed of the slip surface sheared against the intact slip surface (SS/pSS), (4) powdered gouge of

Figure 3. (a, b) Sampling of the fault surface and fault contact was accomplished via coring that produced 12 cm diameter
core. (c) Recovered and (d) prepared experimental sample containing the hanging wall-footwall contact. (e) Recovered and
(f) prepared experimental sample of the polished slip surface. Structural features highlighted in black (Figure 3e) are antithetic,
small displacement faults that are healed/sealed and merged into the slip surface.
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the hanging wall cataclasite sheared against the intact slip surface (SS/pCc), (5) powdered gouge of the
principal slip surface (pSS), and (6) powdered gouge of the hanging wall cataclasite (pCc). Configurations
1–4 were done in single-direct shear (Figure 4c) and configurations 5 and 6 were done in the double-direct
shear configuration.

We performed our experiments under saturated conditions at room temperature. Intact samples were
vacuum saturated for a minimum of 12 h, but typically longer, before each experiment. Deionized water was
combined with limestone rubble and gouge and allowed to equilibrate at room temperature for ~4 days. This
allowed the solution to be in equilibrium with CaCO3 at room temperature prior to experiments. Previous
work indicates that the chemical equilibrium conditions for a CaCO3–H20–CO2 system is reached within 48 h
under conditions near room temperature [Sjoberg and Rickard, 1984] and has shown that pore fluid chemistry
has a significant impact on the rates of calcite solution/precipitation [Zhang and Spiers, 2005]. By using a
solution at equilibrium with CaCO3 under our experimental conditions, we ensured that changes in pore fluid
chemistry did not play a role in the mechanical behavior during our experiments. Additionally, we feel a
solution at equilibrium with CaCO3 is a better representation of the pore fluid at depth.

Figure 4. (a) The six configurations of shear used in this study. See text for full descriptions. The hanging wall cataclasite is
shown in gold, whereas the footwall limestone is shown in yellow. (b) Pennsylvania State University Rock and Sediment
Mechanics Laboratory biaxial deformation apparatus used in this study. The schematic shown is for the single-direct shear
setup. Water was contained in a plastic membrane during the experiment to maintain sample saturation. (c) Zoom of the
single direct forcing blocks as used for shearing intact samples of the fault. The grooved platen is used when shearing
gouge against an intact part of the fault surface. The double-direct configuration is not shown [see Ikari et al., 2007].

Table 1. Experiments and Conditions

Experiment No. Configuration Normal Stress (MPa) Velocity Steps (μm/s) Slide-Hold-Slides (s)

p3675 SS/SS 10 1–300 3–1,000
p3676 SS/pSS 10 1–300 3–1,000
p3678 pSS 10 1–300 3–1,000
p3769 SS/Cc 10 1–300 3–1,000
p3770 SS/pCc 10 1–300 3–1,000
p3772 pCc 10 1–300 3–1,000
p3773 SS/Cc 10 1–300 3–1,000
p3938 SS/SS 10 X 1–10,000
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Experimental samples were removed from the solution, prepared quickly, and placed into the biaxial load frame
(Figure 4b). A normal stress of 1MPa was applied and the CaCO3 solution was added to a flexible, plastic
membrane surrounding the sample. As experiments with gouge were prepared dry, all samples were allowed to
saturate for 1 h at low normal stress (~1MPa). Subsequent to saturation, normal stress was increased to 10MPa,
and the sample, through monitoring sample compaction, was allowed to reach a quasi steady state of
mechanical compaction. Stresses weremeasured to ± 2kPa using strain-gauge load cells and displacements were
measured continuously to ± 0.1μmusing direct current displacement transducers throughout the experiment. All
experimental data were recorded at 10 kHz and then down sampled to 1–1000Hz based on the shearing velocity.
Next, samples were sheared for 5–7mm at 10μm/s as a shear “run-in” phase (Figure 5a), meant to produce a
relatively uniform surface roughness for rock-on-rock experiments, to develop a steady state fabric [e.g., Haines
et al., 2013] within the gouge layers, and to reach a mechanical steady state. Peak and steady state friction values
are measured during this portion of the experiment (Figure 6). Once steady state friction was obtained, velocity-
stepping and slide-hold-slide tests were performed to measure frictional velocity dependence and frictional
healing, respectively (Figures 5b and 5c). In velocity-stepping tests, the load point velocity is increased stepwise
from 1, 3, 10, 30, 100, and 300μm/s, with 0.5mmof shear at each step. During slide-hold-slide (SHS) tests, the load
point is held stationary for hold times of 3, 10, 30, 100, 300, and 1000 s, with 0.5mm of shear at 10μm/s after
each hold. One additional experiment, with holds up to 10,000 s was performed to determine frictional healing at
longer timescales and provide a check of reproducibility for one of the more complex sample arrangements.

Velocity-stepping tests are used to determine the velocity dependence of friction via the friction rate
parameter (a-b):

a-bð Þ ¼ Δμss=Δ lnV (1)

where μss is the steady state friction coefficient and V is sliding velocity [e.g.,Marone, 1998]. Positive values of
(a-b), termed velocity strengthening (Figure 7a), are associated with stable sliding and inhibit rupture
nucleation. Negative values, termed velocity weakening (Figure 7a), are a prerequisite for unstable slip and
earthquake nucleation. We determined values of a-b and other constitutive parameters by fitting our data
using an inverse modeling technique [e.g., Blanpied et al., 1998] with Dieterich’s [1979] time-dependent
friction law with two state variables:

μ ¼ μ0 þ a ln V=V0ð Þ þ b1 ln V0θ1=Dc1ð Þ þ b2 ln V0θ2=Dc2ð Þ (2)

dθi=dt ¼ 1 – Vθi=Dcið Þ; i ¼ 1; 2ð Þ (3)

where a, b1, and b2 are empirically derived constants (dimensionless), θ1 and θ2 are state variables with units
of time, and Dc1 and Dc2 are critical slip distances [e.g., Marone, 1998]. We used a time-dependent state

Figure 5. (a) Representative friction versus shear displacement curve for the SS/Cc sample configuration. Refer to Figure 4a
and the text for a description of each configuration. Details of the (b) velocity-stepping and (c) slide-hold-slide procedures
used to evaluate the friction constitutive properties. (d) The observed stress drop of 3.3 MPa in Figure 5a results from
the reactivation of the fault surface as shown in before and after pictures of the experimental sample.
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evolution law [Dieterich, 1979; Ruina,
1983], although we recognize that friction
state evolution may be better described
by a slip-dependent law in some cases
[Bayart et al., 2006; Marone and Saffer,
2014]. Most of our data are fit well by a
one state variable friction law (b2= θ2=0),
making the last term of equation (2)
unnecessary. However, some of our data
required two state variables. We report
values of (a-b), a, b, and Dc and define
b= b1 + b2 and Dc=Dc1 +Dc2 to compare
one and two state variable cases. Typical
standard deviation error bars from
modeling are smaller than the symbol size.

Slide-hold-slide tests are used to assess
rate/state friction behavior under slow
velocity and to determine the amounts of
frictional healing and creep relaxation.
These tests provide an approximate

analog for the seismic cycle, where the fault slips, experiences an interseismic period, and then slips again. By
varying the hold time, we determine the rates of frictional healing (β) and creep relaxation (βc):

β ¼ Δμ= log10th; (5)

βc ¼ Δμc= log10th; (6)

where Δμ is the increase in peak friction after a hold of time th, relative to the initial value of sliding friction
and Δμc is the decrease in friction during the hold, relative to the initial value (Figure 8a). The parameter
β provides an estimate of the rate of fault healing and the rate of change of seismic stress drop with
earthquake recurrence time. Positive healing rates, along with velocity-weakening friction behavior, are
likely required for repeated earthquakes on the same fault or fault patch [Brace and Byerlee, 1966; Dieterich,
1978]. Furthermore, the creep relaxation that occurs during a hold can be related to earthquake afterslip
[Marone et al., 1991] and rate/state friction properties [Beeler et al., 1994; Marone, 1998].

4. Results
4.1. Frictional Strength

We find a near constant value of steady state friction (μ=~0.6), regardless of the sample configuration
(Figure 6). For the experiments that refractured the slip surface (Figure 5), we observe values of peak friction
of μ=~0.95 that directly precede a shear stress drop, equivalent to ~3.3MPa. Our values for frictional
strength are consistent with other reported values for limestone and calcite-rich fault rocks at low stress and
room temperature [Weeks and Tullis, 1985; Carpenter et al., 2011; Scuderi et al., 2013; Verberne et al., 2010;
Verberne et al., 2013; Tesei et al., 2014].

4.2. Velocity Dependence of Friction

We observe complex rate-dependent behavior that depends on both the sample configuration and velocity
(Figure 7). Experiments where the frictional interface is rock on rock (SS/Cc and SS/SS) show strong velocity-
strengthening behavior at our lowest velocity, a transition to velocity-weakening behavior at intermediate
velocities (V=10 and 30μm/s), and then become increasingly velocity strengthening at higher slip velocity.
Experiments on samples involving powdered slip surface and cataclasite (SS/pSS, SS/pCc, pSS, and pCc) show
velocity-weakening to velocity-neutral frictional behavior at low velocities and a transition to velocity-
strengthening frictional behavior at our highest velocity tested (Figure 7). The largest negative values of (a-b) are
observed in experiments where two slip surfaces are sheared against one another. The velocity dependence
results for experiments involving powdered samples are broadly consistent with previous work on calcite-rich
samples under similar experimental conditions [Scuderi et al., 2013; Verberne et al., 2010, 2013; Tesei et al., 2014].

Figure 6. Peak and steady state coefficient of friction values for each
configuration studied. Peak values were only observed in the SS/Cc
configuration where the fault contact was rebroken. Refer to Figure 4a
and the text for a description of each configuration.
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Figure 7. (a) Schematic illustrations showing the frictional constitutive parameters a, b, Dc and a-b for velocity-strengthen-
ing and velocity-weakening cases. (b) The evolution of frictional rate parameters, a-b, a, b, and Dc, with velocity. Sample
configurations involving the hanging wall cataclasite are shown on the left, whereas sample configurations involving the
slip surface are shown on the right. Refer to Figure 4a and the text for a description of each configuration.
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Our results for the friction rate parameters,
a, b, and Dc, show consistent differences
between experiments with solid surfaces
and experiments with powdered gouge
(Figure 7). We observe lower, and relatively
constant values of the friction rate
parameter, a, termed the direct effect,
with increasing velocity in experiments
involving only solid rocks. Data for
experiments involving powdered gouge
consistently show higher values of a, and
no dependence on velocity.

We generally observe lower values of the
friction rate parameter, b, termed the
evolution effect, in experiments involving
only solid rocks. We observe no
discernable relationship between b and
shearing velocity in these experiments.
However, in experiments on samples of
only powdered gouge, we observe a
decrease of the friction rate parameter, b,
with increasing velocity (Figure 7).

Our lowest values (≤10μm) of Dc, the
critical slip distance, are observed in
experiments between solid pieces of the
principal slip surface and hanging wall
cataclasite (SS/Cc). We also observe low
values of the critical slip distance in
experiments between solid pieces of the
principal slip surface (SS/SS). Our data show
a weak relationship between Dc and
shearing velocity for experiments where
powdered gouge is sheared against solid
rock (SS/pCc and SS/pSS), as Dc increases
with increasing velocity. Values of Dc for
experiments involving only powdered
gouge are approximately 100μmand show
no consistent relationship with velocity
(Figure 7). Our measurements for Dc are
consistent with previous work on other
rock types that shows smaller values of Dc

for solid surfaces when compared to gouge
[e.g.,Marone, 1998, and references therein].

4.3. Frictional Healing and
Creep Relaxation

Data from experiments performed
between solid rocks show our largest
values of healing with experiments
between solid pieces of the slip surface
(SS/SS) exhibiting a frictional healing value

(Δμ) of ~0.09 at a hold time of 3000 s (Figure 8b). We also find that sample configurations involving the
hanging wall cataclasite consistently show lower values of healing than their slip surface equivalents, likely

Figure 8. (a) Schematic illustration showing how frictional healing (Δμ)
and creep relaxation (Δμc) are measured. (b) Frictional healing versus
hold time for each experimental configuration. (c) Creep relaxation
versus hold time for each experimental configuration. Refer to
Figure 4a and the text for a description of each configuration.
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due to the presence of phyllosilicates
found within the hanging wall cataclasite
[Bos and Spiers, 2000]. Our values for
frictional healing are consistent with
other experiments performed on calcite-
rich fault gouge under similar conditions
[Carpenter et al., 2011; Tesei et al., 2014]

Our results from creep relaxation show
that sample configurations SS/SS and
SS/Cc exhibit the lowest values of creep
relaxation (Figure 8c) with the SS/Cc
configuration showing by far the least
amount of any configuration. Our results
also show that sample configurations
involving the principal slip surface
consistently show more creep relaxation
than their cataclasite equivalents. We
observe our highest values of creep
relaxation in experiments performed
between the solid slip surface and
powdered gouge of that slip surface
(SS/pSS).

5. Discussion
5.1. Evolution of Fault Strength

The evolution of fault strength during the
seismic cycle determines key earthquake

source parameters including stress drop and recurrence interval [e.g., Scholz, 2002]. Recent experimental
observations of frictional healing indicate that faults can experience little to no frictional healing, or relatively
high healing depending on the mineralogical composition of gouge present within the fault [Carpenter et al.,
2011]. Furthermore, it is generally assumed that time dependence of frictional healing occurs in log-linear
fashion and is supported by observations of increasing stress drop with recurrence interval for repeating
earthquakes along the Calaveras Fault [Marone et al., 1995; Peng et al., 2005]. However, several experimental
studies suggest that healing data can also be fit equally well with a power law function [Karner et al., 1997;
Olsen et al., 1998; Nakatani and Scholz, 2004; Yasuhara et al., 2005; Renard et al., 2012; Collettini et al., 2013].
The rate at which faults restrengthen and regain the ability to sustain subsequent earthquakes, remains an
open question. Furthermore, whether this rate is best represented as a logarithmic function or a power law
function has significant implications for seismic hazards and could provide insights into the processes
governing frictional strength recovery.

In light of these recent observations, we performed an additional SHS experiment in the SS/SS configuration
with holds ranging from 1 to 10,000 s. Additionally, this test allows us to show the good repeatability of our
data in our most difficult experimental configuration. We note that wewere not able to hold our sample as long
as previous work, 180,000 s [Renard et al., 2012] and 300,000 s [Nakatani and Scholz, 2004]. We show that for
our complete series of holds in the additional experiment, from 1 to 10,000 s, our data (Figure 9) are better
captured by a power law function, whereas in our initial experiment, with holds of 3 to 1000 s, the data are
better fit with a logarithmic function. Previouswork concerning this issue has tended to favor a logarithmic fit to
the data [Bos and Spiers, 2002; Nakatani and Scholz, 2004; Renard et al., 2012]. We also highlight that between 3
and 1000 s, our data from both tests show excellent agreement. In terms of strength recovery on the frictional
interface, the difference between the two functions and its implications for subsequent earthquake stress
drop are quite evident. The power law fit indicates that it is possible to recover a 3MPa stress drop in ~1day,
whereas the logarithmic fit indicates a time period of greater than 1000 years (Figure 9). While these differences
are obviously significant and important, we note that our data represent only a single sample under one set

Figure 9. The amount of frictional healing (cast in terms of shear stress)
versus hold time for two experiments using the same experimental
configuration (SS/SS), and under the same conditions. Horizontal
dashed line shows the average stress drop for the two experiments
that refractured the fault surface. We show a typical logarithmic fit
for Test 1 data (solid, black line) and a power law fit for Test 2 data
(red, dashed line). Refer to Figure 4a and the text for a description of
each configuration.
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of conditions, and that, additional experiments with longer hold times are needed. We note also that our
experiments were run under conditions of low stress and room temperature but that one might expect an
increase in healing, and likely lithification, at increased depths as solution transfer processes become more
effective [e.g., Karner et al., 1997; Blanpied et al., 1998;Muhuri et al., 2003; Tenthorey et al., 2003;Nakatani and Scholz,
2004; Yasuhara et al., 2005; Faulkner et al., 2010]. Frictional healing in our experiments arises from several factors:
(1) a reduction in porosity [Niemeijer et al., 2008] and growth of contact area [e.g.,Dieterich and Kilgore, 1994] due to
the mechanical compaction of our sample; (2) a further decrease in porosity due to pressure solution [e.g.,
Niemeijer et al., 2008], along with an increase in size and quality of the contact area due to solution transfer
processes that would be active under our experimental conditions [e.g., Renard et al., 2012]. The rate of pressure
solution is expected to increase with depth, up to 5–7km [Gratier et al., 2013] and thus would exert influence over
the behavior of calcite in the seismogenic zone of the northern Apennines (1–10km). As a combination of
frictional and solution transfer processes are occurring in our samples, we would expect this behavior to be
amplified at depths from 2 to 5km. This interpretation is supported by previous experimental work on calcite-rich
rocks, which shows a transition to frictionally unstable behavior at temperatures above 80°C [Verberne et al., 2013]
and observations of fault zone lithification observed at the MMF outcrop. We do recognize, however,
that there is a complex interplay between stress, temperature, and time that controls the rate of pressure solution
[e.g., Gratier et al., 2013].

5.2. Constitutive Properties and Heterogeneous Slip

Friction constitutive behavior varies significantly as a function of rock type and mechanical fault contact
(Figures 7 and 8). Comparison of the raw friction data for various configurations can provide insight on-fault
slip heterogeneity and the evolution of friction (stress) during earthquake nucleation and propagation. We
focus in particular on velocity step tests and details of the friction response during slide-hold-slides.
Figure 10 shows modeling results for a velocity step from 3 μm/s to 10 μm/s and a slide-hold-slide
sequence with a hold of 10 s.

Comparing the velocity-stepping curves in Figure 10, the small direct effect (friction rate parameter a) and
rapid evolution (small values ofDc) to equal or lower values of frictional strength are evident for the SS/Cc and
SS/SS configurations. This indicates that fault segments with rock-on-rock sliding will have less resistance to
slip acceleration and a much shorter evolution to a new frictional strength, inasmuch as values of Dc are
generally lowest in the 3–100μm/s velocity range (Figure 7). This behavior would promote earthquake

Figure 10. (top) Schematic of each sample configuration. (middle) Modeled friction versus displacement curves for the 3 μm/s to 10 μm/s velocity step for each con-
figuration. Note the dramatically different friction behaviors for the range of samples. Dashed line shows velocity-neutral frictional behavior. (bottom) Modeled
friction versus time curves for the 10 s hold for each sample configuration. Note the dramatically different healing and creep relaxation behavior based on sample
configuration. Dashed lines show maximum measured healing and creep relaxation amounts for this specific hold. For Figure 10 (middle and bottom), μ0 was set
equal to 0.65.
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nucleation and propagation in such areas
of a fault. On the other hand, in areas
where the frictional interface includes
fault gouge, we observe a much larger
direct effect, and larger critical slip
distances, Dc. Larger values of a and Dc,
combined with the fact that these
configurations exhibit velocity-neutral
frictional behavior, could lead to a slowing
of the rupture as it encounters these
areas, albeit while allowing continued
propagation. The critical slip distance is an
important factor that governs some
fundamental aspects of earthquake
rupture and fault slip. As it is the distance
over which friction breaks down (contacts
evolve), variations in Dc, when combined

with the friction rate parameter (a-b) can be used to determine the propensity for rupture nucleation and
propagation [e.g., Marone and Kilgore, 1993; Marone, 1998].

The slide-hold-slide curves also provide information in terms of postseismic slip and the ability of a slipped
fault patch to host subsequent dynamic failure in the form of aftershocks. The amount of creep relaxation in
slide-hold-slide tests is proportional to earthquake afterslip, as in both cases, the stored elastic energy
surrounding the gouge zone is released through creep and stress relaxation [Marone and Saffer, 2014].
Additionally, the amount of frictional healing is indicative of how quickly the fault recovers the frictional
strength it lost during earthquake rupture. These curves show that faults defined by solid surfaces will heal
much more quickly and experience far less post seismic slip than areas where significant fault gouge is
present (Figure 10). Furthermore, our results show that areas of the fault that have slipped and where gouge
is present are likely to experience significant postseismic slip, as this is favored by their velocity-neutral
frictional behavior, large critical slip distances, and considerable creep relaxation. Our results also suggest
that areas where the fault is defined by a rock-on-rock contact and experience minor on-fault seismic slip,
would be prone to host aftershocks quickly after the main shock due to their low values of creep relaxation,
rapid healing, and velocity-weakening friction behavior. Our results are consistent with experiments
that show enhanced pressure solution creep in samples that have been dynamically shocked and suggest
that as the sample heals, pressure solution creep is reduced [Gratier et al., 2014]. Our results show that
samples that exhibit the highest healing rates also exhibit the lowest amounts of creep relaxation and vice
versa (Figure 11).

It has recently been suggested that the competition between strengthening (healing) and stress relaxation
(creep relaxation) mechanisms exhibits an important control on a fault’s mode of slip [Carpenter et al., 2011;
Marone and Saffer, 2014]. An important consideration in the transition from stable, aseismic sliding, to
repeated earthquake failure is that the rate of fault restrengthening must be large enough to overcome the
rate of stress relaxation that results from plastic deformation and creep [Marone and Saffer, 2014].

Previous work has observed that samples that exhibit frictional healing rates equal to or greater than the
creep relaxation rate are derived from faults that tend to fail in earthquakes rather than via aseismic slip
[Carpenter et al., 2011]. Our results for healing and creep relaxation rates (Figure 11) support this hypothesis
and our interpretations of faults with rock on rock contacts favoring rupture nucleation. Additionally, our data
show that areas of the fault where the creep relaxation rate is larger than the frictional healing rate would
support rupture propagation and other mixed modes of fault slip.

Our data documenting how fault heterogeneities influence the mechanical behavior of carbonate-bearing
faults may provide some insight into observations of complex fault slip for the 2009 L’Aquila earthquake. We
recognize that as our experiments were performed at low stress and room temperature, the extrapolation to
depth should be done carefully. However, the observations that (1) the rate of pressure solution should
increases with depth, to 5 km, and then remains relatively constant to greater depths, and (2) the experiments
on calcite-rich gouge performed at elevated temperature show the gouge transitions from velocity-

Figure 11. The rates of frictional healing and creep relaxation for each
experimental configuration. Note that all samples involving powdered
gouge exhibit higher creep relaxation rates than healing rates, whereas
sample configurations involving intact samples, show the opposite.
Refer to Figure 4a and the text for a description of each configuration.
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strengthening to velocity-weakening frictional behavior at a temperature of 80°C, likely due to enhanced
solution transfer processes [Verberne et al., 2013], indicate that the mechanical data we observe would be
enhanced at greater depths, allowing us to extrapolate our data.

Di Stefano et al. [2011] showed that the main shock of the 2009 L’Aquila earthquake nucleated in an area of high
P wave velocity (Vp) and low Poisson’s ratio, possibly indicating a zone of more competent rock and solid fault
contact compared to the surrounding areas. This is supported by laboratory data on samples recovered from the
MMF that show that the hanging wall cataclasite has a lower Vp and higher Poisson’s ratio than the more
competent, footwall limestone [Trippetta et al., 2013]. Furthermore, combining the results of D’Agostino et al.
[2012] and Di Stefano et al. [2011] shows that two of the three areas of intense afterslip are located in areas of low
Vp and high Poisson’s ratio, consistent with the possible occurrence of gouge with velocity-neutral frictional
behavior, large critical slip distances, and considerable creep relaxation. A further contribution to afterslip might
be induced by pressure solution creep along phyllosilicate-rich portions of the fault zone [e.g., Gratier et al., 2013],
like those formed from marly protolith along the Monte Maggio structure. Finally, the delayed area of rupture
identified by Di Stefano et al. [2011] and Cirella et al. [2012] is also an area of increased rise time [Cirella et al.,
2012], which is consistent with our frictional data for a gouge-rich fault showing a larger resistance to increased
velocity slip than areas where the fault cuts solid rock.

6. Summary

We present results from experiments designed to test how differences in fault rock and fault contact, as
observed naturally in the field, affect themechanical behavior of an exposed, carbonate-bearing normal fault.
We use several shear configurations to reproduce the complexity observed in natural fault zones. Our results
indicate that (1) earthquake nucleation is favored on areas of the fault where the slip surface separates
massive limestone, with propagation likely into areas where fault gouge is in contact with the slip surface;
(2) postseismic slip is more likely to occur in areas of the fault where gouge separates the hanging wall and
footwall; and (3) the high healing and low creep relaxation rates observed between solid fault surfaces would
allow for significant aftershocks in areas of low stress drop. Furthermore, our data may partially explain the
complex slip behavior observed during and after the 2009 L’Aquila earthquake if the observed behavior is
due to rheological differences in the fault contact. Our work has documented fault heterogeneities in the
field and showed how these heterogeneities could lead to heterogeneous frictional properties, which in turn
may result in complex fault slip.
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