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Abstract Active faults in the Earth’s upper crust can slide either steadily by aseismic creep or abruptly
causing earthquakes. Seismic and aseismic processes are closely related: earthquakes are often followed
by transient afterslip creep. Postseismic displacement rates progressively decrease with time over a period of
years or decades. So seismic fracturing activates the creep rate, and various healing processes progressively
reduce it. This article presents pressure solution indenter experiments on halite, calcite, and plaster that show
how fracturing and comminution processes induced by dynamic stress loading (applied by dropping steel
balls) drastically accelerate the displacement rates accommodated by pressure solution creep by decreasing
the dissolution contact area and the diffusive mass transfer distance along this contact. However, as fractures
progressively heal and dissolution contacts flatten, these effects disappear, and the displacement rates
slow down. The time-dependent change in indenter displacement after dynamic stress loading has been
measured and is best fitted by power laws with exponents that change with time from 0.3 to 1 when healing is
achieved. Natural postseismic (afterslip) displacement/time relationships have been analyzed and also show a
power law change with a power law exponent in the range of 0.25-0.4. It is proposed that the variation in power
law exponent with time is related to the change in morphology of the dissolution contact that is fractured or
comminuted during the dynamic event and is then progressively healed and smoothed. In natural faults,
monitoring the power law parameters could give access to the characteristic healing time in the fault.

1. Introduction

Postseismic transient deformation has been measured on numerous active faults especially since the
development of the Global Positioning System and the interferometric synthetic aperture radar techniques
in the 1990s [Chlieh et al., 2004; Donnellan et al., 2002; Ergintav et al., 2009; Hsu et al., 2006; Yu et al., 2003].
In these studies, a fast strain rate, localized mostly in the fault zone, is observed immediately after the
earthquake and progressively decreases with time. The associated cumulative displacement after several
months is often of the order of magnitude of that of the earthquakes [Freed, 2007; Heki et al., 1997; Kreemer
et al., 2006]. Such postseismic deformation has been related to a number of time-dependent processes,
including afterslip (slip on the fault itself) [Freed, 2007; Marone et al., 1991], pore fluid flow (triggered by the
earthquake), [Jonsson et al., 2003; Nur and Booker, 1972], viscous relaxation of the lower crust and upper
mantle [Freed et al., 2006; Hetland and Hager, 2005], brittle creep [Perfettini and Avouac, 2004], or pressure
solution creep [see, for example, [Gratier et al., 2013a], and references therein].

In order to distinguish one type of mechanism from another, the time-dependent change and spatial
distribution of the displacement fields produced must be considered [Feigl and Thatcher, 2006]. Here the
mechanism of afterslip deformation is considered, i.e., slip that occurs in the brittle field of fault zones, in
the vicinity of or along seismic ruptures. The afterslip moment inferred from geodetic measurements is
frequently several orders of magnitude greater than the seismic moment released by aftershocks [Barbot
et al.,, 2009; Donnellan et al., 2002; Yu et al., 2003]. This implies that the afterslip deformation, which commonly
occurs in areas of low seismicity and low coseismic slip [Hsu et al., 2009; Marone, 1998; Reilinger et al., 2000], is
often related to aseismic creep processes.

Identifying the mechanisms of aseismic creep along the fault and their change with time is of crucial interest
since fault creep relaxes the stress; it also contributes to decreasing the elastic energy stored in fault zones
and ultimately the energy liberated during earthquakes.
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This study describes a laboratory experiment of dynamic indenting, where a mineral sample, in contact with a
reactive aqueous solution, is loaded by a rigid indenter, which is dynamically loaded at regular time intervals.
During these experiments, the indenter creep into the sample is measured continuously, and fluctuations
in creep rate due to dynamic loading are analyzed.

The experimental results are compared with the observations of natural deformation in fault zones, using
microstructural and creep data from the Parkfield area in California, where the San Andreas Fault Observatory
at Depth (SAFOD) drilling project [Zoback et al., 2010] is located and the postseismic creep data from the Izmit
area in Turkey [Cakir et al., 2012].

The interest of the SAFOD drilling site is that it provides core samples through both host and fault rocks at
2600 to 2700 m vertical depth within the San Andreas Fault at a transition zone between the 175 km long
permanently creeping segment to the north and the seismic segments extending several hundred kilometers
to the south along the Parkfield segment and the 1857 Fort Tejon rupture. This allows distinguishing zones of
permanent creep from seismic zone with postseismic (afterslip) creep. Permanent creep is accommodated
along meter-wide shear zones by a complex combination of creep mechanisms with (i) pressure solution
creep involving “solution cleavage to vein” diffusive mass transfer [Gratier et al., 2011] and (ii) a granular-type
flow mechanism involving frictional sliding of low-temperature phyllosilicate minerals [Carpenter et al., 2011;
Holdsworth et al., 2011; Lockner et al., 2011] coupled with stress-driven diffusive mass transfer at the grain
boundaries of rigid-soluble minerals and clast aggregates (quartz, calcite, and feldspars) [Hadizadeh et al.,
2012; Richard et al., 2013].

To the south, the seismicity evolves from the Parkfield segment, a zone of successive M6 earthquakes
immediately south of the SAFOD site, to a locked segment with M8 earthquakes (i.e,, M7.9 1857 Fort Tejon).
The last M6 Parkfield event induced discontinuous surface breakages that propagated from the south to
several kilometers north of the SAFOD site [Langbein et al., 2005] and was followed by postseismic (afterslip)
creep [Freed, 2007]. Evidence of coseismic rock damage and postseismic healing of the fault zone have been
recorded [Li et al., 2006]. These changes occurred throughout the damaged zone in the upper crust with a
maximum change in the zone of maximum seismic slip. The measured rigidity recovery, most likely due to
the closure of cracks that opened during the main shock, occurred with a healing rate that decreased with
time simultaneously with the decrease in postseismic displacement rate [Brenguier et al., 2008]. The great
M7.9 Fort Tejon event is thought to have propagated through Parkfield [Sieh, 1978]. Consequently, it is likely
that there could be some evidence of co and postseismic processes in the SAFOD samples. Episodic
cataclastic deformation is easily identified on samples from the damaged zones retrieved from SAFOD as
(i) repeated cycles of cataclasis, pressure solution creep, and fluid pressure-induced fracturing processes
[Bradbury et al., 2011; Hadizadeh et al., 2012; Holdsworth et al., 2011; Janssen et al., 2011; Schleicher et al., 2009];
(ii) episodic fluid flow events with metasomatic reactions [Holdsworth et al., 2011; Mittempergher et al., 2011;
Moore and Rymer, 2012; Schleicher et al., 2009]; and (iii) episodic sealing of open fractures by euhedral crystals
[Mittempergher et al., 2011]. Also of interest is the resetting of the feldspar thermoluminescence, 139 years
before 2010 as described by [Spencer et al., 2012] and that could have been related to the M7.9 1857 Fort
Tejon earthquake. So there is a lot of evidence of episodic cataclastic events in the SAFOD samples. Some of
these events could be related to the microseismicity that is permanently observed in the creeping zone
[Nadeau et al., 2004], but others could also be related to larger earthquakes. The identification of the
parameters of deformation processes associated with such episodic events, namely, creep, fracturing, and
healing processes, is crucial as these processes may well have been associated with aseismic afterslip creep.

The mechanisms and the time-dependent change in the fault rock behavior are investigated in this context,
using laboratory experiments to characterize the effect of both fracturing and healing on the kinetics of creep
processes. These dynamic indenter experiments, reproducing postseismic deformation in the laboratory, are
interpreted with reference to the observations of naturally deformed samples at depth and to observed
postseismic (afterslip) deformation in two active faults after earthquakes (the 2004 M6 Parkfield and the 1999
M7.2-7 4 Ilzmit earthquakes).

2. Dynamic Indenting Experimental Method

The principle of static indenter experiments is to load a rock or a mineral sample in contact with its saturated
solution with a rigid indenter, bearing a constant dead weight, for a period of several weeks to months
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[Dysthe et al., 2002; Gratier, 1993; Hickman and Evans, 1991; Karcz et al., 2008; Tada and Siever, 1986]. The
difference in normal stresses between the sample surface in contact with the indenter and its free surface
away from the indenter promotes a difference in chemical potential that drives diffusive mass transfer
through the fluid phase trapped under the indenter toward the free fluid phase around the indenter
[Paterson, 1973; Rutter, 1976; Weyl, 1959]. The displacement rate is proportional to the solubility of the solid in
its solution. The indenter displacement is monitored in order to quantify the kinetics of such stress-driven
mass transfer process, which is always slow due the very low thickness (i.e., nanometer) of the trapped fluid
phase [Gratier et al., 2009]. Consequently, long-duration experiments are always required even in the best
conditions of a high-solubility solid in contact with an aqueous solution.

Local mass transfer processes below and around the indenter are also driven by elastic and/or plastic strain
energy gradients near the indenter induced by the static load [Karcz et al., 2008; Tada and Siever, 1986]. In
this case, diffusive mass transfer occurs through the free fluid surrounding the contact under stress, so it is
much faster than diffusive mass transfer along the fluid phase trapped under stress. However, this strain
energy thermodynamic driving force remains a secondary effect if the solution is well saturated before the
experiment [Gratier, 1993; Hickman and Evans, 1991] and if the fluid volume around the indenter is kept as
small as possible [Dysthe et al., 2003]. This effect is negligible on the displacement rate of the indenter when
compared to the thermodynamic driving force due to the difference in normal stress [Gratier et al., 2009]. The
advantage of the indenter technique is that it allows the same transfer path geometry to be maintained
throughout the experiment. So it is well adapted to the study of the kinetics of stress-driven mass transfer
creep (i.e., pressure solution creep), which is highly sensitive to the diffusive path transfer distance [Raj, 1982;
van Noort et al., 2008].

In the present work, a new technique is used: dynamic indenting experiments, which are performed in order
to reproduce the interactions between fracturing and healing on creep processes (Figure 1). The dynamic
effect is obtained by letting a steel ball drop on the dead weight that loads the indenter. This dynamic
perturbation is produced from time to time (weeks or months) and induces dynamic fracturing and
comminution processes that are considered to reproduce the damage created during an earthquake. Then,
the microfractures heal, and the dissolution contacts flatten, thanks to the stress-driven mass transfers
associated with pressure solution creep.

Experiments have been performed on various minerals such as halite, plaster, and calcite at 40°C and under
atmospheric fluid pressure. The procedure is the same for all experiments (Figure 1): a cylindrical sample

(1 cm diameter and 0.5 cm height) is placed into a cell. Then, a solution previously saturated with the mineral
at the temperature of the experiment is poured on the sample. The volume of the solution is controlled to be
as low as possible, usually well below the volume of the sample (Figure 1). An indenter is loaded on the
sample and three high-resolution displacement sensors (linear encoders and Solartron interferometer, with
less than 0.5 pm accuracy) are fixed at angles of 120° around a circle centered on the indenter, ensuring that
the average value of the three displacement measurements corresponds to the vertical displacement of the
indenter. Then, a layer of low-viscosity liquid paraffin is poured around the indenter on the saturated solution
to prevent it from evaporating (Figure 1). Finally, the required dead weight is loaded on the indenter, which
sets the time zero of the experiment. The displacements are recorded at a rate of one measurement every
20 min. Up to 12 experiments are run simultaneously, and the whole experimental setups are placed in ovens
maintained at a controlled temperature of 40°C. Some days or weeks are required, depending on the nature
of the sample, in order to obtain a stabilized displacement rate. Then from time to time, a steel ball with
controlled weight (from 28 to 80 g) is dropped on the dead weight from a given height (13 cm). To determine
long-term effects, experiments are run for several months (up to 300 days). The effects of several parameters
on the indenter displacement over time have been studied: nature of the mineral, chemistry of the solution,
weight of the ball, and shape of the indenter (see Table 1). The first two parameters are included in the creep
laws. Using various ball weights allow investigating the range of dynamic forces that could modify the
creep rate.

Finally, after the experiments, the samples were characterized using various imaging techniques: optical
microscopy, cathodoluminescence, and scanning electron microscopy. One sample (plaster) was also
imaged using X-ray computing microtomography to search for the adsorption contrast in the zone below
the indenter. This was performed at the Swiss Light Source synchrotron facility, at a voxel resolution

of 5pm?3.
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Figure 1. (a) Experimental setup: (1) sample in contact with a saturated
solution, (2) indenter in contact with the sample and static loading (dead
weight), (3) static indenting, (4) dynamic loading (drop ball), and (5) post-
shock indenting. (b) Apparatus for the dynamic indenter technique: the
sample (dark gray) is surrounded by a saturated solution (light gray), and
the container is sealed by paraffin (black); the dead weight, the dropping
ball, and the three displacement sensors for measuring the rate of inden-
tation are also shown.

3. Results

3.1. General Observations Before
Any Shock

Prior to dropping the ball, a nonlinear
change in the displacement versus
time curves was always observed as in
other experiments [Dysthe et al., 2002].
The experiments were continued for
several weeks (600 to 1100 h; Figure 2)
with slowly decreasing indentation
rate before the first shock. The effect
of the following key parameters

gives information on the mechanism
of deformation.

1. Presence of solution and solubility
of the solid in its solution: For
experiments performed without
any solution (dry condition), no
measurable displacement was
obtained when using the same
stress as with a solution. For the
three minerals tested: halite, plaster
(gypsum mineral: CaSO, (H,0),),
and calcite, an aqueous solution
was used that was saturated before
the experiment at the same pres-
sure and temperature conditions as
those of the experiments.
Moreover, for calcite NH4Cl, TM
solution was used that increases
the solubility of the solid in solution
[lkornikova, 19611]. In this case
(Figure 2), the displacement rate
before the first shock was faster
with the higher-solubility values:
19 um in 500 h with NH,CI 1M
solution compared to 8 um in 500 h
with an aqueous solution.

Table 1. Test Parameters: Nature of Samples and Saturated Solutions, Diameter of Indenters, Static Stress on Indenters,

and Temperature of Experiments

Sample Saturated Solution Indenter Diameter Stress on Indenter Temperature
Plaster A Water 2mm 3MPa 40°C
Plaster B Water 2mm 3 MPa 40°C
Plaster C Water 2mm 3MPa 40°C
Plaster D Water 2mm 3MPa 40°C
Halite A Brine 0.5mm 48.6 MPa 40°C
Halite B Brine 0.5mm 48.6 MPa 40°C
Calcite A Water 0.4mm 146.8 MPa 40°C
Calcite B NH4Cl 1M 04mm 146.8 MPa 40°C
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Figure 2. Displacement of the indenter versus time for the various sam-
ples: plaster, halite, and calcite. The static stress value (imposed by the
dead weight), the saturated solution, the indenter diameter, the time of
the various shocks (arrows) induced by the dropping ball, and the weight
of the ball are indicated. The events on halite at step 3b were not trig-
gered by a direct shock.
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[Gratier et al., 2013a].

3. Sample porosity: Granular samples
with high porosity always deformed
much faster than crystalline samples
without porosity. This is clearly the
case when comparing the behavior of
plaster (~40% porosity) with halite
single-crystal samples (0% porosity).

Despite the fact that the solubility of halite is about a hundred times higher than that of the plaster, the

displacement rate is always faster for the porous plaster aggregate, for example, more than 20 times

greater in Figure 2 when comparing the fastest displacement rate of halite and plaster samples after

1000 h: 37 and 900 um, respectively. This difference may be related to the effect of the contact surface

area as suggested above, since the difference in porosity implies a difference in size of the stressed

contact surfaces, which is the size of the indenter for halite (several hundred micrometers) and the size of
the grain contacts for the plaster aggregate (a few micrometers).

Stress: The permanent stress imposed by the dead weight on the indenter was adapted to the strength of

each sample, in order to remain well below the yield strength (60-70%). For each mineral, a constant

stress value was used: 3 MPa for plaster, 48.6 MPa for halite, and 146.8 MPa for calcite, in order to test the
reproducibility of the experiments. With all experimental conditions being the same (temperature, stress,
indenter size, and aqueous solution), the displacement rates show a wide variability, ranging, for example,
from 620 to 900 1m/1000 h for plaster and from 11 to 37 um/1000 h for the halite. Such a spread in creep
rates had already been observed in other experiments of pressure solution indenting [Gratier et al., 2009].

3.2. Aftershock Displacements

The representative effect of the dropping ball on the displacement rates for the three minerals is shown
on Figure 2.

For plaster, four shocks were imposed: the first with a small weight (28 g) and the other three with a larger
weight (80 g), with the same fall height (13 cm). The first shock induced only a small change in the
displacement versus time relationship. The other three induced a substantial increase in displacement rate,
up to 10 times greater, for example, shifting from 0.3 to 3 um/h. Then, after each shock, the displacement rate
progressively decreased. Note that, for each sample, the nearly stabilized displacement rate that was
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Figure 3. (a) Log-log plot of the displacement of the indenter versus time showing a power law for the postseismic
displacement for a 100 h window of time and the linear relation for the same preshock period (100 h), after either static
deformation or long-duration postseismic healing (see Figure 2). (b) Semi-log plot of the same postshock displacement
versus time curves indicating that the curves do not show logarithm dependence.
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established 2 to 3 months after the shocks decreased after each shock for three cases out of four. In one
case (D) only, the nearly stabilized displacement rate after the third shock is higher than after the preceding
shocks. The cumulative displacement versus time curves also show the differences in the amount of
coshock displacements.

For halite, only three shocks were imposed, as the third one induced a very large displacement. The first
shock used a ball of lighter weight than the other two. However, in this case, its effect was virtually the same
as that for the second shock. Note that a change in displacement rate occurred without any shock imposed
on the dead weight (two events in parallel = 3b in halite, see Figure 2). This may have been induced by an
unidentified man-made or natural effect. In all cases, the displacement rate increased drastically after the
shock, but the recovery time was much shorter than the value found for the plaster, except after one shock
for sample A in Figure 2.

For calcite, the three shocks imposed used the same ball weight. Note that, in this case, the postshock
displacement rates are rather low, and, as was the case for halite, the recovery time was much shorter than
for plaster.

The characteristics of the displacement versus time relation were deduced from log-log and semilog plots for
a given time window (100 or 200 h). Figure 3 shows the data for all the experiments.

3.3. Observation of the Deformed Samples

A distinction must be made between the fracturing and deformation patterns below the indenter for
granular cohesive porous (plaster) and crystalline nonporous (halite and calcite) samples.

On nonporous samples, the shocks lead to three different effects: (i) radial fractures initiating from the center
of the hole, (i) comminution process below the indenter, and (jii) reversed crown-shaped fractures around
the hole that are detailed below.

1. Radial fractures are seen nucleating from the center of the hole, where the stress is highest. They initiate
as open cracks (Figure 4a) that then progressively heal (Figure 4i) or seal (Figures 4b—4e) during the post-
shock period. Two mechanisms can be inferred: a self-healing process driven by the minimization of the
surface energy of the crack surface [Kingery et al., 1976; Smith and Evans, 1984] and a stress-driven dissolu-
tion and redeposition process where the dissolution products below the indenter seal the fractures.

2. A comminution process is seen below the indenter, for example, for halite (Figures 4c and 4d) leading to
the formation of a rough contact surface after the shock on the indenter. This rough surface progressively
flattens during the dissolution process (Figures 4f and 4g).
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Figure 4. Images of the samples after dynamic loading, followed by postshock displacement and healing. (a) Axial view
showing the network of healed and partially sealed radial fractures. (b) Fracture sealing by halite deposition in the frac-
ture. (c and d) Roughness of the sample surface at the contact between the indenter and the sample. (e) Detail of the
sealing of the fracture around the indenter by successive layers of deposition. (f) Detail of the sealed fracture below the
indenter. (g) Detail of the halite surface below the indenter. (h) En-echelon reversed crown-shaped fractures rooted at the
corner of the indenter (open white rectangle shows the location of the indenter). (i) Healed fractures (revealed as cloud of
fluid inclusions) in halite. (j) Zone of compaction below the indenter in plaster revealed by X-ray microtomography, the
lighter the color, the higher the porosity; the dashed line underlines the boundary of the damaged zone; the dotted lines
highlight the en-echelon reversed crown-shaped fractures. The arrows indicate the indenting direction. Figures 4a—4i
represent halite, while Figure 4j represents plaster.

3. En-echelon reversed crown-shaped fractures are seen under the hole (Figure 4h). However, it is not clear if
these fractures are associated with the shock, since they are also seen in static indenting experiments
[Gratier et al., 2009].

On porous samples, the same radial fracture network and comminution process below the indenter are seen
in axial view (Figure 5a). The difference is that the comminution process is also associated with a decrease in
sample porosity below the indenter (with a thickness that is of the order of magnitude of the indenter
diameter, see Figure 4j) first by an instantaneous (coshock) cataclastic process and progressively by pressure
solution compaction. The initial state of the plaster can be seen in Figures 5b and 5c. The deformed state is
shown in Figure 5d (with a view of the indenter contact) and in Figures 5e and 5f (with clear pressure solution
indenting in this last view). En-echelon reversed crown-shaped fractures are also seen (Figure 4j) with the
same question being raised concerning their development timing, just like the nonporous samples: during
the shock or between the shocks?

4. Discussion
4.1. Indenting Mechanism

The observations of the samples (Figures 4 and 5) show that the depth of the holes formed underneath the
indenters by a dissolution process depends on the presence of a solution and the solubility of the solid in a
solution (Figure 2): such features indicate that the indenting mechanism is a stress-driven mass transfer
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Figure 5. View of the plaster samples after dynamic loading, followed by postshock displacement and healing: (a) Axial
view showing the network of radial fractures; (b and c) initial state of the plaster, away from the indenter, view perpendi-
cular to the indenting direction, and deformed state of the plaster, with a view of the (d) indenter contact surface, (e)
grain compaction, and (f) pressure solution indenting of two grains. The arrows indicate the indenting directions.

process, namely, pressure solution creep. In such case, according to theoretical models [Paterson, 1973; Rutter,
1976; Weyl, 1959], the displacement of the indenter should be proportional to the solubility of the solid in
solution, the molar volume of the solid, the product of the diffusion coefficient along the indenter-sample
interface by the thickness of the fluid phase, and the driving stress, which, in this case, is the difference
between the axial normal pressure imposed by the indenter and the atmospheric fluid pressure [Rutter, 1976].

The dependence of the creep rate on the distance of mass transfer along the fluid phase trapped under stress
is related to the rate limiting process. Pressure solution along a stress contact is a three-step process:
dissolution, followed by diffusion, and then redeposition. If one of these steps is much slower than the other,
it imposes its kinetics on the entire creep process [Rutter, 1976]. The indenter displacement rate (Al/At) is
inversely proportional to the square of the mass transfer distance (d); here either the diameter of the
indenter (crystalline sample without porosity) or the diameter of the grain contact (with granular porous or
comminuted crystalline samples) if the whole process is diffusion limited. The Al/At does not depend on d for
reaction limited pressure solution creep (dissolution or redeposition). The creep rate is linearly dependent on
stress at low driving stress values [Rutter, 1976] and becomes exponentially stress dependent at higher stress
values [Gratier et al., 2009].

In previous static indenting experiments on halite (with near flat crystalline surface without any comminution),
where the effect of indenter diameter was tested [Gratier, 1993], the observations of this indenter diameter
effect, with displacement that drastically decreases with increase in indenter diameter, were interpreted to be
indicative of a diffusion-limited process.

4.2, Effect of Fracturing and Comminution Processes

The effect of the shocks due to dynamic loading is to drastically increase the displacement rate (Figure 2).
Among the parameters of the creep law previously discussed, only the geometry of the indenter-sample
interface is modified by the shocks that induce fracturing and comminution. The shocks promote radial
fracturing below the indenter (Figure 4a). As the thickness of the fluid phase trapped under stress below
the indenter is much smaller (nhanometers) than the thickness of the fracture (a few microns), and when the
fracture lengths are greater than the indenter diameter, the fracture network provides a shortcut for the
diffusion process as the diffusive flux along the fracture (product of the diffusion coefficient by the thickness
of the diffusion path) is a thousand times higher than the diffusive flux through the trapped fluid phase.
Consequently, the mass transfer distance changes from the indenter diameter (d), before the shock, to the
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Figure 6. Postshock mechanisms of fracture healing and sealing: (a) from left to right, preshock, shock, and postshock
structures in parallel with the time-dependent variation in displacement. The displacement rate (Al/At) is inversely pro-
portional to the square of the mass transfer distance (d before the shock and d’ after the shock). (b) Healing of fracture
driven by minimization of surface energy. (c) Stress-driven mass transfer (pressure solution) that accommodates both the
indenter displacement and the fracture sealing. (d and e) Healed and (f) sealed fractures in the natural sample (SAFOD
samples in the damaged zones).

spacing between fractures (d') after the shock (Figure 6a). As the displacement rate is inversely proportional
to the square of the mass transfer distance, the drastic decrease in mass transfer distance immediately
increases the indenting displacement rate.

The comminution process induced by the shocks at the contact between the indenter and the sample
contributes to this nonlinear effect as the dissolution surface is rougher after the shock (Figures 4c and 4d)
than before (initial state is seen on Figures 4a and 4c, away from the indenting area), for example, for halite. As
a result, the dissolution contact area after the shock is much smaller than the indenter diameter (see
schematic view in Figures 7a, step 1 and 7b, step 3), so the displacement rate is much faster due to the
decrease in mass transfer distance and to the increase in stress, which is imposed by the constant dead
weight. Such a roughening effect has already been observed during a single-contact pressure solution creep
on undeformed salt [Dysthe et al., 2003; Karcz et al., 2006]. Moreover, for granular cohesive plaster sample, a
damaged zone is observed below the indenter, its thickness being of the same order of magnitude as the
indenter diameter (Figure 4j). Consequently, the comminution process drastically reduced the contact
surface area (Figure 73, step 3), and because the displacement rate is inversely proportional to the dissolution
contact area, the displacement rate after the shock increased significantly.

Consequently, radial fracturing and comminution led to a drastic acceleration of the creep rate, as the mass
transfer distance is reduced along the fluid phase trapped under stress and the stress increases. Note that the
reverse crown-shaped fracture does not change the contact geometry and so may have a minor effect on the
creep rate, as already discussed for static indenting [Gratier et al., 2009].

4.3. Effect of Fracture Healing and Sealing

Immediately after being activated by the shocks, the displacement rate starts decreasing (Figure 2).
Postexperiment observations show that the fractures are healed and sealed during the period between two
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Figure 7. Postshock change in the roughness of the dissolution contact and the porosity below the indenter: top = per-
spective view of the surface of dissolution with a cross section of its topography (below step 1); bottom = cross section
of the deformed sample near the dissolution surface. (a) Change in surface area of dissolution (red) after a shock. The
topography is schematically represented along a cross section (blue) at the step of the shock (step 1). The surface area of
the dissolution contact increases, leading to the decrease of the displacement rate of the indenter (steps 2 to 5). Dissolution
contacts are underlined in red, while free fluid in fracture are black. (b) Variation in porosity below the indenter in a plaster
sample, steps 1 and 2 static indenting, steps 3 and 4 shock and aftershock compactions. Dissolution contacts are under-
lined in red, redeposition in yellow, plaster minerals are black, and porosity is white.

shocks (Figures 4b and 4e) with various mechanisms. Such healing and sealing processes modify the
geometry of the stressed dissolution surface.

The healing process occurs when the aperture of the fracture remains small enough to keep some contact
points between the two edges of the fracture. Mass transfer occurs (Figure 6b) from high surface energy sites
(those with the highest curvature) toward low surface energy sites [Kingery et al., 1976]. The process leads to
the minimization of the fracture surface energy and to strengthening of the contact interface [Renard et al.,
2012]. Despite the fact that diffusive mass transfer occurs in a free fluid and thus over a large width of the
order of magnitude of the fracture thickness, the healing process is rather slow because surface tension, that
drives the process, is low. Significant healing could occur over some weeks or months depending on the
solubility of the solid in solution and on the temperature that activates both the solubility and the diffusion
processes [Brantley et al., 1990; Gratier and Jenatton, 1984; Smith and Evans, 1984].

The sealing process is a stress-driven mass transfer process (Figure 6¢). The soluble materials dissolved under
the indenter (Figure 6a) or at the contact between the grains below the indenter (Figure 7a, step 3) are
redeposited in the fractures and so progressively seal them. Despite the fact that the stress effect, as driving
force of the sealing process, is much higher that the surface energy effect of the self-healing process
(thousand times higher [Gratier et al., 2013a]), the sealing process is slower than the self-healing process,
because it is limited by a diffusion along the very thin fluid phase trapped under stress (some nanometer
thickness). However, it is shown to occur even in the laboratory (Figures 4b and 4e). As fractures are
progressively healed or sealed, they stop providing a shortcut for diffusion (Figure 6a). This leads to a
progressive slow down of the displacement rate. Both processes strengthen the rocks [Gratier, 2011].

4.4. Effect of Changes in Dissolution Surface Roughness and Porosity

Another process that can modify the geometry of the indenter-sample interface and so explain the slowing
down of the postshock displacement (Figure 2) is the evolution of the roughness of the sample. In parallel
with fracture healing and sealing, the dissolution contact roughness also changes with time after the shock
both for porous and nonporous materials (Figures 4 and 5). A schematic representation of this change is
given in Figure 7a: just after the shock (step 1), there exist a few actual contacts between the indenter and the
sample. Then, the total contact surface area increases with time due to the progressive displacement of the
indenter under the effect of dissolution. Consequently, the displacement rate decreases due to its inverse
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dependence on the contact area, with increasing mass transfer distance and decreasing stress [Dewers and
Ortoleva, 1990; Lehner, 1995; Renard et al., 1999].

Moreover, for porous granular materials, such as plaster, the porosity drastically decreases in the bulk volume
below the indenter (Figure 4j). The thickness of this compacted damaged zone below the indenter is of the
order of magnitude of the indenter diameter. In this case, the change in creep rate is even more dramatic
(Figure 2). A schematic representation of this change is given in Figure 7b. First, permanent dissolution
progressively reduces the porosity (Figure 7b, steps 1 and 2). Then, the shock induces a drastic comminution
process (Figure 7b, step 3). Finally, the porosity decreases progressively by pressure solution compaction. It
was not possible to distinguish between the mechanisms involved in this last stage at grain scale, as grain
boundary sliding, dissolution indenting (Figure 5f), and redeposition in the pores may be involved. Such
behavior could be compared with the results obtained in slide-hold-slide experiments on mixtures of halite
and phyllosilicate. A strongly nonlinear compaction is observed as both grain packing density and contact
grain surface area increase during hold periods [Bos and Spiers, 2002; Niemeijer and Spiers, 2006]. Such studies
are complementary of our work, as the hold time during which healing occurs is much shorter (hour) than
that the one used in our experiment (month). During relatively short time (minutes), it could be expected that
some brittle deformation occurs after the shock, but our time frequency measurements did not allow
investigating such deformation mechanism.

With the dynamic indenting technique, the rheological change expected during the seismic cycle is
reproduced under laboratory conditions: an instantaneous acceleration of the displacement rate is
associated with fracturing and comminution processes, then a progressive slowing down of the
displacement rate can be associated with a postseismic healing, here a pressure solution process that
appears to be both controlling the creeping and the postseismic healing and sealing processes, as in
natural deformation [Gratier et al., 2011].

4.5. Time-Dependent Variation in the Postshock Power Law From Experimental Data

The parameters involved in the displacement versus the time relationship merit further detailed discussion
(Figure 3). The shapes of the creep curves in time windows of 100 h before and after each shock were studied.
The semilog plot of Figure 3b shows that a logarithmic law does not fit the postshocks. The log-log plot in
Figure 3a (top) clearly shows that such postshock curves are best fitted by power laws, with an exponent that
varies between 0.3 and 0.5. Conversely, the curves before the shock show a linear trend (n = 1; Figure 3a,
bottom) reflecting the progressive change from a nonsteady state (immediately after the shock) to a steady
state creep (after the healing process effect). This steady state is reached after several hundred hours in the
experiments, either after the beginning of the indenting process or after each shock (Figure 2).

The diagram in Figure 8a shows in greater detail the variation in mean displacement rate over a period of
100 h for an experiment on plaster with four successive shocks. Full and open symbols correspond to the
preshock and the postshock displacements, respectively. Displacement rates increase after each shock,
but the accelerating effect is progressively reduced from the first shock to the last, probably due to the
decrease in porosity with time that strengthens the sample (Figure 7b). The same accelerating effect of the
shock is seen for the other minerals (halite and calcite), and the accelerating effect remains similar for the
three shocks, since here there is no change in porosity.

Figure 8b also shows the variation in the exponent of the power law (n) before and after the shock: full and
open symbols correspond to the preshock and the postshock, respectively. For plaster, the exponent
decreases from a value close to 1.0 before the shock to 0.4 after each of the four shocks and then returns to a
value close to 1.0 and so on. Note that in some cases, especially when the weight of the ball was low (28 g for
the first shock), the change in the value of n was not as large as when the weight of the ball was higher (80 g
for the other three shocks). This is interpreted by the fact that in the first shock (28 g), the dynamic effect was
not sufficiently strong to trigger a substantial change in the value of n. The value of n is seen to change in a
similar fashion for the other minerals (calcite and halite), but with a greater degree of variation. Anyway, in
these cases, the exponent increased during the seismic cycle from 0.4 just after the shock to 1 after the
postshock healing process. Note that the power law exponent value just after the shock is close to the value
of one third found by Dysthe et al. [2002] for static indenting experiments on undeformed halite and
explained by the flattening of the initial roughness of the dissolution contact area.
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much more complex behavior with
afterslip decaying according to a
power law of time with various
characteristic times and exponents
[Helmstetter and Shaw, 2009]. Power law models were also used to fit postseismic displacements in
relation to models of viscous flow in the lower crust or in the upper mantle described by power law creep
[Freed and Biirgmann, 2004]. Finally, exponential decay may also fit the data well, for example, using
interferometric synthetic aperture radar (InSAR) and GPS data for the 2004 M6 Parkfield afterslip period
[Johanson et al., 2006]. However, all these fits are also possible, because the noise level and accuracy of
postseismic creep data are such that it is difficult to distinguish between logarithmic or power law
dependence with time.

Working on raw data, for example, when using displacements recorded by continuous GPS measurements
after the 2004 M6 Parkfield earthquake (Southern California Integrated GPS Network and U.S. Geological
Survey (USGS)), the postseismic displacements may be fitted by one or two power laws with exponents in the
range of 0.25-0.4 (Figures 9c and 9d). Similarly, the postseismic displacement after the 1999 M7.2-7.4 Izmit
earthquake [Cakir et al., 2012; Ergintav et al., 2009; Reilinger et al., 2000] can be fitted with a power law with an
exponent close to 0.36 (Figures 9a and 9b).

Note that the healing and sealing processes in the experiments are also observed in natural deformation. This
is true for healed fractures as seen in the samples collected from the San Andreas Fault zone north of
Parkfield, in the SAFOD borehole (Figures 6d and 6e). This process of fault damage recovery is commonly
observed in exhumed fault zones all over the world [Boullier et al., 2001; Chester and Logan, 1986; Cox, 2010;
Faulkner et al., 2010]. Sealed fractures can also be observed in the SAFOD samples, Figure 6f associated with
dissolution features [Holdsworth et al., 2011; Mittempergher et al., 2011] and within numerous other faults
[Ramsay and Huber, 1987; Scholz, 2002]. So the mechanisms of postseismic fault healing are identical in
natural deformation and in the dynamic indenting experiments. However, the characteristic healing time is
not the same because the laboratory experiments use specific materials. The main difference lies in the
solubility of the solid in solution, which is 10 to 100 times greater in the experiments when using halite, gypsum
(plaster), or calcite saturated with high-solubility solvent, compared to the natural material in the fault zone
such as calcite, quartz, feldspars, and serpentines that are seen to be dissolved and redeposited in the presence
of water [Andreani et al., 2005; Gratier et al., 2011; Holdsworth et al., 2011]. Characteristic healing times in
laboratory experiments range from 100 to 1000 h, respectively, for nonporous or porous materials (Figure 2).
Consequently, the difference with natural deformation must be 10 to 100 times higher, leading to natural
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Figure 9. Time-dependent postseismic displacement and power law fits for two active faults. (a) Postseismic displacement
after the 1999 M7.2-7.4 Izmit (Turkey) earthquake measured from GPS data [Cakir et al., 2012]. The coseismic displacement
has been removed. (b) In a log-log plot, the postseismic displacement shows a linear trend with time, indicative of power
law dependence, with a time exponent close to 0.36. (c) Representative postseismic displacement for the 2004 M6 Parkfield
(California) earthquake based on the continuous GPS measurements and (d) log-log plot showing power law dependence,
with time exponents in the range of 0.25 to 0.4. The data from three continuous GPS measurements—pomm, land, and
hogg—Ilocated near the fault are provided by the USGS.

deformation characteristic healing times ranging from several months to several dozen years, which is
plausible. However, estimating the scaling between experimental data and natural rates remains challenging.

The relative proportion of strain between friction and pressure solution processes is also not easy to estimate.
However, as friction processes require higher differential stress values than pressure solution [Gratier et al.,
2013a], friction-controlled processes must be limited to short durations after the earthquake (days to weeks)
and leave place to pressure solution creep and healing processes for the long durations (months to centuries).
Moreover, friction along postseismic gouge should generate heat, and this could be verified by temperature
measurements in boreholes crossing active faults.

The combined effect of the change in roughness of the dissolution surface and in fracture healing most
probably explains the observed power law dependence both in nature and in the experiments. In fault zones,
monitoring the variation in power law parameters may provide a means of determining the characteristic
healing times in seismic faults (the time of the transition from a power law to a linear evolution with time).
This healing time also determines the strength of the fault, its capacity to accumulate elastic energy, stress
distribution, and possibly the time to the next major earthquake.

It must be noted that this new proposed mechanism applies for afterslip behavior in seismic zones with

transient (postseismic) creep. In the zone of permanent creep, microseismicity is often observed that could
also activate the pressure solution creep process. However, this effect cannot be seen on the displacement
rate measured at the Earth’s surface. The partition between the zones of permanent creep and the zones of
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transient (postseismic) creep is discussed in another study [Gratier et al., 2013b]. It is mostly related to the
differences in lithology and geological conditions.

5. Conclusion

Using a dynamic indenting technique, experimental results demonstrate that pressure solution creep, a creep
and sealing mechanism, can accommodate both steady state creep and transitory postseismic creep. During
transitory postseismic creep, the same change is found both in experiments and in two continental fault
zones—the San Andreas Fault at Parkfield and the North Anatolian Fault at Izmit—where postseismic
displacement rates were recorded. In the experiments, just after a shock (to be compared to a natural seismic
event), the postseismic displacement rate drastically increases due to the effects of fracturing and
comminution processes. Fracturing reduces the mass transfer distance in the trapped fluid phase in the
dissolution zone, the displacement rate being inversely proportional to the square of the mass transfer
distance (or to the area of dissolution). Comminution reduces the dissolution contact area leading to a local
increase in stress.

Subsequently, the postshock (or the postseismic) displacement rate gradually decreases following a power
law with time due to (i) the progressive healing and sealing of the fracture, (ii) the progressive flattening of
the dissolution surface roughness, and (iii) for porous material, the gradual decrease in porosity of the
material below the indenter (or around the fault in natural deformation).

As a consequence, the displacement rate varies with time as follows: (i) Just after a shock (or a seismic event),
the creep displacement versus time curve can be fitted by a power law, with an exponent in the range of
0.25-0.5 both in natural deformation and in the experiment. (i) Then the displacement versus time curve
shows a progressive transition from nonsteady state toward steady state creep with a linear relationship with
time. This transition takes several hundred hours in the experiments. Due to the differences in the solubility of
the solid in solution between natural rocks in fault zones and samples in the experiments, the transition could
take from several months up to several hundred years in natural active faults. Consequently, monitoring the
power law parameters of postseismic (afterslip) fault creep may provide a means of determining the
characteristic healing time in the fault (the time of the transition from a power law to a linear evolution
with time).
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