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ABSTRACT

Active faults in the upper crust can either slide steadily by
aseismic creep, or abruptly causing earthquakes. Creep relaxes the
stress and prevents large earthquakes from occurring. Identifying
the mechanisms controlling creep, and their evolution with time and
depth, represents a major challenge for predicting the behavior of
active faults. Based on microstructural studies of rock samples col-
lected from the San Andreas Fault Observatory at Depth (Califor-
nia), we propose that pressure solution creep, a pervasive deforma-
tion mechanism, can account for aseismic creep. Experimental data
on minerals such as quartz and calcite are used to demonstrate that
such creep mechanism can accommodate the documented 20 mm/yr
aseismic displacement rate of the San Andreas fault creeping zone.
We show how the interaction between fracturing and sealing con-
trols the pressure solution rate, and discuss how such a stress-driven
mass transfer process is localized along some segments of the fault.

INTRODUCTION AND GEOLOGICAL FRAMEWORK

Aseismic deformation is observed in active fault zones, but the mech-
anisms of deformation are still unclear (Scholz, 2002). Samples collected
from the San Andreas Fault Observatory at Depth (SAFOD, California)
allow correlation of fault rock microstructures with real-time geophysical
data, and therefore provide useful information for identifying such mecha-
nisms. Here we show that a stress-driven mass transfer process, i.e., pres-
sure solution creep (Rutter and Mainprice, 1978), can accommodate the
aseismic deformation of the San Andreas fault.

The SAFOD borehole, drilled to 3 km depth, is at the southern part
of a 175-km-long creeping section of the San Andreas fault (Fig. 1A).
The sliding rate is 28 mm/yr in the central part of the creeping seg-
ment, and decreases toward both northern and southern ends (Fig. 1B).
The creep rate near the SAFOD site is ~20 mm/yr (Fig. 1B), as mea-
sured at the surface within a 20-m-thick fault zone (Titus et al., 2006).
Such a narrow creeping zone appears to extend through the entire upper
crust, coinciding with a zone of observed microseismicity (Nadeau and
Dolenc, 2005). The southernmost part of the creeping section, where the
creeping rate gradually falls to zero (Fig. 1B), is a zone of repeating M6
earthquakes, the most recent being the 2004 M6 Parkfield earthquake.

At the SAFOD site, the right-lateral displacement of the San
Andreas fault has juxtaposed arkosic sandstones and conglomerates
of the Pacific plate against the shale, siltstone, and claystone of the
North American plate (Fig. 1C). Microstructural observations of the
core samples show evidence of deformation across the damaged zone
extending to core-parallel depths of 3150-3410 m (Zoback et al., 2010):
shear zones alternate with foliated rocks more or less parallel to the
San Andreas fault (Solum et al., 2006). Borehole casing deformation
revealed two low-seismic-velocity, actively creeping, zones of foliated
rocks (Fig. 1C): a main creeping segment (central deforming zone) at
3300.07-3302.81 m and a secondary creeping segment deforming at
lower shear rate (southern deforming zone) at 3191.4-3193 m; both
the central and southern deforming zones contain serpentine clasts and
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Figure 1. A: Map view of San Andreas fault system showing creep-
ing segment (blue line) with trace of last two M 7.9 earthquakes that
currently are locked segments (red lines) and transitional zone of
M6 earthquakes (dotted line); coloring corresponds to contact at
3 km depth in C. SAFOD—San Andreas Fault Observatory at Depth.
B: Evolution of creep rate along creeping zone (Titus et al., 2006). C:
Schematic cross section of SAFOD site, perpendicular to fault; en-
largement shows P wave velocity log (Zoback et al., 2010) together
with location of four described samples; two creeping faults are
highlighted in red; enlargement in vicinity of these creeping zones
(top right) shows casing deformation (blue lines) indicating active
creep and accurate location of three of the samples. SDZ—south-
ern deforming zone; CDZ—central deforming zone. D: Sketch of thin
section (sample 2) perpendicular to foliation (red), with minor faults
(blue) (location of Fig. 2B is shown).

highly sheared siltstones (Zoback et al., 2010) without clear displace-
ment discontinuity at their boundaries.

EVIDENCE OF PRESSURE SOLUTION CREEP

Based on the microstructural study of samples from the SAFOD core,
we infer that an important mechanism of aseismic deformation is pres-
sure solution creep, which induces pervasive and irreversible deformation
of the whole rock. This mechanism is active both in the less deformed
samples collected from the damaged zone (sample 1) and in intensely
deformed foliated samples of the creeping zone (sample 2) shown in Fig-
ure 1D. We show that the most highly deformed zones have the highest
amount of strain accommodated by pressure solution. Evidence of pres-
sure solution is revealed using elemental distribution maps in sample 1
(Fig. 2A). Stress-driven dissolution associated with horizontal contraction
is demonstrated by the dissolution of Ca-Na feldspars at feldspar-quartz
grain impingements along a pressure solution seam, whereas K, Mg, Fe,
and Ti (phyllosilicates, Fe and Ti oxides, sulfurs) are passively concen-
trated in the same seam (Fig. 2A). Fracturing is associated with pressure
solution. Contraction perpendicular to the dissolution seam, apparent from
the grain shape change (Fig. 2A), was estimated to be ~10%. Since there is
no evidence of redeposition in veins nearby, it may be concluded that the
soluble species have been transported away from the zone of dissolution.

In sample 2, Ca, Si, and Na are depleted within the solution seams
where Mg, Fe, Ti are passively concentrated (Fig. 2B). Such a pressure
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Figure 2. Pressure solution evidence. A and B: Elements distribution
from scanning electron microscopy (SEM) analyses for samples 1
and 2, respectively; brighter color indicates higher content; small
sketches show diffusive mass transfer path (red arrows) from solu-
tion seams (black) (S) to fluid (blue) within vein (white) and fluid flow
(yellow). C: Mineralogical distribution in white rectangle area of B
(bottom right), sample 2. D: Same area as C. Top—mineral compo-
sition of deposition, initial, and dissolution zones. Bottom—areas
of three zones are 27%, 58%, and 15%, respectively. E: Present de-
formed state (top) and restored undeformed state (bottom) of area
of white rectangle of D with intermediate deformed state (middle).
F: Evidence of stress dissolution of calcite (arrows) within vein with
pressure solution seams (S), sample 3. G: Calcite filling of fracture
network (orange) perpendicular to solution cleavage (S) (cathodolu-
minescence, sample 3). H: Stress shadow effect showing evidence
of pressure solution grain size reduction from protected to exposed
zone with quartz and feldspar depletion, sample 3. (Images A, B, F, G,
H can be seen in larger view in the GSA Data Repository’.)

solution process leads to a foliation oriented at a high angle to the drill-
hole axis (Figs. 1C and 1D). In contrast to sample 1, calcite minerals in
sample 2 fill a network of veins oriented perpendicular to the solution
seams, consistent with an extension parallel to the foliation. Finite defor-
mation can be calculated from mineral distribution (Fig. 2C). Three zones
are distinguished (Fig. 2D): (1) a dissolution zone (with passively concen-
trated chlorites and Fe oxides), (2) a deposition zone (with precipitated
calcite and occasional Ti oxides), and (3) an initial zone (predeformation
zone composed of quartz, feldspars, and chlorites). Veins open and seal
progressively (Mittempergher et al., 2011). Consequently, initial zones are

!GSA Data Repository item 2011336, Figures DR1 and DR2, is available online
at www.geosociety.org/pubs/ft2011.htm, or on request from editing@geosociety.org
or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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dissolved at the beginning of the pressure solution process, then both initial
and deposition zones are progressively dissolved (Figs. 2E and 2F). The
relative mass change, AM/M,, is calculated using the passive concentration
of insoluble minerals in the dissolution zone compared with the composi-
tion of the protected zone between solution seams (Figs. 2D and 2E) as:

AM I M, =(1,/1,)-1, M

where I and I, are the content in insoluble minerals in the protected and
in the dissolution zone, respectively, and M, is the mass of a representative
volume element before deformation. Two end members of mass transfer
amount are obtained by comparing the composition of dissolution zones
with the protected zones: either initial zones or both initial and deposi-
tion zones. The two calculations give about the same amounts of relative
mass decrease for the dissolution zones (—88% to —90%). A mean value
of contraction perpendicular to the foliation of ~60% can be calculated by
taking into account the areas of the dissolution zones (Fig. 2D). A mean
extension of ~50% perpendicular to the veins is evaluated from the ratio
of deposition areas to initial areas (Figs. 2D and 2E). The mass decrease
of each soluble mineral that shows no significant differential alteration
between protected and dissolution zones can also be calculated (Gratier
et al., 2003): quartz, —96%; K-feldspars, —99%; Ca-Na feldspars, —98%;
calcite, —“94%. Foliation as mineral segregation appears to be linked to
the pressure solution creep, with an almost complete disappearance of the
soluble minerals in the zones of dissolution. Mass conservation calcula-
tions comparing the amounts of dissolved Ca-Na feldspars and deposited
minerals in veins show that a large proportion of calcite must come from
outside the studied area, brought by episodic fluid flow (Mittempergher et
al., 2011). Evidence of dextral shearing is found in thin sections cut nor-
mal to the foliation cleavage from both en echelon fractures (Fig. 1D) and
crosscutting cleavages (S and S’, Fig. 2B). Consequently, the calcite vein
network and the solution cleavage surfaces are consistent with a stress-
driven mass transfer process that accommodates right-lateral strike-slip
movement along the San Andreas fault (Fig. 2B). Similar solution cleav-
age—vein network texture (Fig. 3A) is recorded in samples collected near
the creeping zone of the southern deforming zone (sample 3, Fig. 2G),
but accommodating lower finite strain than in the central deforming zone.
Pressure solution creep also develops at grain scale by diffusion-accom-
modated grain sliding (Fig. 3B; Ashby and Verrall, 1973) within highly
sheared and foliated shale in which feldspar and quartz are depleted by the
pressure solution process. This can be seen both near the southern deform-
ing zone (sample 3, Fig. 2H) and in the middle of the central deforming
zone (sample 4, Fig. 3E). Evidence of dissolution is documented at grain
contacts in the SAFOD creeping zones (Schleicher et al., 2009).

KINETICS OF PRESSURE SOLUTION CREEP

A key issue is whether pressure solution kinetics are consistent with
the measured permanent fault creep rates (Titus et al., 2006). To solve this
issue, we propose a model (Fig. 3) where steady-state creeping occurs
within a vertical shear zone as much as 10 km deep. We use a pressure
solution creep law for quartz and calcite derived from laboratory indenta-
tion experiments (Gratier et al., 2009; Zubtsov et al., 2005). The strain rate
€ derived from the experimental relationship is:

&= Ad/(dAr)=8DwcV, ("M -1) [d’, )

where ¢ is the solubility of the diffusing solid, V_is the molar volume
of the stressed solid, R is the gas constant, T is temperature, D is the
diffusion constant along the stressed interface, w is the thickness of the
trapped fluid phase along which diffusion occurs, ¢ is time, and Ao, is the
driving stress as the difference between normal stress on a dissolution
surface and the fluid pressure in the vein. In experiments, d is the diam-
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Figure 3. Pressure solution creep mechanisms. A: Mass transfer
from solution cleavage (black) to veins (white) with detail of progres-
sive mass transfer process for given element; d is mean diffusion
distance between veins along solution cleavage; free fluid in veins
is blue. B: Diffusion-accommodated grain sliding, with detail of ge-
ometry of progressive grain sliding (Ashby and Verrall, 1973); d is
mean diffusion distance. C: Distance of diffusive mass transfer d
versus depth for various minerals required to accommodate 20 mm/
yr horizontal displacement rate by pressure solution creep in verti-
cal shear zone of 1 m width (dotted line, strain rate of 3.3 x 10-° s™")
or 3 m width (dashed lines, strain rate of 1.1 x 10-'° s'). SAFOD—
San Andreas Fault Observatory at Depth. D: Pressure solution strain
rate versus distance of diffusive mass transfer through entire crust
for various minerals; minimum and maximum values for quartz and
calcite; yellow line is required strain rate for creeping zone. E: Scan-
ning electron microscope image of sample 4, within creeping zone
of central deforming zone (CDZ), showing mixing of phyllosilicates
(soft smectite, chlorite, in various grays) and soluble-rigid miner-
als (quartz, feldspars, calcite, serpentine, in white); crack networks
(black) are linked to dewatering of smectite during sample prepa-
ration. Deformation is accommodated by grain boundary sliding,
possibly by diffusion for soluble species. F: Remnant of sandstone
patch deformed by pressure solution cleavage (S)-veins (V) process
embedded in CDZ creeping zone, with microfaults (F) (sample 4).
(Images E and F can be seen in larger view in the Data Repository
[see footnote 1].)

eter of the indenter. In nature, d can refer either to the spacing between
fractures that corresponds to the diffusive mass transfer distance between
veins along a dissolution surface (Fig. 3A), to the grain size in the case of
diffusion-accommodating grain boundary sliding (Fig. 3B). Such a diffu-
sion-controlled pressure solution creep law is likely to operate in condi-
tions prevailing at 6-10 km, whereas for the lesser depths (2—4 km), a
shift from diffusion control to reaction control is predicted (Renard et al.,
1999), but only if d exceeds 300 um, which is not likely here (see follow-
ing). It is possible to extend the creep law for quartz obtained at 350 °C to
lower temperatures within the entire upper crust by assuming an activa-
tion energy of 15 kJ/mole (Rutter and Mainprice, 1978). It is also pos-
sible to extend the creep law to other minerals such as calcite (Zubtsov
et al., 2005) and feldspars by changing the solubility and molar volume
parameters. Using such creep laws, with a given stress condition, we can
estimate the maximum values of d required to accommodate a displace-
ment rate of 20 mm/yr over a 1-3-m-thick shear zone, such as the cen-
tral deforming zone (Fig. 1C). At 3 km depth, a minimum conservative
value for the pressure solution driving stress is the difference between
the maximum and the minimum horizontal stress (S, and S, . . respec-
tively). This difference was measured to be ~60 MPa, S, . being very
near the overburden stress (Hickman and Zoback, 2004). The same stress
value was used for the entire upper crust (Figs. 3C and 3D). With this
model, we show that the maximum required distance of mass transfer
at 3 km depth varies with mineral composition in the range 90-350 um
and 125-500 um for 1 and 3 m width fault zones, respectively (Fig. 3C).
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These values are larger than the fracture spacing observed for samples
2 and 3 (solution cleavage—veins process; Figs. 2E-2G). They are also
much larger than the observed grain sizes in the foliated zones, as in
sample 3 and 4 (diffusion-accommodated grain-sliding process; Figs. 2H
and 3E). Since the observed diffusion distances are smaller than a conser-
vatively calculated d value, pressure solution creep can therefore easily
accommodate the measured displacement rate of 20 mm/yr. The diffu-
sion-accommodated grain-sliding process can accommodate much larger
finite deformations than the solution cleavage—veins process (Ashby and
Verrall, 1973). For this reason, with increasing deformation, the part of
the rock deformed by the solution cleavage—veins process, which is also
relevant to the most rigid part of the deformed zone, is probably progres-
sively dilacerated and dispersed into the creeping zone (e.g., dark gray
grains, Fig. 3B). Evidence of large patches of sandstone deformed by the
solution cleavage—veins process can be found in the middle of the central
deforming zone (sample 4, Fig. 3F). The solution cleavage—veins process
appears therefore to be a transitory state of deformation, which testifies to
the efficiency of the pressure solution mechanism and is probably super-
seded by the diffusion-accommodated grain-sliding process within the
most deformed regions of creep.

DISCUSSION AND CONCLUSION

Interaction between creep and seismic (microseismic) fracturing is
an important issue. Dissolution indenter experiments show that grain-
scale fracturing can drastically accelerate the displacement rate accom-
modated by pressure solution creep (Gratier, 2011); fracturing opens new
paths for solute transport along fluid-filled fractures, decreasing the dis-
tance of diffusion, d. However, if the fractures are progressively sealed,
this effect disappears as sealing increases the distance of mass transfer
(d), and consequently reduces the displacement rate. At grain scale in the
laboratory, such a microfracture pressure solution sealing process may be
observed within no less than a few months. In nature, pressure solution
fracture sealing probably takes several years or decades, depending on the
spacing and the width of the fractures (Gratier, 2011). This could partially
explain the effect of the A.D. 2004 M6 Parkfield earthquake on the creep
rate southeast of the SAFOD site: coseismic fracturing activated afterslip
creep (Freed, 2007) that progressively decreased with time as the fault
healed (Li et al., 2006).

The crucial role of the diffusion distance d is shown in Figure 3D.
When d is small enough (10-100 pum), steady-state pressure solution creep
can accommodate the observed aseismic displacement rate of 20 mm/yr
through the entire upper crust. When d is larger (>100 um), pressure solu-
tion creep occurs but cannot accommodate the displacement rate and relax
the stress. Consequently, small seismic ruptures occur (Fig. 3F), in turn
activating pressure solution creep.

Pressure solution creep is compatible with the low heat flow measure-
ments in the creeping section (Zoback et al., 2010), since this process does
not generate significant heat. Various explanations have been proposed for
the apparent low friction behavior of the creeping zone. Increases in fluid
pressure may reduce the frictional resistance to sliding (Scholz, 2002),
but elevated fluid pressures were not measured during drilling, although
transient increases of fluid pressure may have occurred episodically in the
past (Mittempergher et al., 2011). Talc minerals were found in SAFOD
cuttings and should have a weakening effect (Moore and Rymer, 2007),
especially if they develop a foliation (Collettini et al., 2009). However,
there is as yet no evidence for the presence of continuous layers of talc at
SAFOD (Holdsworth et al., 2011). Alternatively, from experiment on cut-
tings, or laboratory-ground samples, of San Andreas fault creeping zones,
Carpenter et al. (2011) and Lockner et al. (2011) found friction values as
low as 0.15-0.2, due to the presence of weak phyllosilicate as saponite. It
is clear from samples of the San Andreas fault creeping zone (Fig. 3E) that
the deformation is accommodated by grain boundary sliding. Friction and
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diffusion may compete to accommodate such grain sliding, but it is likely
that, at an imposed strain rate, the less energy-consuming process will win.
Pressure solution driving forces of 10 and 0.01 MPa are enough to accom-
modate 1071 s7! strain rate over 3 m width, with 100 and 10 um grain
size, respectively, for quartz and calcite at 6 km depth. Moreover, saponite
becomes unstable above ~150 °C and is unlikely to be found deeper in
the fault zone than 3.5—4 km. Consequently, as long as the deformation
requires grain boundary sliding involving soluble minerals, pressure solu-
tion creep is an efficient mechanism of aseismic creep through the entire
upper crust down to more than 10 km.

A final question is why, at a given time, pressure solution creep is
localized along some segments of the fault. The answer may be that pres-
sure solution creep needs specific conditions to develop at a significant
rate. Soluble minerals such as feldspar, calcite, quartz (Gratier et al.,
2003), and serpentine (Andreani et al., 2005) must be present with a reac-
tive fluid phase. The distance of diffusive mass transfer (¢) must be as
small as possible. This requires very fine grained material, possibly related
to intense seismic fracturing in the San Andreas fault. Soluble grains must
not seal together in order to keep fast diffusive paths along solution seams
(Niemeijer and Spiers, 2005). Two processes could avoid such sealing,
and occur in the San Andreas fault creeping zones, i.e., passive concentra-
tion of phyllosilicates due to soluble species pressure solution depletion
(Figs. 2H, 3E, and 3F) and the growth of new phyllosilicates (Holdsworth
et al., 2011). In such a way, phyllosilicates get trapped around the soluble
species, preventing their sealing and activating diffusive mass transfer.
Under these conditions, the process is self-organized through a positive
feedback process, which allows pressure solution creep process localiza-
tion within some fault segments.
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