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Abstract Earthquake recurrence requires interseismic fault restrengthening which results from solid-state
deformation in room temperature friction and indentation experiments. In contrast, exhumed fault zones
show solution-transport processes such as pressure solution, and contact overgrowths influence fault zone
properties. In the absence of fluid flow, overgrowths are driven by gradients in surface curvature where
material is dissolved, diffuses, and precipitates at the contact without convergence normal to the contact.
To determine the rate of overgrowth for quartz, we conducted single-contact experiments in an externally
heated pressure vessel. Convergence was continuously monitored using reflected light interferometry
through a long-working-distance microscope. Contact normal force was constant with an initial effective
normal stress of 1.7 MPa, temperature was between 350 and 530°C, and water pressure was constant at
150 MPa. Two control experiments were conducted: one dry at 425°C and one bimaterial (sapphire) at 425°C
and 150 MPa water pressure. No contact growth or convergence was observed in the controls. For wet
single-phase contacts, growth was initially rapid and then decreased with time. No convergence was
observed. Fluid inclusions indicate that the contact is not uniformly wetted. The contact is bounded by
small regions of high aperture, reflecting local free-face dissolution as the source for the overgrowth. The
apparent activation energy is ~125 kJ/mol. Extrapolation predicts rates of contact area increase orders of
magnitude faster than in dry, room temperature and hydrothermal friction experiments, suggesting that
natural strength recovery near the base of the seismogenic zone could be dominated by contact overgrowth.

1. Introduction

For an earthquake to recur following stress drop, the fault must restrengthen during the interseismic period
[Brace and Byerlee, 1966]. Faults that are stressed continuously by tectonic forces and which exhibit systematic
variations in stress drop with recurrence interval may be used to infer the rate of interseismic restrengthening,
presuming that the sliding friction during the earthquake is independent of recurrence interval. Based on room
temperature friction and static indentation experiments [Dieterich, 1972; Scholz and Engelder, 1976; Dieterich and
Kilgore, 1994, 1996; Goldsby et al., 2004], fault strengthening during the interseismic period is thought to result
from increases in fault contact area with time due to solid-state deformation (creep) at asperity contacts. However,
other laboratory experiments and field observations on exhumed fault zones indicate that solution-transport
processes such as pressure solution, crack healing, and asperity contact growth strongly influence fault zone
properties and, by inference, the rheology at hypocentral conditions [Bruhn et al., 1994; Chester et al., 1993; Parry
and Bruhn, 1990]. For many minerals such as quartz, solubility increases with temperature and pressure and at
elevated values, if fluid is available, fault zone physical properties can be substantially altered by “solution mass
transport.” These are processes where minerals sequentially dissolve, are transported, and precipitate because of
spatial variations in chemical potential. Differences in chemical potential can arise due to gradients in stress
(pressure solution), solid/liquid surface energy (crack healing), or temperature. Significant changes in fault zone
permeability and porosity are expected to result from any of these processes. For example, interseismic fault zone
fluid pressure could increase with time through the simultaneous operation of crack healing [Brantley et al., 1990]
and pressure solution compaction [Sleep and Blanpied, 1992], both of which can rapidly reduce permeability.
Fault strength may also increase rapidly through increase in load-bearing contact area via contact overgrowths
[Hickman and Evans, 1992] or pressure solution [Spiers et al.,, 2004].

Despite these expectations, the rates of these processes in relevant fault zone rocks and minerals are not well
constrained. To determine the mechanisms and rates of solution mass transport processes in quartz at the
grain scale, we have conducted a series of crack closure, crack healing, and pressure solution experiments
using quartz single crystals at temperatures between 350°C and 530°C and at 150 MPa water pressure
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Sample Geometry [Beeler and Hickman, 1996, 2004,
2008; Hickman and Beeler, 1999, 1997].
In the present study we quantify the
rate of contact overgrowth and
compare the results to laboratory
data from competing mechanisms of
restrengthening. In the absence of fluid
flow, overgrowth, called neck growth
by Hickman and Evans [1992] and in the
quartz wei ghtS materials science Iit.erature [e.g., Coblenz
et al., 1980], occurs in response to strong

gold wire gradients in surface curvature between
the margin of the contact and the
plano-convex qtz lens open-pore space. Material is dissolved
(radius not to scale) from the high-energy, low curvature

wall of an open pore, diffuses through
the pore fluid, and precipitates at the
sapphire window low-energy, sharply curved contacts
goId washers between asper.ltles, cementing .them
L. together. In this study we use single
w_ewmg contacts with a carefully controlled
direction geometry to provide fundamental
Figure 1. Near-sample configuration consisting of weights, samples, and constraints on the kinetics of contact
sapphire window (see also Figure 2), with lenses of synthetic quartz growth at the grain scale. The temporal

loaded normal to the contact by the quartz weights. The gold wire helps evolution of contact area, adjacent
center the load on the contact spot between the two lenses.

plano-plano quartz lens

pore volume, and contact convergence
were continuously monitored in situ at
temperatures between 350°C and 530°C at 150 MPa water pressure in a pressure vessel equipped with an
optical observation port. Contact area increases rapidly initially, and the rate decreases monotonically with
time. Microstructural observations constrain the rate-limiting process, and a model for growth of asperity
contacts [Hickman and Evans, 1992] is used to extrapolate the experimental results to predict natural rates of
contact growth and fault strengthening at the base of the seismogenic zone.

2. Experimental Technique

The experimental geometry, adapted from Hickman and Evans [1992], is designed to access overgrowth
while simultaneously preventing the occurrence of pressure solution, crystal plasticity, and strain-induced
dissolution effects that can arise in quartz at high temperatures in the presence of water. The asperity is the
contact between a convex lens and a flat surface (Figure 1). The stress distribution in the region of contact

is known from Hertz's solution [e.g., Johnson, 1985] and has the desired property that the normal stress at
the contact edge is zero. Loading does not produce high elastic strain energy or plastic yielding at the contact
edge that would enhance the solubility there and lead to preferential free-face dissolution, as seen in “indenter”
geometries used in some pressure solution experiments [e.g., Gratier, 1993]. To avoid pressure solution and
crystal plasticity, the loads are low with mean contact normal stresses of less than 2 MPa. Hertzian contact
produces a maximum amplification of the mean stress of 1.5 times; therefore, the peak contact stresses are
also low.

Experiments were conducted in deionized water, or in one case in air, in a passivated Rene 41 pressure vessel
which has a sapphire window in the base (Figure 2). The asperity contacts are constructed by pressing together
the two oriented lenses (Figure 1). The lenses were prepared by Boston Piezo-Optics, Bellingham, MA, from
quartz crystals synthesized by Sawyer Research Products, Eastlake, OH. In all experiments, the contact lies in the
quartz (0001) plane. In one experiment, the flat lens was made of optical grade sapphire rather than quartz.

Inside the pressure vessel, the pair of lenses lies on a thin gold washer above the top face of the sapphire
observation window (Figure 1). The gold washer provides a gap that eliminates interference patterns from
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Figure 2. Schematic of experimental apparatus. The pressure vessel has a
sapphire observation window directly beneath the samples (see Figure 1),
allowing continual monitoring of contact morphology and convergence

during the experiments. The long axis of the pressure vessel is vertical. Not

to scale.

between the top surface of the window
and the bottom surface of the lower
lens. The contact is illuminated from
below by a tunable monochromatic
light source which has a wavelength
range of 360 to 600 nm. Both surfaces
of the flat lens and the curved surface
of the convex lens are ground and
polished to an optical finish. The flat side
of the convex lens is ground to a frosted
finish to reduce back reflections from
that interface and other surfaces above it.

Load to the contact was applied by a
dead weight consisting of eight
cylinders of synthetic quartz. The
outer diameter of each weight is a

slip fit to the inner diameter of the
pressure vessel. Each cylinder was
approximately 2.2 cm tall with a mass
of approximately 13.5 g. The contact
was subjected to a normal load of
0.85 N, resulting in an initial contact
radius of approximately 0.4 mm and an
average contact normal stress of

1.7 MPa. It is expected that this load is
too slight to induce crystal plasticity or
appreciable pressure solution. A
companion study of curvature-driven
crack healing in single crystals of quartz
at similar pressure and temperature
conditions [Beeler and Hickman, 1996]
shows crack tip recession rates of 0.006
to 1.0 nm/s for cracks with initial
apertures ranging from 3.0 to 20 nm.
These rates were used to select a radius

of curvature, R, for the convex lens (0.7 m) in the present experiments necessary to induce observable
healing at the contact assuming neck growth proceeds at rates comparable to crack healing.

The contact was monitored from outside the vessel through the sapphire window using a long-working-
distance-microscope equipped with a digital video camera. The camera was recorded with a continuous

video recorder, and digital images were periodically captured and used for quantitative determination of
contact area and lens convergence using reflected light interferometry (see below). Temperature (+0.2°)
within the pressure vessel was measured with a thermocouple inserted through the high-pressure port at the
top of the vessel to within an inch of the sample. Fluid pressure (+2 bars) was monitored with an in-line
pressure transducer and a pressure gauge. Run conditions are listed in Table 1 and range from 350 to 530°C,
all at 150 MPa water pressure, with the exception of a control experiment done dry at atmospheric pressure
(0.1 MPa). The samples were raised to these conditions from 22°C and 0.1 MPa over ~2.5 h; temperature was
raised from 22 to 100°C, from 100 to 300°C, and from 300°C to the final temperature in three monotonic
increments. Fluid pressure increased via thermal expansion over these increments but was manually reduced
to keep pressure below a few tens of megapascals over the first two temperature increases and as necessary
to keep pressure from exceeding ~100 MPa during the final increment. Pressure was then increased to

150 MPa after the temperature had stabilized. Experiments were quenched from run conditions by reducing
the water pressure to atmospheric over a few minutes by venting the fluid and then allowing the open vessel
to cool naturally to room temperature. Tables 1 and 2 also show the crystallographic orientation and
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22| o ® oo relative twist angle of the boundary formed between the two lenses,
o v 8 o O O .
ED| g &8 the latter only for the quartz-on-quartz experiments.
s 5| o S oo
2l 6 + [
2.1. In Situ Optical Measurements
K}
g In the manner of Hickman and Evans [1992, 1995], light reflected off the
! ® P top and bottom surfaces of the lenses interferes, and the interference
8 73 IS S s S . P .
58 o r fringes (Newton'’s rings) were used to measure the height of the gap
§ between the two lenses, henceforth termed the aperture (Figure 3).
& Figure 3 is a photomicrograph taken normal to a contact in situ at 430°C
w and 150 MPa water pressure after 95 h. The contact is the dark circular
g' Blecn & w region that occupies the center of the image. While the contact is
~ 0 — N o m
f RISy o SBE circular, in detail, the edge of contact is irregular. The aperture H
& g O © O O m . . . - . .
= associated with an interference minimum (a dark fringe resulting from
- maximum destructive inference) is
(]
@ )
s |2 =29 _m (1)
5s| 8. 58888 2n’
et S o©oocoo
b ! e where 1 is the wavelength of light, m is the order number, and n is the
|
refractive index of the fluid between the lenses [e.g., Rossi, 1965]. A
E similar equation specifies aperture for interference maxima. Order
=G % N § g § number was determined by counting outward from the contact and by
o L NJ = . - o .
o g g < g L N using the tunable monochromatic light source to position two adjacent
§ = T =T fringes (m and m+ 1) acquired at different wavelengths at the same
&< point within the gap between the two lenses and then by simultaneous
Baleo —aw solution of (1), obtain the expression m=41,/(/; — A,). The refractive
[SERS RIS ~NY A . . . .
Zal?2n  SSnQ index, required for solution of (1) for H, is
22188 88&
c - - — . 2Rm + Vm )
— "V Vm—Rn’
> g
§ % where V,,, and R,,, are the molar volume and molar refractivity of water,
é P e2EBR . respectively [Atkins, 1982]. The temperature and pressure dependence of (2)
= ; is contained in V.. If R,, and n are frequency independent (no dispersion),
G E R =3.68 cm*/mol from (2) using n (= 1.333) at room temperature and
c pressure. Molar volume of water was calculated using the relationship
8 of Fournier and Potter [1982] and the tabulated data of Burnham et al.
© .
§ = [1969]. Using (1) and (2) and the measured temperature, pressure, and
|0 . . .
5 cg; § § § § § '§ interference patterns, H can be determined throughout the experiment.
i &
©
‘g‘ 2.2. Thermal Gradients
V)
To analyze the role of capillarity (surface curvature) in contact growth
o O PEORND S & requires that thermal gradients in the vessel provide negligible driving
CERE| =B NDORK O o . . . .
g o e R Rw & force for solution transport. The furnace provides relatively uniform
S e £ heating within the 24.1 cm long vessel bore, with profiling at run
,_% g o _cooo 'é temperatures and fluid pressures indicating a maximum temperature
g s | Dbl 3 variation of 5°C over the entire length and a maximum gradient of 1.2°
= = c
8 & ©  C/cm. The resulting chemical potential gradient is orders of magnitude
g ¢ Q &  smaller than the gradient resulting from surface curvature variations
s 2 . .
‘g‘ Eo5lugg 35 2 % near the contacting asperity; therefore, thermal effects are not
[ o < .
Y g Tl oo s 3  expected to influence the reported rates of contact growth.
e o Il x
g = ¥ % The lenses and the quartz were weighed before the experiment and
[%2)
< % ) g again following sample recovery. Changes in mass of the weights are
':; g A 1 ©® RS % S between 0.02 and 0.04% (see Table 1) and reflect dissolution necessary
9 ca . .
= g12222¢2¢ 4" to produce a saturated or near-saturated solution at run conditions. As
g 4| J000000 . .
shown in Table 1, the percentage mass loss for each lens is slightly
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Table 2. Symbols and Dimensions

Symbol Definition Dimension

H aperture m

h initial aperture m

A wavelength m

n refractive index dimensionless

m interference fringe order number dimensionless

Rm molar refractivity cm>/mol

Vi molar volume cm®/mol

A contact area m?

k. precipitation rate constant mol/m?s

Au chemical potential J/mol

R gas constant J/mol °K

T temperature (°K) degrees

Ty solid/liquid surface energy J/m?

Cyp grain boundary energy J/m?

K mean surface curvature 1/m

Ry mean lens radius m

X distance from the contact center m

t time s

(@ concentration in mole fraction dimensionless

a contact radius m

do initial contact radius m

D diffusion coefficient m?/s

Vu chemical potential gradient J/molm

v da/dt, growth rate of contact radius m/s

Q activation energy J/mol

p radius of curvature m

nn power law exponent dimensionless

Ar total contact area m?

Ao initial average contact area m?

T shear strength MPa

70 initial shear strength MPa

b friction strengthening coefficient dimensionless

on normal stress MPa

Ho to/op, initial friction dimensionless

A average contact area m?

0 contact normal rigid displacement m

uy, elastic contact normal displacement m
Young's modulus MPa

v Poisson’s ratio dimensionless

Po average contact normal stress MPa

F empirical constant m3/s

higher than for the weights, having a maximum of 0.1%. However, the absolute changes in lens mass are very
small, in the range of 1 to 8 mg. While these losses are real, being greater than our measurement precision
(£0.0004 g), they are unrelated to contact growth since monitoring of interference fringes during the
experiments shows no significant addition or loss of mass from the lens surfaces far from the contact.
Furthermore, the losses from the sample do not increase systematically with experiment duration and
therefore do not reflect long-term leaching driven by hydrothermal circulation within the vessel.

3. In Situ Observations of Contact Growth and Convergence

Six experiments were conducted, ranging in duration from 150 to 770 h. Two were control experiments, one
dry with contact between two quartz lenses at 0.1 MPa air pressure (QNG 4), and another on a wet bimaterial
contact (QNG 9, quartz sapphire). All quartz-quartz experiments in water showed contact growth (Figure 4),
while the two controls showed no growth (Figure 5). Figure 4 shows successive photomicrographs taken

normal to a contact in situ at 430°C and 150 MPa water pressure after 48, 147, and 413 h. The contact is the
dark circular region that occupies the center of the images. Qualitatively, the contact can be seen to increase
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in successive images at longer and
longer times. Contact area was
digitized from images collected over
the entire duration of experiments.
Growth of the quartz contacts occurred
very rapidly within the first 20 h at run
conditions, at rates comparable to
those observed in crack-healing
experiments in quartz under similar
conditions described by Beeler and
Hickman [1996]. After this, the neck
growth rate decreased monotonically
interference maximum with time (Figure 5). The interference
patterns were used to monitor
interference minimum convergence. The rate of convergence,
here the change in aperture, dH/dt, is
related to the outward velocity of the
interference maxima and minima dx/dt
as dH/dt=dx/dt tan 6, where tanf is the

local slope of the convex lens. To a
Figure 3. Mosaic of in situ micrographs of the asperity contact from  resolution of 6 nm, no convergence
experiment QNG 3 after 95 h at 425°C and 150 MPa water pressure as
viewed using reflected monochromatic light (433 nm wavelength).
Interference minima and maxima are contours of the thickness of the pore
space (aperture) adjacent to the contact between the two quartz lenses,as ~ €ven when there was significant
given in equation (1). contact growth (Figure 6). In Figure 6,

two mosaics of contact area and the
surrounding pore space are superimposed about the contact centerline to simultaneously illustrate contact
area change and lack of asperity convergence. Figure 6 (top) shows the contact after 413 h and at (Figure 6,
bottom) 123 h. The contact area increased measurably over this time period; however, the interference
fringes that directly contour the open-pore space about the contact are stationary. Contact area increase due
to deformation at the contact would be recorded by outward migration of the contours by a distance shown by
the red arrow. The migration distance was estimated assuming simple removal of material at the contact as
would result from pressure solution.

1T mm

was observed between the lenses in
any of the experiments in this study,

From the lack of convergence or contact area growth in the dry and bimaterial experiments, we conclude
that crystal plasticity does not occur at these conditions. From the absence of contact area growth in the dry
(quartz-on-quartz) experiment, we conclude that the observed contact area growth in the wet experiments is
a fluid-assisted process. From the lack of convergence in the quartz-quartz experiments, we infer that pressure
solution did not occur significantly at these low loads and temperatures and more generally that the observed
contact growth is not driven by stress. We infer from the control experiment that overgrowths cannot form
at the quartz-sapphire contact; perhaps this is because quartz cannot precipitate syntaxially on sapphire and
the driving force for capillarity-induced neck growth (i.e., reduction in free surface energy) is absent. Given all
of these constraints, in summary, contact growth in the quartz-quartz experiments results from sequential
dissolution of quartz from the pore space, transport in solution, and precipitation at the contact margin driven
by gradients in the surface curvature, as observed by Hickman and Evans [1992] in halite.

4, Models and Interpretation
For a material with isotropic solid-liquid interfacial energy Ty, the driving force for transport from surface
curvature « is given by the Gibbs-Thompson relation:

Apu = kl'gVp, (3)
where Ay is the chemical potential and V,, is the molar volume. For flat surfaces (x=0, Au=0), there is no

driving force. In contrast, positive curvature such as the surface of a convex lens has positive energy, while the
negative curvature at the margin of the contact (Figure 7) has negative energy relative to a flat surface. To
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Figure 4. Successive images of contact growth at elapsed times of (top) 48,
(middle) 147, and (bottom) 413 h from an experiment (QNG 3) at 425°C and
150 MPa water pressure. Note the roughness of growing contact margin,
associated with formation and coalescence of peninsular and isolated contact
spots into the growing contact region. Red arrow shows a secondary contact
that is gradually incorporated into the principal contact area over time.

minimize energy, the system will tend

toward zero curvature by filling in the

contact margin using material from the
lens surface.

For our asperity contact growth
experiments, the driving force is more
complicated than equation (3). Quartz
has anisotropic solid-liquid interfacial
energy due to crystallographic
asymmetry. This and the presence of
a grain boundary in our experiments
require energy terms absent from (3).
Nonzero grain boundary energy is
expected to decrease the rate of
contact growth by increasing the
radius of curvature at the contact
margin [Coblenz et al., 1980], that is, by
analogy to equation (3), to decrease «.
In addition, although the grain
boundary plane of each crystal is the
same crystallographic plane, there is
an in-plane rotational misalignment
given by a “twist angle,” zero rotation
being perfectly aligned. Different
experiments have different twist
angles (Table 1) that are expected to
correspond to different grain boundary
energies. We do not have enough
data to resolve systematic differences
in growth rate with twist angle.
Furthermore, there are no data on
anisotropy of solid-liquid interface
energy for the quartz water system at
the conditions of our experiments and
no data on grain boundary energy
(0001) as a function of twist angle.

The ratio of grain boundary energy to
solid-liquid energy may be inferred
from the aspect ratio of fluid inclusions
trapped on the healed boundary
[e.g., Hickman and Evans, 1992].
Hickman and Evans were able to
quantify these relative energies from
grain boundary fluid inclusions in their
wet halite-on-halite experiments

and found that contact growth rates
increased with decreasing grain

boundary misorientation, suggesting an influence of grain boundary energy on growth rates. However,
they found that if their measured relatively high grain boundary energies were interpreted in the context
of Coblenz et al's [1980] model, then the expected low curvature at the contact margin (i.e., low dihedral
angle and high radius of curvature) was not observed. Instead, they saw a high dihedral angle, apparently
due to the very high anisotropy in free surface energy exhibited by halite. This suggests that Coblenz

et al.'s [1980] relation between dihedral angle and near-neck curvature is not applicable to highly anisotropic
minerals. Furthermore, dihedral angle is related to the grain boundary energy through a static (equilibrium) or
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o,

5 .
Phao = 150 MPa instantaneous energy balance, whereas

0.7 — . .

near-neck curvature is an evolving,

0.6 — I . .

05 405 distinctly nonequilibrium microstructure,
€ 0'4 N Prioo = 150 MPa and the relation between dihedral angle
E V7T gff"c and neck curvature may be more
3 82 7] complicated than in Coblenz et al. [1980].

= 32,)5h§se contact Following Hickman and Evans [1992], for

0.1 — . - .

simplicity, we ignore the effects of the
0.0 — . .
| ' | ' [ ' | grain boundary and anisotropy and
0.0 0.4 0.8 1.2x10°

analyze the data using their proposed
end-member models of reaction rate and
diffusion-limited contact growth.

time (s)

Figure 5. Time-dependent contact growth from four experiments.
Contact areas (A) as shown in Figures 3 and 4 were digitized and
converted to an equivalent radius a = \/m The change in radius is
plotted versus time after subtracting the initial (elastic) contact spot X
radius. The curves shown are the fits of temporal changes in radius dissolved from the pore space, transported
with a general power law. The two control experiments (dry and through the pore fluid to the contact
two-phase contact) show no growth, while the two single-phase wet  margin, and precipitated. Readers
experiments (red and blue) show rapid temperature-dependent interested in the details of these models
growth. should consult Appendices A and B of
Hickman and Evans [1992]. As shown in Figure 7, for one model, the flux of material is limited by the rate of
precipitation at the contact, and for the other, the rate is limited by transport through a static pore fluid. For
both models, the driving force is the difference in curvature between the relatively flat lens surfaces (solute
source) and the contact margin as given by (3). In either model, the overgrowth that occurs at the contact
margin is assumed to have a uniform radius of curvature p, consisting of a circle tangent to the flat and curved
lenses. For precipitation-limited growth (Figure 7a), the rate of precipitation is linearly related to the driving
force. Following these assumptions, to first order, the rate of growth of the contact radius is [Hickman
and Evans, 1992]

da 4k TyVm’Rs
dt ~RT(a? — ap?)’

Hickman and Evans [1992] considered two
models where material is sequentially

(4a)

Quartz
T=425°C

PH20 = 150 MPa where k_ is the precipitation rate

constant, R, is the lens radius, R is the
gas constant, T is the temperature in °K,
a is the contact radius, and ag is the
initial contact radius. Effectively, the
source material for precipitation at the
contact margin is assumed to be far
from the margin. For a contact radius
much less than the lens radius, any value
of contact radius can be geometrically
related to the initial aperture h at that
distance from the center of the contact.
See equation (11) and the following text
below equation (11) for a discussion of

At =413.32 hrs

At = 122.95 hrs

expected net motion of
fringes if contact growth

were due to convergence ..
)/ = .

1mm

Figure 6. Two mosaics of contact area and surrounding pore space super-  initial aperture from Hertz's solution.

imposed about the contact centerline in wet quartz-on-quartz experiment
QNG 3, illustrating contact area growth over time (neck growth) but
without convergence. (top) The mosaic shows the contact after 413 h at
425°C and 150 MPa and (bottom) at 123 h. The contact area (dark region)
increased noticeably over this time period; however, the interference
fringes surrounding the contact are stationary, indicating no convergence
between the two lenses (see text). For comparison, the approximate
outward migration of the interference fringes that would result if the
observed contract growth were caused by intergranular pressure solution
is shown by the red arrow.

For our purposes here, the relation
between initial aperture and contact
radius is h=(a* — ag?)/2R,. So the
growth rate of the contact (equation
(4a)) can be equivalently expressed as

da 2k_TgV,?
@t RTh (4b)
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For the diffusion-limited model, the
driving chemical potential gradient is

R defined as the difference between the
Upper Lens L source and sink potential given by (3)
X \ ...1 divided by the transport distance. The

Cement source is further assumed to be local and

approximated by an annular region of
’ . p h uniform circular cross section (Figure 7b).
N ' ,&&\\ To the first order, these assumptions
- 1 1 result in a contact radius growth rate of
[Hickman and Evans, 1992]
da _zDCol'qVma

et 5
dt RTR.A? )

Lower Lens
a) where D is the diffusion coefficient of

the solute in the fluid and G is the
concentration of solution in

equilibrium with a planar interface.
Upper Lens

To distinguish between these end-
member models, the time histories of
contact radius were fit using a general
power law (example fits are shown in
Figure 5). The contact radius was
determined by digitizing the contact
area A from the captured images, and
the area was used to calculate an
equivalent radius using a = /A/x.
Initial contact area (and, hence, ag) is
estimated using Hertz's solution (see
Figure 7. Schematic representations of end-member models of asperity ~ €quation (11) below) [Johnson, 1985].
contact growth, modified from Hickman and Evans [1992]. R, is the lens We first verify the consistency of the
radius, p is the radius of curvature at the neck, a is the contact radius, agis  jnterference pattern with Hertz's

the initial contact radius, x is the distance from the contact center, and h is
the initial aperture. (a) Precipitation-rate-limited growth, characterized by
an inverse dependence of growth rate on h. (b) Diffusion rate-limited

growth, which is characterized by local dissolution pitting and growth rate ~ corrected for buoyancy at the
depending on 1/h. appropriate temperature and water

pressure. The derivative of the fit is the
growth rate. This neglects small-scale heterogeneities in growth rate (e.g., as seen in Figures 3, 4, and 6)
and yields, in effect, an average radial growth velocity for each experiment. Then we fit these contact growth
rates to a power law function of initial aperture, h, da/dt o< h”, as in (4a), (4b), and (5) (Figure 8). Fits to the
velocity versus aperture data (Figure 8) produce exponents in the proportionality between da/dt and h” of
n=-2.1to —2.3, which are close to the ideal n=—2 expected for diffusion control (equation (5)).

Lower Lens b)

prediction using the static load from
the quartz weights and top lens,

While this comparison of diffusion and reaction rate models favors diffusion, the diffusion model used
relies on the assumption that the radius of curvature at the contact edge is half the maximum diffusion
distance. A concern is that rather than agreement with a solution to the diffusion equation, we have
agreement with a model that contains an imposed geometric constraint on diffusion. Thus, conclusions
drawn from this model are not a definitive indicator of the role of diffusion in these particular experiments.

4.1. Temperature Sensitivity

These experiments were specifically conducted to characterize the temperature dependence (Table 1), and
the combined data set shows a strong temperature effect (Figure 8). The first experiments were run at 425
and 530°C (QNG 3 and QNG 5), followed by a temperature stepping experiment (QNG 6) over the same range.
These three tests provide our best constraint on the temperature sensitivity of contact area growth. To

empirically quantify the effect, we follow a convention in rock mechanics [e.g., Chester, 1995; Nakatani, 2001]
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Figure 8. Velocity of contact growth in wet quartz/quartz experiments
(da/dt) plotted against local aperture. Velocity is the slope of contact
radius versus time from fits, such as shown in Figure 5 for each
experiment. The initial aperture is that at the edge of the contact. The
velocity decreases with initial aperture for all experiments. Experiments
QNG 5, 3, and 7 were conducted at constant temperatures of 530, 425,
and 350°C, respectively, and QNG 6 contained a temperature step from
425 to 530°C. Fits to the data (blue lines) at 425 and 530°C using a general
power law relation between growth velocity and initial aperture (see text)
yield an aperture exponent n=—2.1 to —2.3. The implied apparent
activation energy from experiments at 530 and 425°C is ~125 kJ/mol,
which upon extrapolation using an Arrhenius temperature dependence

and estimate the apparent activation
energy Q assuming an Arrhenius relation
V=da/dt cc exp(—Q/RT). The activation
energy inferred from experiments at two
different temperatures T, and T, is

ThT> } Vi
lo

—. 6
Th—Taf 7V, ©

Q- R[
Q so-determined is approximately
125 kJ/mol. The observed rate of contact
growth in a later experiment conducted at
350°C is reasonably well predicted by
extrapolation based on this activation
energy (Figure 8), although it slightly
underpredicts the rate.

This apparent activation energy is not
consistent with the analysis of the Hickman
and Evans’s [1992] models in the previous
section that suggests that contact growth
is diffusion rate limited. One hundred
twenty five kilojoules per mole is much
higher than expected if the rate of contact
growth was determined solely by diffusion

(black dotted line) predicts the observations at 350°C reasonably well. through a bulk fluid. For example, an

activation energy of 19 kJ/mol was

determined by /ldefonse and Gabis [1976]
for diffusion of silica in bulk water at 100 MPa pressure and 550°C. The apparent activation energy is
also nearly twice that expected if the rate of contact growth was determined by precipitation kinetics
alone. Rimstidt and Barnes [1980] find that the rate constant for dissolution of quartz has an activation
energy of 67 to 75 kJ/mol at temperatures between 25 and 300°C.

It is possible that the measured apparent activation energy reflects complications associated with
diffusion within the narrow near-contact aperture in these experiments. Thin water films may be more
structured, requiring a higher activation energy [Farver and Yund, 1999]. Unfortunately, the energy
difference required to explain the apparent activation energy is much larger than would be expected
based on the available previously published experimental diffusion data. For example, Farver and Yund
[1999] found an activation energy of 30 kJ/mol for isotopic exchange along interphase boundaries
between wet quartz and mica at comparable temperatures, which they attributed to oxygen diffusion
through a structured water film. Although this is a modest increase over diffusion in bulk water, our
apparent activation energy is more than 6 times larger than in bulk water and is closer to that expected
for solid-state grain boundary diffusion in quartz [e.g., Farver and Yund, 1991]. An additional problem
with invoking a structured fluid film to explain the activation energy is that the film thickness estimated
by Farver and Yund [1999] was much smaller, at 2 nm, than the near-contact aperture in our experiments,
which we estimate to be in the range of 8 to 100 nm. Therefore, it is likely that the intergranular fluid
film in this study would have been much less structured than expected for the much thinner films
inferred by Farver and Yund [c.f., Rutter, 1976]. While the comparison is further complicated by
differences in the diffusing species, oxygen compared to silica, at present, we have no reason to believe
that our results reflect the influence of a structured water film.

Given that the inferred activation energy will depend on the particular model equation used, it is probably
unwise to attach physical significance to the apparent activation energies derived from (6). At present, the
reason for the high activation energy is not known, although the value is well determined and should be
adequate for extrapolation of the data from these experiments beyond their temperature range. The physical
basis for the particular temperature dependence remains a topic for future investigation with a more
extensive data set.
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Quartz contact growth: recovered, disaggregated 5. Microstructures From

‘upper lens (plano-convex) Recovered Samples

The dominant microstructural feature
resulting from contact area growth is
the formation of fluid inclusions in the
contact grain boundary. Only the
largest inclusions are visible in situ at
relatively low magnification (Figure 4).
Fortunately, the cemented contact
spots in the wet quartz-on-quartz
experiments have enough cohesive
strength to remain welded together
after the experiment is over and the

lower lens (plano-plano)(image is flipped for comparison) samples are recovered intact from the
. o S e 3 > FLey

vessel. This allows us to make
additional observations of inclusion
geometry and distribution using
standard optical and scanning electron
microscope (SEM) techniques. Figure 9
shows reflected light images of a
recovered quartz-on-quartz contact in
the vicinity of the contact margin. The
lenses have been separated through
the midplane of the contact. Figure 9
(top) is the convex lens, and Figure 9
(bottom) is the flat lens flipped
horizontally for comparison. Inclusion
size increases with distance from the
Figure 9. Reflected light photomicrographs of recovered contact fromwet  center of the contact. Toward the
quartz-on-quartz experiment QNG 3 that has been broken along the contact center are aligned trains of
midplane of the contact, showing contact margin surrounding healed . .
grain boundary microstructure. The center of the contact is located inclusions, such as that between the
approximately in the lower right corner of each image. The grain boundary ends of the arrows labeled (a) on
contains matching fluid inclusions evident on each side of the recovered  Figure 9 (top); these probably define
lens pair. (top) The plano-convex lens and (bottom) the plano-plano lens the location of the deepest polishing
flipped horizontally for comparison. For reference the red arrows point.to scratches on the lenses prior to healing
the same feature on the top and bottom lenses. The features labeled with . .
(also see Figure 10d). There are trains of

a, b, and c are discussed in the text.

larger inclusions, like those between
the arrow heads labeled (b) farther out toward the contact margin. These coincide with linear features that
developed during the early stages of healing. These are also visible in the contact margin in Figure 4 (top, at
48 h). These inclusions in the recovered sample have annealed to an equilibrium shape. However, the very
large inclusions toward the outer perimeter of the contact, such as those at the ends of the arrows labeled (c)
in Figure 9, have extremely irregular shapes. Similarly, the red arrows in Figure 9 point to the same irregular
inclusion mirrored on each lens. The contact margin is very irregular, and there are small regions of contact
well outside of the large contiguous contact, as shown in the in situ images in Figure 4. As the irregular
contact margin grows and the regions of discontinuous contact also expand, they intersect isolating
inclusions of very irregular shape. If given enough time at the experimental conditions, the inclusions with
initially irregular geometry would presumably evolve to a regular shape that minimizes surface energy.

0.5 mm

Although not apparent at petrographic magnification (Figure 9), the process of inclusion formation extends
over the entire healed grain boundary. Figure 10 shows a series of five high-magnification SEM images from a
transect across the same recovered contact as shown in Figure 9. The density of inclusions decreases, and
their size increases with distance from the contact center, and even the center of the contact is covered with
inclusions (Figure 10e). From these images, the largest equilibrium-shaped inclusions appear to be faceted in
a trigonal pyramid (Figure 10b) as expected from the crystallography of quartz and the orientation of the
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grain boundary (0001), being normal to the c axis. The
pyramid facets in the inclusions would then logically be
(1011), although we have not confirmed this orientation in
our experiments. The existence of inclusions over the
entire grain boundary suggests that at these experimental
conditions, the contact is not uniformly wetted by fluid. In
particular, by considering the balance of I'y; and grain-
boundary energy (I'gp) under equilibrium conditions, the
necessary condition for the existence of isolated fluid
inclusions along an otherwise dry grain boundary is I',/T’
1 < 2 [Hickman and Evans, 1992]. Reasonably, the dry grain
boundary energy is less than twice the solid-liquid
interfacial energy in these experiments.

The structure of the pore space directly adjacent to
the contact is consistent with a model of diffusion-
limited growth rather than a model limited by the
dissolution/precipitation reaction. Images of the margin
of a recovered contact illuminated in reflected white
light on a petrographic microscope (Figure 11) show the
unique shape of the near-contact aperture. In white
light the interference pattern consists of ordered colors.
For increasing aperture, such as generally shown in
Figure 11, the colors increase from dark at zero aperture
to white near the contact edge to red-blue-green-yellow
in sequence as aperture widens to the left in this figure.
Then the sequence of red-blue-green-yellow repeats
twice more. Each repeat is a change in order as the
aperture continues to increase. These can be used
quantitatively to determine aperture. In contrast to this
general trend of widening of aperture with distance
from the contact, close examination of the aperture
immediately adjacent to regions of contact in the right
third of this image shows highly localized enlargements
in aperture, indicated by increases in color order. The two
arrows are included to direct attention to these features.
First, consider the region directly adjacent to the irregular
contact indicated by the lower right arrow. For a smooth
lens, corresponding to the starting condition in these
experiments, the aperture should monotonically increase
with distance from the contact, starting with very small

Figure 10. Five SEM images from a transect across the surface
of one half of an asperity contact pair from experiment QNG 3
progressing from the contact edge to the contact center. Note
that the scale bar for each image is 20 pm. (a) Contact edge with
irregular pores. (b) Large equilibrium-shaped pores from inside
the contact. (c) Smaller pores, some in aligned trains. (d) Near the
contact center. Note the clear train of larger pores; these are
interpreted as resulting from healing of a large scratch on the
initial lens surface. (e) Contact center showing very small isolated
pores. The entire contact region is marked by isolated pores that
increase in size outward from the contact center. The presence of
pores within the contact or grain boundary suggests that at run
conditions, healing of the initial grain boundary and subsequent
contact growth produced a solid-state (dry) grain boundary
containing isolated fluid inclusions.
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apertures indicated by first-order
interference colors at the contact
edge. Instead, the contact margin

is associated with a higher-order

color, indicating that the aperture is
anomalously wide directly adjacent to
the contact. Similarly, the left arrow in
Figure 11 shows a region immediately
adjacent to a secondary contact, which
is separated from the main contact and
was likely nucleated at a surface flaw
in one of the lenses. The similarity of
interference colors adjacent to this
secondary contact and those farther
to the left (where the aperture is
larger) indicates that the aperture
0.5 mm adjacent to this contact has been

locally enlarged. These features reflect
Figure 11. Reflected white light image of an intact contact recovered from  |4c3| free-face dissolution at contact
experiment QNG 6 taken in air. Since the two quartz lenses used in this
experiment are still welded together, the white light interference pattern
shown here can be used to determine localized changes in aperture between
the two lenses near the perimeter of the intergranular contact (dark region  to the Hickman and Evans’ [1992]
along the right third of image). This white light interference pattern consists of  diffusion rate-limited model (Figure 7a),
ordered colors, proceeding outward from the first-order white near the the widening of aperture near the
contact region to the high-order distinct colors as the aperture widens to .

contact reflects locally dissolved
the left. As shown by the two arrows, local enlargements of aperture -
(“moat” formation) immediately adjacent to the contact result from free-face ~ dUartz as the source material for
dissolution and provide microstructural evidence for diffusion-limited the asperity contact overgrowth.
solution mass transport (see text). This microstructure is a definitive

indication of diffusion-limited growth.

margins and are ubiquitous in
the recovered samples. By analogy

6. Extrapolation of Contact Growth Rates to Faults

To determine the potential role of asperity contact growth on rough fault surfaces at hypocentral conditions,
we extrapolate our hydrothermal laboratory measurements of contact growth to the much smaller asperity
contact sizes appropriate for laboratory-scale fault surfaces. That is, we make a comparison between our
experiments that measure the rate of contact overgrowth of truly static contacts where there are no changes
in shear nor normal components of strain, and friction experiments where strength recovery results from
increasing contact area due to normal and perhaps shear yielding of highly stressed asperity contacts. The
purpose of the comparison is not to argue that contact overgrowth is more important than yielding or
pressure solution in nature but simply to compare the relative rates using the same contact dimension. We
then extrapolate our data to natural faults through comparison with seismological observations of small
earthquakes made in deep boreholes and mines.

6.1. Friction Data

The tendency for a frictional fault surface to restrengthen with time is conventionally measured indirectly in a
slide-hold-slide test [Dieterich, 1972]. In the test the sample is slid initially at a steady state velocity, then the
loading velocity is set to zero. The measured strength then relaxes as in a conventional stress relaxation test.
Although the loading velocity is zero, the sliding velocity of the fault is not zero because the shear stress remains
high, and ongoing fault slip relaxes the elastic distortion of the testing machine. After some length of time, the
sample is reloaded by resetting the load point velocity to the original rate, the fault strength increases, reaches a
peak, and subsequently returns to its previous steady state value. The amount of strengthening that has
occurred during the relaxation as measured by the peak is linear with log of hold time and is presumed to be
controlled by an underlying time-dependent process [Dieterich, 1972]. In physically motivated rate and state
friction formulations, the apparent rate of log time-dependent strengthening is characterized by a coefficient b.
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This is the log rate of contact area increase associated with normal yielding of the contact asperities under
conditions of nonzero shear slip rate in the plane of asperity contact [Dieterich, 1978, 1979].

To compare our direct measurements of true static asperity contact growth to those implied by laboratory
friction data [Dieterich, 1972, 1978], we express the friction data in terms of contact area change using
friction theory following Tullis and Weeks [1987]. Consider the total real area of contact on a fault surface Ar
as being a function of time of contact f(t) via some unknown process, be it growth driven by surface
curvature or a solid-state process such as indentation creep:

Ar :N(Ao-i-f(f))7 7)

where A is the average initial (t=0) contact area and N is the number of contacts. Since we wish to
compare rates of increase in contact area from our hydrothermal experiments with those predicted by
time-dependent “frictional strengthening” [e.g., Dieterich, 1972], assume that the real area of contact is to
first-order fixed by ductile yield strength of the contact population. In this case, for a given Ay, the product
NAg is a constant. Comparing the general expression for how area of contact changes with time (equation
(7)) to low-temperature slide-hold-slide tests, where the fault strength increases during “static” contact,
fault shear strength is given by [Dieterich, 1972, 1978]

T =10+ bopIn(t + 1), (8)

where 1, is the initial shear strength, o, is the normal stress, and b is an empirical constant. Assuming that
shear strength is proportional to the total area of contact, r = CAr with a constant of proportionality C, and
equating (7) and (8) at t =0 yields C=17o/NAo. Substituting back into (8) results in

b

AT:NAO{1+—In(t+1)], 9)
Ho

where uo = 1o/o,,. Defining the average single contact area as A = A;/N, average contact area evolves with time

relative to the initial contact area in friction hold tests as

A b

—=1+—In(t+1). (10)

Ao Ho
This is the normalization of friction data proposed by Tullis and Weeks [1987] and essentially identical to that
used by Goldsby et al. [2004], Beeler [2007], Boettcher et al. [2007], and Beeler et al. [2007] to compare friction
data with other independent laboratory measurements of contact area and contact-scale rheology.

6.2. Hydrothermal Data

Measuring contact area increase on laboratory time scales in hydrothermal experiments required a
relatively large starting contact and narrow adjacent aperture. The radius of curvature necessary to produce
an initial contact diameter of 0.8 mm is 4.72 m, and the initial contact normal stress was 1.7 MPa. These
contact-scale conditions are very different from those at contacts on a bare rock frictional surface, where
the contact radius (~d. in rate-and-state friction) is a few microns and the contact normal stress is the
material yield strength [Dieterich and Kilgore, 1994, 1996]. To extrapolate to conditions appropriate to rock
friction, we use a Hertz's contact model [Johnson, 1985]. While the Hertz's solution is only strictly applicable
to elastic displacements, it provides a simple analytical model with which to calculate the near-contact
aperture necessary for estimating the rate of asperity contact overgrowth. At zero applied load, aperture at

distance x from the contact center in the ball-on-plate geometry (Figure 2) is Anoload = R. — V/R.2 — X2.
Upon application of load, Hertz's model predicts relative displacement between the two lenses in the z
direction normal to the contact to be §=ay*/R,, with a near-contact normal deflection 2u,. The aperture
prior to the onset of asperity contact growth is [Johnson, 1985]

h= hnoload -0+ 2u, (11)

Uy, = (1 ;EZZO)Po{ (2a0% — x?)sin”" (%) +x2 <%> (1 _ <%>2>} X >do,

where v is the Poisson’s ratio, E is the Young's modulus, and py is the average contact normal stress. To
extrapolate to arbitrary contact stress and asperity contact size, po and R, are selected to produce an initial

with
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S 0. R ol contact radius do=porR, (1 — v°)/E

s Po=1GPa [Johnson, 1985], determining the initial

z 1-87 aperture calculated from (11). The change
g 167 2321363;.;m of aperture with time is da/dt=F/h?,

S 1.4 po- 106GPa where F is an empirical constant

(8]

(] . .

£ 12 m de'ztermlned from the experiments

38 (Figure 8).

1.0 Aﬁﬁ_mhmm m
10 10 6.3. Discussion of Contact
tlme of 'static' contact (s) .
Growth Extrapolation
Figure 12. Comparison between extrapolated rates of contact asperity
growth indicated by our experiments and fault strengthening rates
derived from laboratory friction and healing experiments conducted by sets of parameters.The first are from.room
other investigators. The red and blue lines are the data from this study temperature experiments on quartzite at
extrapolated to a typical laboratory asperity contact size (3.3 um) using 1.7 MPa normal stress (b=0.004 [Dieterich
simple Hertzian contact theory, for the contact curvatures and effective and Conrad, 1984]); the second from
normal stresses shown (see text, after Johnson [1985]). The gray and black
lines, respectively, are the contact growth rates derived from friction
A . gouge at temperatures between 57 and
experiments conducted at room temperature on bare surfaces of quartzite B .
[Dieterich and Conrad, 1984] and at hydrothermal conditions on quartz 450°C and 20 to 150 MPa effective normal
powders [Chester, 1995; after Chester and Higgs, 1992]. stress (b=0.011 [Chester, 1995]). These
values along with a nominal friction,
1o=0.7, are used to estimate area change
(Figure 12). We conducted numerical simulation of contact area growth from our wet quartz-on-quartz
contact growth experiments with po=1 and 10 GPa and R, set to 100 and 10 um, respectively. This choice
of parameters produces ao=3.3 um in both cases, as appropriate for d. in bare rock friction on smooth
surfaces [see Paterson and Wong, 2005]. The 425°C data are consistent with F=9.954 x 10~8 um?/s. Using
this value at the contact stress of 1 GPa, predicted contact area and rate of area increase greatly exceed
those of both the room temperature and hydrothermal friction data (Figure 12), and at the longest times,
the rate of increase is orders of magnitude higher. Using the higher contact stress of 10 GPa, a value equal
to quartz yield strength produces lower rates of growth because the aperture is initially wider at the
contact margin. Nonetheless, after 1000s, the growth and growth rate exceed the rate of frictional
strengthening inferred from room temperature and hydrothermal friction data.

The friction simulations with (10) use two

hydrothermal experiments on quartz

Extrapolating strengthening rates (blue and red curves in Figure 12) to time periods appropriate to
earthquake recurrence indicates that growth rates for fluid-assisted contact growth exceed those from solid-
state creep by orders of magnitude, at least for natural faults with asperities of similar size to those treated in
our extrapolation. Seismological observations in deep mines such as the Natural Earthquake Laboratory in
South African Mines project [Boettcher et al., 2009] and in the San Andreas Fault Observatory at Depth
borehole [Ellsworth and Imanishi, 2008] infer that M —2 and smaller earthquakes have asperity contact
dimensions on the order of 10 um; thus, the importance of solution-transfer healing suggested that the
overgrowth experiments could well apply to these very small earthquakes. It may also be true that the onset
of earthquake slip on much larger-magnitude earthquakes is controlled by regions of the fault with asperity
contact dimensions of this size, as seems to be the case for the 2004 Parkfield earthquake [Johnston et al.,
2006]. Based on this simple extrapolation, fault strength recovery at and near the base of the seismogenic
zone, even for much larger earthquakes, may be dominated by hydrothermal over “frictional” processes.

In a previous study of strength recovery at more modest temperatures, Nakatani and Scholz [2004, 2006]
suggested that hydrothermal effects dominate strength recovery at temperatures as low as 200°C in quartz at
100 MPa effective normal stress and pore pressure of 10 MPa. Our results at significantly higher temperatures
and fluid pressures are consistent with this interpretation. Keeping in mind that our experiments are
diffusion rate limited, along any fault in the Earth where there is significant fluid flow leading to the influx of
supersaturated solutions, fault healing rates due to hydrothermal contact growth will be even faster than
our extrapolation. Nevertheless, there are limitations to our comparison between overgrowth and frictional
strength recovery, and significant differences in conditions are different between the two types of
experiments, notably the stress state. Friction hold tests are conducted at high shear resistance, meaning
that the contact shear stresses are at their shear and normal yield strengths [e.g., Dieterich and Kilgore, 1994,
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1996; Nakatani, 2001], whereas our experiments are conducted at low normal stress and no shear stress.
Given these differences and the unknown source conditions of natural seismic faults, it is not possible

to argue whether contact overgrowth or crystal plasticity are more important for natural faults solely on the
basis of the comparison.

7. Implications for the Recovery of Coseismic “Damage”

In terms of the driving force, contact overgrowths are little different from crack healing [Hickman and Evans,
1987; Brantley et al., 1990], the tendency for dilatant fractures to fill over time due to curvature-driven flux.
Likely to the first order, the rate of crack healing for quartz can be estimated from our asperity growth
data. One important application is to the recovery of the so-called damage zones of moderate and large
earthquakes. Active seismic source studies show increases in wave speed following large earthquakes that
continue for many years postseismically [e.g., Li et al., 1998; Li and Vidale, 2001]. The increases that apparently
occur within a broad, hundreds of meter wide zone are evident as fault zone trapped waves and decreases
in trapped P and S wave arrival times. Increases in wave speed over the decade following the 1992 Landers
and 2004 Parkfield earthquakes are around 0.5 to 1%/yr with the rate decreasing with time [Li et al., 1998,
2006; Li and Vidale, 2001]. The wave speed changes are attributed to a mechanism of “strengthening” or
“healing” of the fault zone following the earthquake via the progressive closure of coseismically generated
cracks presumed to be created as the earthquake rupture front propagates by, as in dynamic rupture
simulations [Andrews, 2005]; hence, they are attributed to damage. There is some evidence that the
so-imaged damage extends to near the base of the seismogenic zone [Li and Malin, 2008; Wu et al., 2010] and
persists even for events with recurrence times of thousands of years [Cochran et al., 2009]. Nonetheless,
and despite the association of these zones with coseismically generated dilatant cracks in conceptual
models and as represented in numerical simulations as inelastic deformation, more exactly, these are elastic
contrasts with unknown physical origin. For example, is the time-dependent change observed in a “damage
zone” closure of coseismic-generated dilatancy or is it changes in elastic properties due to postseismic
time-dependent fluid flow? Similarly, if elastic contrasts defining the deeper extent of the fault zone are
due to coseismic dilatancy, then why do they also appear in the creeping section of the San Andreas [Wu
et al,, 2010; Ellsworth and Malin, 2011]? Might instead the damage be a zone of alteration associated with
the fault?

Because the experiments in the present study define the rates of curvature-driven cementation of porous
materials, and the temperature dependence of the process, they can be used to place bounds on the rate of
“strength” recovery due to crack healing. An implication of the data is that healing of dilatant porosity is
significantly more rapid at depth than near the surface, meaning a strong depth dependence to the fate of
any coseismically generated porosity, permeability, and the associated elastic contrast. Although specific
calculations are beyond the scope of our experimental study, since the creation of dilatancy is suppressed
at elevated confining pressure in the first place, because crack healing is strongly aperture dependent,
and its rate increases by approximately 1 order of magnitude per 100°C (Figure 8), it seems unlikely that
significant coseismically generated dilatancy is maintained over the earthquake cycle near the base of the
seismogenic zone.

8. Conclusions

Experiments conducted using polished bicrystals of quartz in an optical hydrothermal reaction vessel
indicate that asperity contact growth due to capillarity-driven mass transfer occurs rapidly in quartz at
temperatures between 350 and 530°C and 150 MPa water pressure. No intergranular convergence was
observed in these experiments in which the effective contact normal stress was low (1.7 MPa). This observation
plus the lack of convergence in a dry control experiment indicate that neither crystal plasticity nor intergranular
pressure solution contributed to the observed contact growth. The grain boundary structure formed during
these experiments is solid-state, containing isolated fluid inclusions. Microstructural observations indicate
that contact growth is diffusion rate limited, with free-face dissolution in proximity to the growing contact as
the source of the overgrowth. Contact growth is thermally activated with an apparent activation energy of
~125 kJ/mol, much higher than that for diffusion in fluid and higher than the activation energy for quartz
precipitation/dissolution. The reason for this high activation energy is unknown.
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We expect that fault strengthening in nature involves contributions to asperity contact area growth from
crystal plasticity, pressure solution, and contact overgrowth. Our study is the first to quantify the rate of
restrengthening due to contact overgrowth for quartz, albeit in idealized single-contact experiments, and to
put the measured rate in context of laboratory data from competing mechanisms. When extrapolated to the
higher contact normal stresses and smaller contact sizes of laboratory rock friction tests, our measured rates
of contact area growth imply fault strengthening through capillarity-driven diffusive mass transfer at rates
orders of magnitude higher than measured in room temperature and hydrothermal friction experiments. The
comparison allows the possibility that contact overgrowth is an important fault restrengthening mechanism
at the deepest extent of natural seismic faults.
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