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ABSTRACT

Anomalously low heat flow around active faults has been a recurrent subject of debate
over past decades. We present a series of high-velocity friction experiments on gypsum rock
cylinders showing that the temperature of the simulated fault plane is efficiently buffered
due to large-scale endothermic dehydration reaction. The tests were performed at 1 MPa
normal stress and a velocity of 1.3 m s, while measuring the temperature close to the slid-
ing surface and the relative humidity around the sample. The temperature close to the slid-
ing surface is remarkably stable at ~100 °C during the dehydration reaction of gypsum.
Microstructural and X-ray diffraction investigations show that dehydration occurs at the
very beginning of the test, and progresses into the bulk as slip increases. In the hottest parts
of the sample, anhydrite crystal growth is observed. The half-thickness of the dehydrated
layer ranges from 160 pm at 2 m slip to 5 mm at 68 m slip. Thermodynamic estimates of the
energy needed for the dehydration to occur yield values ranging from 10% to 50% of the
total mechanical work input. The temperature plateau is thus well explained by the energy
sink due to the dehydration reaction and the phase change from liquid water into steam. We
suggest that similar endothermic reactions can efficiently buffer the temperature of fault
zones during an earthquake. This is a way to explain the low heat flow around active faults

and the apparent scarcity of frictional melts in nature.

INTRODUCTION

A recurrent issue in fault zone studies is the
low or absent temperature and heat flux anoma-
lies along seismically active faults (Lachen-
bruch and Sass, 1980). The temperature of a
fault zone is closely related to the shear stress
acting on it during its motion. Applying a simple
Coulomb friction law with a constant friction
coefficient of 0.6 or 0.8 within a slipping zone
a few centimeters or millimeters thick induces
an elevated shear stress that should trigger rapid
and ubiquitous melting of the fault rocks during
a seismic event. However, geological records of
seismically induced frictional melt are relatively
scarce (e.g., Sibson, 2003; Sibson and Toy,
2006). Among other hypotheses, it has been
suggested that faults may be statically strong
but dynamically weak. Several dynamic fault-
weakening mechanisms have been recognized
from experimental and theoretical works: silica
gel formation of SiO,-rich rocks (Goldsby and
Tullis, 2002; Di Toro et al., 2004), thermal pres-
surization of pore fluids (Sibson, 1973; Lachen-
bruch, 1980; Mase and Smith, 1985, 1987;
Andrews, 2002; Rice, 2006), and flash heating
(Rice, 1999, 2006).

In addition, recent studies of rapid phase
changes during high-velocity friction (HVF)
tests (Hirose and Bystricky, 2007; Han et al.,
2007, 2010; Brantut et al., 2008) have empha-
sized the possible importance of chemical reac-
tions at the time scale of an earthquake. Thermal
decomposition reactions are generally endother-

mic processes. Theoretical studies (Sulem and
Famin, 2009; Brantut et al., 2010) have reported
that the temperature on the fault plane can be
kept relatively low due to the latent heat of reac-
tion, if the reactions are fast enough to occur
during a fast slip event.

To test such a hypothesis, we performed
HVF tests on solid gypsum blocks. Gypsum
is a hydrous calcium sulfate [or CaSO,(H,0),]
that dehydrates at ~100 °C to form bassanite
[CaSO,(H,0), ], and bassanite turns into anhy-
drite at slightly higher temperature (~140 °C):

CaSO, (H,0), — CaSO, (H,0) .+ 15 H,0, (1)
CaSO,(H,0) . — CaSO, +0.5 H,0. ()

During the tests, shear stress, temperature, and
relative humidity were continuously recorded.
Microstructural and X-ray diffraction (XRD)
analysis were performed on the tested samples,
and a gross energy budget is analyzed to infer
the amount of mechanical energy converted into
latent heat of reaction. We discuss the possible
consequences of such processes in nature during
a large earthquake.

MATERIALS AND METHODS

Experiments were performed in a rotary HVF
apparatus at Hiroshima University (Shimamoto
and Hirose, 2006; Togo et al., 2009; see also
Fig. DR1 in the GSA Data Repository'). The
normal stress applied on the simulated fault was

G ~ 1 MPa, and the slip rate was held constant at
1.3 m s7%. The tested material was initially pure
gypsum polycrystals from Volterra (Italy). The
specimen geometry is a pair of solid cylinders
with an outer diameter R of 24.95 mm (Fig. 1A).
Due to the rotary geometry of the samples, all
the results are interpreted in terms of equivalent
slip and slip rate. Assuming that shear stress T is
homogeneous on the sliding surface of area S =
TR?, an equivalent velocity V,, can be written as:

.8 = [[rords, 3)
N

where ® is the angular velocity (in rad s™),
which implies (Hirose and Shimamoto, 2005)

2
Voo = ng‘ 4)

Thus, the equivalent slip, hereafter referred to
as “displacement,” (respectively slip rate) corre-
sponds to the slip (respectively slip rate) at two-
thirds of the total radius. Mechanical data are
reported in terms of effective friction, calculated
as the ratio 7/G.

All tests were performed at room temperature
and room humidity. The atmosphere around
the sample was not confined. The temperature
inside the gypsum blocks was measured by two
K-type thermocouples (TC), located 0.9 mm
(TC1) and 4.5 mm (TC2), respectively, from
the sliding surface (Fig. 1B; see also Fig. DR2).
The precise vertical position of the TC tip can-
not be known, so we only report an approximate
position (+0.2 mm). High-temperature ceramic
bond was used to fix the TC positions. Relative
humidity around the sample was measured with
a capacitance type sensor placed ~2 cm from the
sample surface. Prior to each test, we applied a
few bars of axial load and grinded slowly, at
a few tens of rotations per minute, the sample
end surfaces one on each other. This ensured a
good matching of the sliding surfaces and pre-
vented the sample edges from breaking during

!GSA Data Repository item 2011035, specimen as-
sembly, sketch of the HVF apparatus (Figure DR1),
detailed sample set-up (Figure DR2), additionnal fric-
tion and temperature curves (Figure DR3), and com-
plete XRD data (Figure DR4), is available online at
www.geosociety.org/pubs/ft2011.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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fast motion. Prior to starting the test, the sliding
surface was cleaned of the gouge produced.

EXPERIMENTAL RESULTS

The typical frictional behavior of a pair of
solid rock cylinders consists of a peak friction
of 0.6 at the onset of slip, followed by a dra-
matic decrease down to 0.2 within the first I m

Thin
section
Rotary
side
Sliding
surface
Stationary-
side
: i 7
load Stationary side
0.8 T T T T T T 1000
100
T {8009
- 06 < <
S 2 o
B 805 {600 2
E gy £ o
o Y- =} [0
2 S {400 &
° [
2 602 i
@ 02 S |200
o
© — o o
0 10 20-30_40 50 60 70
Displacement.(m)
08 T T T T 150
100
gl ©
S 06 e <
2 et zlioog
= 80 © 3
204 51 §
8 oo £
Qo >
& 02 -1
()] e :
1 1 1 1 40
g 4 10 °
Displacement (m)
12 100 -1000
1 & lsoo 5
808 50 2 <
= . = (0]
2 £ 1600 5
0 0.6 2 o
£ o J400 &
804 60 > £
i 3 J200 ©
0.2 [
162 ap o

10 15 20 25 30 35
Displacement (m)

Figure 1. High-velocity friction (HVF) tests
(positions in mm). A: Sample assembly. B:
Positions of thermocouples. C-E: Effective
friction in terms of friction coefficient (black),
relative humidity (blue), and thermocouple
outputs (red—TC1, orange—TC2) as func-
tions of slip displacement during HVF tests
performed at normal stress of 1 MPa and
velocity of 1.3 m s-'. C: Temperature close
to sliding surface (TC1, red) is constant for
~10 m at beginning of test. D: Close-up of
first 10 m of slip. E: Second run on same
sample after cooling at room temperature.
No temperature plateau is recorded on TC1.

60

of displacement (Figs. 1C and 1D). Friction then
increases to a second peak of 0.4 over 4 m of
slip, and finally it decreases gradually over the
next 3040 m of slip down to 0.2. The onset of
H,O emission was detected at 0.5 m of slip, and
the sensor is saturated after 16.5 m of slip. The
temperature measured by TCl1, i.e., at 0.9 mm
from the sliding surface, starts increasing at
1.2 m of slip, and rises to 100 °C at 5.8 m of slip.
Then temperature remains constant for 6 m, and
finally rises again to reach ~900 °C at the end of
the test. The temperature at 4.5 mm from the slid-
ing surface (TC2) starts increasing very slowly at
8 m, reaches 100 °C at 50 m, and is kept constant
at this value during the rest of the test. After this
experiment was stopped, we let the sample come
back to room temperature and room humidity
without removing the applied load. Then, a sec-
ond run was performed. The frictional behavior
consists of a unique, initial peak friction of 1.0
and a subsequent weakening down to 0.25 over a
slip weakening distance of 3 m; a second weak-
ening is observed at 13 m of slip down to 0.15
in friction (Fig. 1E). The temperature recorded
by TCI increases continuously up to ~900 °C
at 34 m of slip. The temperature measured with
TC2 increases in a way similar to that of the
first run, and remains constant at 100 °C when
it reaches this value. In similar tests performed
on Carrara marble, Han et al. (2010) reported
significantly higher temperature rise away from
the slipping zone. Humidity starts to increase at
5 m of slip, and rises only from 43.8% to 47.3%
at the end of the test.

We repeated the solid cylinders experiment 5
times and stopped the run at total displacements
of 2, 8, 10, 35, and 68 m (see Fig. DR3). After
each test one-half of the sample was kept for
thin-sectioning and the surface of the other half
was observed under scanning electron micro-
scope (SEM). At 2 m of slip, the sliding surface
consists of a very smooth slickenside made of
grains of ~1 um or less in diameter (Fig. 2A). In
some parts of the surface, these small grains are
aggregated to form desiccation figures, which
is evidence of the presence of liquid water on
the surface. Such features are not seen when slip
displacement is larger, thus it is unlikely that it
is due to post-experiment condensation of ambi-
ent humidity. In an additional test stopped at
60 m displacement, the sliding surface observed
by SEM was formed of a compact assemblage
of grains ranging from 5 to 20 um in diameter
(Fig. 2B). Such a texture may be due to high-
temperature recrystallization and grain growth
close to the sliding surface; fine grains of 1 pum
in size are observed on the surface.

The samples were drilled step by step every
500 um and the powder was analyzed using
XRD. A representative example is shown in Fig-
ure 3 (68 m slip; for other data, see Fig. DR4).
Anhydrite is found in the first 4 mm, bassanite

Figure 2. Representative scanning electron
microscope photomicrographs of sliding
surfaces of experimental samples. A: Sliding
surface of sample after high-velocity fric-
tion (HVF) test conducted at 1 MPa normal
stress, 1.3 m s, and for 2 m slip (displ.—
displacement). Grain size is ~1 pm or less.
Dessication marks are present on left. B:
Sliding surface of sample after HVF test con-
ducted at 1 MPa normal stress, 1.3 m s, and
for 60 m slip. Aggregates of small grains are
found on very smooth and compact surface.
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Figure 3. X-ray diffraction (XRD) spectra as
function of depth for sample slid as much
as 68 m. Sample was drilled and analyzed by
steps of 500 pm. Smooth transition from an-
hydrite (a) to bassanite (b) is observed below
2.5 mm, and transition to gypsum (g) is rela-
tively sharp at 4.5 mm. Very low intensity anhy-
drite peaks are still found throughout sample,
but they may be due to contamination by fine
powder coming from upper surface of sample.
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is found only between 2 and 4 mm, and gyp-
sum appears clearly below 4 mm, where it
is still mixed with a little anhydrite and bas-
sanite. Below 5 mm, only gypsum is found.
The thin sections display this evolution of the
dehydrated zone with increasing displacement
(Figs. 4A—4E). We calculate its mean thickness
by measuring the dehydrated area on the thin
section, divided by the diameter of the sample.
It increases from 160 pm at 2 m of slip, 610 pm
at 8 m, 1.120 mm at 10 m, 2.870 mm at 35 m, to
5.080 mm at 68 m of slip (Fig. 5). The transition
from pure gypsum (transparent, rounded grains)
to bassanite (brownish microliths) is relatively
sharp, as seen in Figure 4F. It varies from a few
tens of microns at 2 m slip to few hundreds of
microns at elevated slip displacement. In the lat-
ter experiments, the anhydrite grains close to the

sliding surface have recrystallized (Fig. 4G) in
the region of the sample that underwent the larg-
est heat production.

INTERPRETATIONS AND DISCUSSION

Our observations show a large-scale dehydra-
tion reaction of gypsum during the HVF tests.
The temperature plateau observed along the
simulated fault zone can be explained consider-
ing that Reactions 1 and 2 are endothermic. The
temperature plateau at the beginning of the tests
is ~100 °C, which corresponds to the liquid-
vapor transition of water. The reaction kinetic is
thus fast enough to supply water continuously
as friction occurs, which provides the heat sink
buffering the temperature rise.

We estimate thermodynamically the energy
needed to perform such reactions. The reaction

Figure 4. Photomicrographs of thin sections of samples deformed at 1 MPa normal stress,
1.3 m s™'. A: Total displacement of 2 m. B: Total displacement of 8 m. C: Total displacement
of 10 m. D: Total displacement of 35 m. E: Total displacement of 68 m. Total width of sample
is 24.95 mm. Sliding surface is on top of each picture; rotation axis is at center. F: Close-up
view of dehydration front located in area 1 (box in D). G: Recrystallization and grain growth
of anhydrite close to sliding surface (area 2—box in E).
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enthalpy is A H® = 16.92 kJ mol™! from gypsum
to anhydrite and liquid water, and A H® = 98.17
kJ mol! if water is released as vapor (Robie et
al., 1979), neglecting the dependency of AH
with temperature. Starting from pure, nonporous
gypsum the enthalpy per unit volume ranges
from 453 MJ m= to 2629 MJ m=. Multiplying
by the dehydrated thickness 7 we get an energy
per unit surface E_ = h x 453 10° — h x 2629 10°
J m2. The total mechanical work W is calculated
directly as the area below the friction curve. The
relationship between E, and W follows a linear
trend (Fig. 5). The average ratio E /W ranges
from 9% if we exclude water vaporization, to
52% when vaporization is complete. Consider-
ing that part of the dehydrated zone is actually
bassanite and not anhydrite, and that only part of
water is converted into steam, the real value may
be between those extremes.

The low friction coefficient during the
first weakening episode can be correlated to
the inferred presence of liquid water on the
surface. We have no evidence to distinguish
whether the initial weakening is due to fluid
pressure, hydrodynamic lubrication, or chemi-
cal effect. After dehydration of the sliding sur-
face material, the lithology has changed, which
may explain the second peak friction, along
with the higher peak friction coefficient in the
second run (Fig. 1D). The final slow weaken-
ing could be due to lubrication by aggregates
or individual small grains disposed on the slid-
ing surface, but no obvious interpretation can
be drawn so far.

EC(J) h (mm)
10° 10’
8
10
10°
10
-1
10
10°
10°
104 5 6 7 8
10 10 10 10

W (J)

Figure 5. Energy (E,) needed to dehydrate
gypsum thickness measured on thin sections
(Figs. 3A-3E), as function of total mechani-
cal work input (W) during test. Circles corre-
spond to dehydration of gypsum to anhydrite
and liquid water; squares correspond to de-
hydration of gypsum to anhydrite and water
vapor. Gray diamonds correspond to mea-
sured thickness h. Ratio between latent heat
taken by reaction over mechanical work (dot-
ted line of slope 1) ranges from 10% to 50%.
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The case of gypsum could be viewed as an
analogue of hydrous minerals (e.g., serpentines,
clays, and phyllosilicates) that are commonly
observed in major fault zones (Sulem et al.,
2004; Solum et al., 2006; Hirono et al., 2008).
Similarly to gypsum, they could dehydrate
coseismically and thus also buffer the fault plane
temperature. In the case of gypsum dehydra-
tion, we have observed that 83% of the enthalpy
change is due to the vaporization of water.
Above 23 MPa and 647 K, water is supercritical,
thus the transition from structurally bonded to
supercritical water occurs in a single step, lead-
ing to overall elevated enthalpy changes ranging
from 100 to 1000 kJ mol~! for most dehydration
reactions (Robie et al., 1979). At the geological
scale, for a given dehydration reaction there is a
depth at which the ambient temperature is close
to, but below, the equilibrium temperature of the
reaction. Assuming an Arrhenius model, a slight
temperature increase above this equilibrium
temperature induces a dramatic increase of the
reaction kinetic, thus allowing a similar process
of temperature buffering.

Our microstructural observations (Fig. 4)
suggest that geological evidence of coseismic
mineral reactions may remain after an earth-
quake. Field evidence in the gouge of the Che-
lungpu fault seems to confirm this hypothesis,
at least on clay minerals (Hirono et al., 2008). It
remains unclear whether such evidence can be
preserved over the geological time scale, because
rehydration processes may occur. However, the
recrystallization and crystal growth features
might be a more stable print, if the temperature is
high enough for these phenomena to occur.

Understanding the behavior of faults needs
complete characterizations, from physical prop-
erties of rocks to mineralogical and geologi-
cal investigations. Because of this complexity,
strongly depending on details in the fault rock
properties and composition, the possibility of
a standard fault zone model could be seriously
questioned. Nevertheless, our experiments open
the possible existence of a coseismic metamor-
phism, which, in particular, might explain the
low heat flow around active faults and the rela-
tive scarcity of pseudotachylytes in nature.
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