Motohashi et al. Earth, Planets and Space
https://doi.org/10.1186/540623-019-1035-5

(2019) 71:55

® Earth, Planets and Space

EXPRESS LETTER Open Access

Viscous strengthening followed by slip

o

Check for
updates

weakening during frictional melting of chert
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Abstract

Pelagic chert is one of the major lithologies in accretionary complexes. Thus, frictional properties of chert at seismic
slip rates are important for understanding of earthquake faulting in subduction zones. Here, we conducted high-
velocity friction experiments on chert collected from the Jurassic accretionary complex in central Japan at a slip

rate of 1.3 m/s and normal stresses of 5-13 MPa under room humidity conditions. The results show that initial slip
weakening was followed by slip strengthening and subsequent second slip weakening toward a steady-state shear
strength. Slip strengthening resulted from the formation of a silica-rich melt layer at lower melting temperatures than
expected, which could be due to the presence of water in the illite-containing chert. The second slip weakening may
be occurred due to a decrease in shear strain rate associated with the thickening of the melt layer.
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Introduction

The frictional properties of pelagic chert are impor-
tant for understanding faulting processes in subduction
zones, because chert constitutes one of the major litholo-
gies in subduction zones. Previous friction experiments
on silica-rich rocks (e.g., novaculite) suggested that fault
weakening is caused by the thixotropic behavior of silica
gel (Goldsby and Tullis 2002; Di Toro et al. 2004: Hayashi
and Tsutsumi 2010). The formation of silica gel has also
been reported from faults in chert (Kirkpatrick et al.
2013). However, it remains unknown whether silica gel
forms at seismic slip rates resulting in coseismic weaken-
ing of faults.

The 0.5-2 mm-thick pseudotachylytes (i.e., solidified
frictionally generated melts produced during seismic
slip) were found from the faults in muscovite-bearing
quartzite (Bestmann et al. 2011). Recently, Lee et al
(2017) conducted high-velocity (1.3 m/s) friction experi-
ments on quartzite, which showed that quartz can melt
at lower temperatures (1350-1500 °C) than expected
(1730 °C). However, frictional behavior of silica-rich
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rocks at seismic slip rates and the underlying physical
mechanisms remain poorly understood.

To investigate how frictional melting of silica-rich
rocks affects coseismic fault strength, we conducted fric-
tion experiments on chert at high slip rates of 1.3 m/s.
After the experiments, the resultant microstructures
and chemical composition of the experimental shear
zone were examined to reveal the underlying physical
processes.

Methods

The samples for the high-velocity friction experi-
ments were collected from pelagic gray chert mainly
composed of microcrystalline quartz and radiolarians
with a lesser amount of illite distributed in the Juras-
sic accretionary complex of the Inuyama area, central
Japan (Additional file 1). Chert samples were cored
using a motor-powered drill to create cylindrical spec-
imens with a diameter of 25 mm and height of 20 mm.
The end surfaces of the specimens were ground with
#100 SiC powders. The specimens were then dried in
an oven at 100 °C for 24 h. To prevent sample destruc-
tion via thermal fracturing (Ohtomo and Shimamoto
1994), the specimens near the contact area were sur-
rounded by iron wires. To make the sliding surfaces
of both cylinders as perfectly parallel as possible, the
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left specimen was rotated at an equivalent slip rate
(see below for the definition) of 2.6 mm/s under nor-
mal stresses (0,) of 1.0-3.0 MPa. Then, wear materi-
als were removed from the contact area. High-velocity
friction experiments were conducted at room tem-
perature and humidity conditions using a rotary shear,
high-velocity frictional testing apparatus at Yamaguchi
University. A detailed description of the apparatus is
in Shimamoto and Tsutsumi (1994) and Hirose and
Shimamoto (2005). Axial forces of 2.5-6.4 kN were
applied to the pair of specimens using an air actuator.
The rotation of the motor was transmitted to the spec-
imen via an electromagnetic clutch. Axial load, torque,
and axial displacement were measured using a force
gauge, torque gauge, and axial transducer, respectively,
at a sampling frequency of 200 Hz. Experiments were
conducted at normal stresses (o,) of 5, 10, and 13 MPa.
To investigate the reproducibility of the frictional
strength curves, we tested the friction experiments at
the same o, expect for o, =13 MPa. In the case of solid
cylindrical specimens, the slip rate linearly increases
from O at the center to a maximum at the edge. We
used an equivalent slip rate (V,) as follows (Shimamoto
and Tsutsumi 1994):

4
Ve = gnrR (1)

where r and R are the radius of the solid cylindrical
specimen (25 mm) and the revolution rate of the motor
(1500 rpm), respectively. Hereafter, we refer to V, as the
slip rate. Assuming constant shear stress (7) over the slid-
ing surface area, the shear stress (r) was converted from
the measured torque (7) as follows:

r

T=rt /271r2 dr 2)
0

where T is the torque and r is the radius of the cylindri-
cal specimen. The apparent friction coefficient (4) was
defined as 7/0,. The experiments were monitored using a
digital video camera.

After the experiments, the sample assembly was
impregnated with a low-viscosity epoxy resin and then
cut through the axis of the cylinder to create a radial sec-
tion for microstructural observation and chemical analy-
sis. The chemical composition of the pseudotachylyte
matrix was analyzed using an electron probe microana-
lyzer (JXA-8530F) with an accelerating voltage of 15 kV
and a current of 1.1 nA. We used a focused beam ~1 pm
in diameter to analyze only the matrix and adopted an
average of 10-20 points per pseudotachylyte as a repre-
sentative chemical composition.
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Results

Frictional behavior of chert at seismic slip rates

Figure 1a shows a representative experimental result at
a o, of 5 MPa. At the beginning of sliding, 4 reached
a peak value of 0.4 then decreased to 0.3. This initial
weakening was followed by slip strengthening toward
a second peak value of 0.8. Subsequently, a second
slip weakening occurred toward a steady-state g value
of ~0.5. The digital video camera data indicate that
reddish melt patches evolved to a yellow continuous
melt layer during slip strengthening (Fig. 1c, d). The
melt squeezing was recognized after the formation of
a melt layer (Fig. 1d, e), which is also reflected by the
increased axial shortening (Fig. la). Figure 2 shows
the experimental results at o, of 5-13 MPa. There is a
dependence of 7 on ¢, during the initial slip weakening
and early stage of slip strengthening.

Microstructures and chemical composition

The resultant microstructures were examined under an
optical microscope and field-emission scanning elec-
tron microscope (JEOL JSM-IT300HR). The micro-
structures indicated that the melt patches developed
during slip strengthening (Fig. 3a, b).The experimentally
generated pseudotachylyte is composed of a grayish-
white matrix with quartz fragments under plane-polar-
ized light. The boundaries of the pseudotachylyte are
locally rounded and embayed (Fig. 3c). The pseudotach-
ylyte matrix is optically isotropic under cross-polarized
light (Fig. 3d). The chert 0.4—0.8 mm from the pseudo-
tachylyte boundary is dark under plane-polarized light
and optically isotropic under cross-polarized light (Ac
in Fig. 3¢, d). Quartz veins in the chert are cut by the
pseudotachylyte layer, but altered chert preserves these
quartz veins.

Under back-scattered electron (BSE) images, the
pseudotachylyte matrix is brighter than the host rocks
and fragments (Fig. 3e—g). Some quartz grains exhibit
embayed and rounded margins (Fig. 3f). In places,
cracks develop along the margin of the quartz frag-
ment (Fig. 3g), possibly representing differential cool-
ing between the glassy matrix and fragment (Spray
1993). The matrix of altered chert is brighter than the
quartz (Fig. 3h). Tiny vesicles 0.1-0.8 um in diam-
eter occur in the matrix of the altered chert (Fig. 3i).
Energy-dispersive X-ray spectrometry (EDS) detected
peaks for Si, Al, Mg, K, and Fe from the matrix of the
altered chert (Fig. 3j). The results of the chemical com-
position are shown in Table 1. The pseudotachylyte
matrix has high Si content with a lesser amount of K,
Al, Mg, and Fe.
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Fig. 1 Representative high-velocity frictional behavior of chert. a Experimental results showing the friction coefficient (black), axial displacement
(blue), and normal stress (green) versus slip displacement. b—e Images captured using the digital video camera. Locations are shown in (a). b Wear

materials are extruded after the initial slip weakening. ¢ Reddish melt patches developed during slip strengthening. d Melt layer growth before
second slip weakening. e Melt squeezing following the second slip weakening
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Discussion

Microstructures and chemical compositions in and around
pseudotachylytes

The chemical composition of the pseudotachylyte matrix
suggests the melting of quartz with a small amount of
illite. This is consistent with the gray chert mainly com-
posed of microcrystalline quartz and radiolarians with a
lesser amount of illite. The melting temperature of quartz
is 1730 °C (Spray 1992) but may decrease to 1680 °C at
a o, of 5 MPa in the presence of water (Kennedy et al.
1962). Heating experiments on illite showed that it
melted at a temperature higher than 1100 °C (Grim and
Bradley 1940; McConville and Lee 2005). In addition,
pseudotachylytes derived from illite-rich slipping zones
record frictional melting at temperatures higher than
1100 °C (Ugjiie et al. 2007; Ujiie and Kimura 2014). Thus,



Motohashi et al. Earth, Planets and Space (2019) 71:55

Page 4 of 7

R -

b HVR4264 o =5.0MPa,d=3.8m ;.

Fe

0
0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0
Energy (keV)

(Pt) developed during slip strengthening.

Note that the pseudotachylytes are mantled by the altered chert (Ac). b Pseudotachylyte (Pt) and altered chert (Ac) formed during the late stage of
slip strengthening. ¢ Pseudotachylyte boundary showing an embayed margin. Location of the figure is shown in (a). d Optically isotropic matrices
of pseudotachylyte (Pt) and altered chert (Ac) under cross-polarized light. Note that the quartz veins are cut by pseudotachylyte but preserved

in the altered chert (Ac). Location of the figure is shown in (b). e-i Under back-scattered electron (BSE) images. e Appearance of experimentally
generated pseudotachylyte showing a fragment-laden, glass-supported texture. f A fragment in the pseudotachylyte matrix showing an embayed
margin. g Cracks surrounding a fragment in the pseudotachylyte matrix. h A radiolarian fossil (Rf) in the matrix of the altered chert (Ac).iThe
presence of vesicles in the matrix of the altered chert. Location of the figure is shown in (h). Qz, quartz. j Energy-dispersive X-ray spectroscopy (EDS)
spectrum of the matrix of the altered chert. Location of the measured point is shown in (i)

frictional melting of chert is considered to occur at least
1100 °C.

The optically isotropic matrix with an illite composi-
tion under cross-polarized light and the presence of vesi-
cles in the matrix of the altered chert suggest illite thermal
decomposition and dehydration (Fig. 3d, i, j). Similar fea-
tures were reported along the margins of experimentally
generated pseudotachylyte derived from frictional melt-
ing of argillite (Ujiie et al. 2009). Experimental investiga-
tions of the thermal transformation of illite showed that
its structure is disrupted at 700-850 °C (Grim and Bradley
1940). The preservation of quartz veins in the altered chert

demonstrates that it did not suffer from shear deformation
(Fig. 3¢, d). Therefore, chert is considered to be altered via
heat diffusion from the molten zone at temperatures higher
than 700-850 °C.

Frictional behavior and underlying physical mechanisms
during frictional melting of chert

Frictional melting did not occur during initial slip
weakening. This could represent flash heating at asper-
ity contacts (Rice 2006; Goldsby and Tullis 2011). Axial
shortening associated with melt squeezing and images
captured by the digital video camera show that the melt



Motohashi et al. Earth, Planets and Space (2019) 71:55

Table 1 Experimental conditions, average chemical
composition of pseudotachylyte matrix, grain volume
fraction ¢, and grain aspect ratio r

Run HVR4226 HVR4264 HVR4052 HVR4266
0, [MPa] 5.0 5.0 5.0 5.0
Displacement [m] 1.5 38 36 3.0

Sio, 929405 91.34+0.7 928+ 1.1 86.94+0.9
TiO, 02+004 024005 024005 04+004
AlLOs 32402 3540.1 34404 6.61+04
FeO 1.1+0.1 26402 1.1+£02 21+£02
MnO - - - -

MgO 06£0.1 1+0.1 06+£0.1 1.1£01
Ca0 - 0.1£0.01 - 0.1£0.01
Na,O - - - 0.14001
K,0 09+0.1 06+0 09+0.1 1.8+0.1
Total 99.0 994 99.1 99.1

0] 0.09 0.09 0.08 0.13

r 1.51 1.54 1.51 1.55

patches evolved to a continuous melt layer during slip
strengthening (Fig. 1). During the initial slip weaken-
ing and early stage of slip strengthening, 7 is higher for
higher o, (Fig. 2). Although melt patches initiated dur-
ing the early stage of slip strengthening, a dependence
of 7 on o, implies that the frictional behavior was main-
tained. Previous experiments on gabbro showed that
melt patches were caused by selective melting of minerals
with a low melting temperature (Tsutsumi and Shimam-
oto 1997; Hirose and Shimamoto 2005). Such preferential
melting is unlikely to occur during frictional melting of
chert because melt patches developed along chert that
was mainly composed of microcrystalline quartz and
radiolarians. The melt patches symmetrically developed
with respect to the revolution axis (Fig. 3a). This suggests
that their spatial distribution reflects the temperature
distribution in the slipping zone, which was controlled by
the rotation velocity at a distance away from the revolu-
tion axis.

A continuous melt layer formed during the late stage
of slip strengthening (Fig. 1). The melt escape from the
molten layer could be comparable to the melt injection
from the melt generation zone in nature, although the
former is more easy to occur than the latter because of
smaller confining pressure during friction experiments.
Assuming the Newtonian behavior of the melt layer, the
viscous shear stress 7 can be expressed as follows:

dy Ve
T=n g =0 ®3)
where 7 is the apparent viscosity of the melt layer, dy/d¢
is the shear strain rate, V, is the equivalent slip rate, and
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Fig. 4 Temperature dependence of the viscosity (1) of the melt
layer during slip strengthening at o, of 5 MPa. n denotes the viscosity
determined from the experimental data and pseudotachylyte
thickness. See text for further explanation

w is the thickness of the melt layer. # is determined by
dividing the measured shear stress by the shear strain
rate, which ranges from (1.6-2.5) x 10®> Pa s. Assuming
the Arrhenian temperature dependence of the melt vis-
cosity, the matrix viscosity of the melt layer (y,,) dur-
ing slip strengthening can be calculated using the Shaw
(1972) model as follows:

Nm(T) = Aexp (i) (4)
where T is the absolute temperature, A is the reference
viscosity, and B is the activation temperature (Spray 1993;
Fialko and Khazan 2005; Ujiie et al. 2007). As pseudo-
tachylytes contain solid fragments, the matrix viscosity
was corrected to obtain the viscosity of the melt layer
(7,) using the following empirical equation (Kitano et al.
1981):

o\12
Ne(T) = nm(T) x [1 - (A)] (5)

with A =0.54-0.0125r, where ¢ is the volume fraction of
the solid grains, A is the parameter related to the packing
geometry of the solid grains, and r is the average aspect
ratio of the solid grains. We measured ¢ in the pseudo-
tachylyte layer using BSE images with a 1500-fold mag-
nification. Figure 4 indicates the relationship between
7, and temperature. The # values determined from the
experimental data and the pseudotachylyte layer thick-
ness are compatible with the 7, values when temperatures
were 1454—1574 °C. These values are considerably lower
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than the melting temperature of dry quartz (1730 °C)
(Spray 1992).

Friction experiments on gabbro have suggested that the
welding of melt patches causes slip strengthening (Tsut-
sumi and Shimamoto 1997). However, friction experi-
ments on sedimentary rocks (e.g., argillite and siltstone)
showed that a continuous melt layer formed during slip
strengthening, representing an increase in the viscos-
ity associated with melt layer dehydration (Ujiie et al.
2009; Kuo et al. 2015). The chert-derived pseudotachy-
lyte matrix is more silica-rich (87-93%) than the pseu-
dotachylyte matrices derived from argillite (60-63%),
siltstone (65—66%), and gabbro (49-56%) (Hirose and
Shimamoto 2005; Ujiie et al. 2009; Kuo et al. 2015). Thus,
the matrix viscosities of the chert-derived melt layer are
high, (1.6-2.5) x 10° Pa s at 1454—1574 °C, compared to
those of other rocks. Therefore, slip strengthening during
melt layer development was caused by the formation of a
viscous silica-rich melt layer at temperatures lower than
expected (below 1730 °C).

The lower melting temperatures could have been a
result of the presence of water in the chert. The presence
of vesicles in the pseudotachylyte is consistent with the
formation of a hydrous melt layer (Fig. 3f, g). The melting
temperature of quartz decreases in the presence of water;
it is reduced to 1680 °C at a o, of 5 MPa (Kennedy et al.
1962). Because fluid inclusions are not observed in the
chert, the water may have been derived from the grain
boundary of the microcrystalline quartz, radiolarians,
and chemically bound water (OH)™ with some absorbed
and interlayer water in the illite. Previous experimen-
tal study shows that the addition of 1.0 wt% of K,O and
6.5 wt% of Al,O to SiO, reduces the melting tempera-
ture from 1713 °C to 1555 °C (Schairer and Bowen 1955).
Because the chemical composition of the pseudotachy-
lytes includes 0.6—0.9 wt% of K,O and 3.2-3.5 wt% of
Al,O4 due to the melting of illite, the formation of alkali
silicate melts may have also decreased the melting tem-
perature. Recently, Lee et al. (2017) reported that amor-
phous silica nanoparticles 10-20 nm in diameter melted
at ~1600 °C. Although the chert samples were mainly
composed of microcrystalline quartz 20 um or less in
diameter, comminution due to frictional sliding might
have produced amorphous silica nanoparticles, resulting
in a lower melting temperature. Another possibility is the
metastable melting of 5-quartz at ~ 1400 °C (Bourova and
Richet 1998). In fact, Lee et al. (2017) found S-quartz in
experimentally generated pseudotachylyte derived from
the frictional melting of quartzite, which could reduce
the melting temperatures to 1350-1500 °C. A similar fea-
ture may also occur during the frictional melting of chert.

The chemical composition of the pseudotachylyte
matrix is very similar before and after the second slip
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weakening (see HVR 4226 and HVR4052 in Table 1).
In addition, the volume fraction of the solid grains (¢)
remained almost constant before and after the second
slip weakening. This suggests that melt viscosity may not
be changed in response to changes in chemical compo-
sition and ¢ in the melt layer. Instead, the second slip
weakening may be caused by a decreased shear strain
rate associated with an increase in melt layer thickness
(Hirose and Shimamoto 2005).

Conclusion

We examined the high-velocity frictional properties of
pelagic chert and the underlying physical mechanisms.
Our results indicate that the initial slip weakening fol-
lowed by slip strengthening and subsequent second slip
weakening toward a steady state. The slip strengthening
was caused by the formation of a viscous silica-rich melt
layer at temperatures of 1454—1574 °C, well below the
melting temperature of dry quartz at 1730 °C. The lower
melting temperature could be attributed to the pres-
ence of water in the illite-containing chert. A second slip
weakening occurred due to a decrease in the shear strain
rate associated with the increase in melt layer thickness.

Additional file

Additional file 1. (a) Photomicrograph of the host rock adjacent to the
pseudotachylyte under cross-polarized light. Qz: quartz, II: illite. (b) The
same as (a) with illite highlighted in orange color. The area fraction of illite
is0.01.
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Ac: the altered chert; BSE: back-scattered electron; EDS: energy-dispersive
X-ray spectroscopy; Il illite; Pt: pseudotachylytes; Qz: quartz; Rf: radiolarian
fossil.
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