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investigate the frictional strength and stability of basaltic faults. We observe a transition from
velocity-neutral to velocity-weakening behaviors with increasing obsidian content. The frictional stabil-
ity response of the mixed obsidian/basalt gouges is characterized by a transition from velocity-
Basaltic fault strengthening to velocity-weakening at 200 °C and another transition to velocity-strengthening at tem-
Temperature elevation peratures >300 °C. Conversely, frictional strengths of the obsidian-bearing gouges are insensitive to tem-
Obsidian content perature and wet/dry conditions. These results suggest that obsidian content dominates the potential
Shallow moonquakes seismic response of basaltic faults with the effect of temperature controlling the range of seismogenic
depths. Thus, shallow moonquakes tend to occur in the lower lunar crust due to the corresponding antic-
ipated higher glass content and a projected temperature range conducive to velocity-weakening behav-
ior. These observations contribute to a better understanding of the nucleation mechanism of shallow
seismicity in basaltic faults.
© 2024 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Basalt is the main component of both the terrestrial oceanic
crust and the lunar mare crust and also an important component
of the terrestrial continental crust [1,2]. Plagioclase and pyroxene
are the main constituents of basalt. In addition, basaltic glasses
are a quenched product of basaltic melts and a common compo-
nent of the oceanic crust and host to numerous large earthquakes
[3]. As seismic response is controlled by the frictional evolution of
faults [4], characterization of the frictional properties of basalt
faults is important in defining earthquake characteristics and haz-
ards. Recorded seismic events designated as “moonquakes” result
from meteorite impacts and the triggering of shallow and deep
reactivation on faults [5]. Among these, the shallow moonquakes,
observed in the lunar crust and exhibiting larger magnitudes, are
substantially similar to intraplate earthquakes on Earth [6], and
are the most deserving of attention. In addition, high in situ tem-
peratures in the lower crust may play a key role in defining the
frictional response [7]. Thus, further characterization of the effects
of mineral components and temperatures on the frictional strength
and stability of basaltic faults is important.

The presence of interstitial glass potentially contributes signifi-
cant complexity in understanding the response of basaltic faults
[8]. Lunar glass is the main component of lunar soil [9,10], com-
posed of endogenous volcanic glass (i.e., obsidian) from the
quenching of lunar magmas and exogenous impact glass from
quenching during impact events [11]. Glass is also a significant
component of subduction thrust zones, together with clays as
pore-filling precipitates, serving as weaker and more easily frac-
tured regions [12]. Additionally, a millimeter-scale trail of
quenched glass (i.e., pseudotachylyte) can rapidly solidify follow-
ing frictional surface melting from high velocity slips during earth-
quakes [13]. These observations infer that glass potentially exhibits
a crucial control on the frictional properties of lunar rocks, subduc-
tion zones, and other basaltic faults containing glass. Prior studies
mainly focus on the frictional properties of pure volcanic glasses.
At temperatures <300 °C, dry glass gouges, including soda-lime
glass [14], rhyolitic glass [15] and silica glass [16] exhibit frictional
properties similar to granite and quartz gouges. Glass exhibits a
mechanical transition from brittle to plastic at temperatures
>400 °C [17]. Moreover, the presence of water has been proven
to significantly lower the transition temperature [15]. In sum,
these collective investigations on the frictional properties of
glass-filled basaltic faults remain insufficient and recent investiga-
tions only highlight the importance of glass in promoting earth-
quake rupture [8].

The high temperatures present at multi-kilometer depths gov-
ern fault slip stability in the Earth’s crust [18]. Previous studies
conducted under hydrothermal conditions on common mafic rock
gouges, including gabbro [19], plagioclase [20,21], basalt [22,23],
and pyroxene [20] show a translation in fault frictional stability
from velocity-strengthening/neutral to velocity-weakening then
returning to velocity-neutral/strengthening at elevated tempera-
tures. The velocity-weakening stage spans the temperature range
of 250-600 °C. As a counterpoint, the temperature of the lunar
crust ranges from —180 to 600 °C with increasing depth [24], so
this stability transition with temperature can be a vital factor in
controlling the propensity for faulting and seismicity. However,

the underlying mechanism for the deformation of fault gouges
transitions at different temperatures (especially high tempera-
tures) and for different mineral compositions. Plastic flow at asper-
ity contacts [14] and pressure solution [25,26] are both widely
accepted interpretations affecting structural change [21,27] and
impacting macroscale response. Thus, detailed characterization of
transition temperatures on fault frictional stability and reasonable
interpretations of governing mechanisms are needed.

To this end, we inspect the impacts of temperatures and min-
eral composition (especially the effect of obsidian) on the frictional
strength and stability of basalt faults at conditions relevant to the
lunar crust at 20 km (equivalent to terrestrial crust at ~6 km). It is
worth noting that we selected obsidian as the lunar glass in this
work to simulate the lunar crust which contains only endogenous
volcanic glass and hosts shallow moonquakes. Prior works on lunar
rock simulants have encompassed various simulation criteria, such
as mineral composition, particle size distribution, and element dis-
tribution [28,29]. In this work, we specifically concentrate on the
mineral composition. Velocity-stepping experiments are con-
ducted at obsidian mass fractions of 0-100%, with the tempera-
tures in the range of 100-400 °C under wet/dry conditions. Then,
we further analyze these observations and compare them to prior
results to better understand implications for both shallow moon-
quakes and seismicity within Earth’s crust.

2. Materials and methods
2.1. Sample materials

We collected natural basalt and obsidian, removed soil-like
impurities then powdered and sieved the samples to particle sizes
less than 75 pum as the representative of fault gouges. The mineral
composition of the basalt by mass fraction is ~36% anorthite, ~42%
diopside, ~19% forsterite, ~1% lawsonite and ~2% pyrite, according
to X-ray diffraction (XRD) results (Fig. 1). In addition, the obsidian
mineral exhibits a completely amorphous state. It is worth noting
that the selected basalt has similar composition by % fractions to
lunar mare basalt (e.g., CE-5 lunar soil samples contain 30.1% pla-
gioclase, 30.9% augite, 11.1% pigeonite, 4.5% ilmenite, 4.1% fayalite,
1.6% forsterite, and 16.6% glass by mass fraction) [9,10].

2.2. Experimental procedures

Shear experiments were performed on a triaxial shear appara-
tus with argon-gas confined (Fig. 1c) at the Institute of Geology,
China Earthquake Administration, Beijing, China, with details
about this apparatus by He et al. [19]. This apparatus can apply
temperatures to 600 °C, confining pressures to 420 MPa and pore
fluid pressures to 200 MPa. In the shear experiments, a 1 mm-
thick gouge layer was placed between two cylindrical gabbro driv-
ing blocks, each with a diameter of 20 mm and a height of 40 mm,
that were cut at a 35° angle to the loading axis. The saw-cut sur-
faces of the two blocks were polished by 200-mesh silicon carbide
to avoid boundary slippage. An injection hole was drilled through
the upper block for deionized water to access the sample as the
pressurized pore fluid, with a brass filter capping the injection hole
to prevent gouge extrusion. The assembled sample, sandwiched
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Fig. 1. Basic information for samples and apparatus.

Table 1
Matrix of experimental conditions and main data.

Experimental groups Test ID  Basalt mass fraction (%) Obsidian mass fraction (%) o.(MPa) P¢(MPa) T (°C) Igna (mm)  Fault response
Group 1: Variable mineral content  LC1 100 0 100 0 200 3.83 vs/vn
LC2 80 20 100 0 200 3.51 vn
LC3 50 50 100 0 200 3.58 vw
LC4 0 100 100 0 200 3.72 vw
Group 2: Variable temperature LC5 80 20 100 0 100 3.59 'S
LC6 80 20 100 0 250 3.61 vn/vw
LC7 80 20 100 0 300 3.72 vn
LC8 80 20 100 0 400 3.58 Vs
Group 3: Variable humidity (wet)  LC9 0 100 110 10 200 3.72 vW/ss

Note: o, stands for the confining pressure; Pr the pore fluid pressure; T the temperature; lgn, the final shear displacement; vs the velocity-strengthening; vn the velocity-

neutral; vw the velocity-weakening; and ss the stick-slip.

between tungsten carbide and high-hardness corundum forcing
blocks, was encased in a 0.35 mm thick annealed copper jacket.
Double O-rings were used to seal the top and bottom of the sample,
preventing any gas leakage. (Fig. 1c). The assembled sample was
subjected to argon gas confining pressure and heated by an inter-
nal furnace while temperature was monitored with a thermocou-
ple. The gap between the furnace and the sample was filled with
boron nitride to prevent gas convection. Axial displacement was
driven through an electro-hydraulic servo-control system. Addi-
tionally, wet gouges were saturated for 2 h to ensure complete sat-
uration after applying pore fluid pressure, while dry gouges were
heated at 250 °C for 2 h to ensure fully-dry conditions before
shearing.

We designed two main groups of shear experiments on pow-
ered dry gouges with an extra experiment under hydrothermal

conditions—with details shown in Table 1. Experiments in Group
1 on mixed basalt/obsidian gouges were conducted to investigate
the effect of obsidian content on the friction behavior of basalt
faults (Test IDs: LC1, LC2, LC3, and LC4). In Group 2, we explore
the effects of temperature variation on gouge frictional strength
and stability (Test IDs: LC5, LC2, LC6, LC7, and LC8). All experi-
ments conducted on dry gouges were performed at a constant con-
fining stress of 100 MPa to approximate the lithostatic (rock
density of ~3000 kg/m>) at 20 km depth within the lunar crust.
Experimental temperatures were defined from previous lunar tem-
perature profile models [24]. In Group 3, we added an additional
test (Test ID: LC9) on obsidian gouge under hydrothermal condi-
tions to investigate the effect of humidity under a constant effec-
tive confining pressure, as in previous tests. The gouges were
initially sheared at an axial displacement velocity of 1 pum/s till a
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steady state friction was reached, then stepped between rates of
1.0, 0.2, and 0.04 pm/s (equivalent to the shear rates in the shear
direction: 1.22, 0.244, and 0.0488 pm/s).

2.3. Data analysis

The experimental data, including the confining pressure, piston
load, pore fluid pressure, temperature, and axial displacement
were recorded at a sampling frequency of 1 Hz. Following the
method described by He et al. [19], the raw experimental data
were then corrected to eliminate the effect of decreasing contact
area with increasing shear offset of the inclined fracture and the
shear resistance of the copper jacket. The friction coefficient u
was calculated from

T
- 1

=g M
where 7 and ¢, denote the shear and normal stresses been cor-
rected, respectively. The velocity dependence parameter (a—b)
was then derived by using rate-state-friction (RSF) theory [30,31].
In the RSF theory framework, the friction coefficient u is indicated
as

B 14 Voo
u7u0+aln<v—0) +bln< d() (2)
do Vo
@ d G)

where u and o are the friction coefficient at the instantaneous
shear velocity V and the reference shear velocity Vp, respectively;
a and b the dimensionless constants representing the direct and
evolutionary effects in a velocity step, respectively; the state vari-
able 0 denotes frictional contact age; and d. the critical slip distance
needed to achieve a new steady state. At steady state friction, Eq. (3)
can be reduced to V0 = d.. Therefore, the frictional stability param-
eter (a—b) can be calculated as

Ap
_p= s 4
¢ Alnv @
where uss denotes the difference in the friction coefficient between
two continuous steady states. Faults with positive (a—b) values
exhibit velocity-strengthening behaviors and stable sliding. Other-
wise, a negative (a—b) value signifies a velocity-weakening behavior

122 0.0488 pm/s
0.0488

q0 15 20 25 30 35 40
Shear displacement (mm)

(a) LC1 basalt

0.0488 um/s
0.0488

0'SI.O 1.5 2.0 2.5 3.0 3.5 4.0
Shear displacement (mm)

(c) LC3 50% basalt + 50% obsidian
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and an unstable sliding potential whenever the critical stiffness cri-
terion is also met.

3. Results
3.1. Effect of obsidian content on gouge friction

The friction-displacement curves for the four gouges with vary-
ing mineral contents are presented in Fig. 2. Each test shows a sim-
ilar linear increase in friction until approaching a state with a
decrease in the rate of friction increase with slip at shear displace-
ments of 1.0-1.5 mm, followed by a strain-hardening behavior,
which is probably caused by increasing contact area resulting from
particle crushing and shear compaction [4,32]. All friction-
displacement curves have been detrended before deriving the
RSF parameters to eliminate the effect of cumulative strain-
hardening.

The coefficients of friction (u) for the Group 1 tests are in the
range of 0.70-0.74 (Fig. 3a, Table 2), consistent with prior studies
(i.e., basalt ©-0.70 and obsidian p-0.74) [15,22]. The frictional
strengths of mixed or pure obsidian gouge show a negligible
increase compared to pure basalt gouge. Frictional stability (a—b)
was recovered following the procedures described above and the
results are shown in Table 2 and Fig. 3b. The values of (a—b) mono-
tonically decrease with increasing obsidian content, showing a
transition from velocity-neutral on pure basalt gouge
(a—b = —0.0003 to 0.0011) to velocity-weakening on pure obsidian
gouge (a—b = —0.0041 to —0.0012).

3.2. Effect of temperature on gouge friction

Fig. 4 shows the friction-displacement curves for 20% obsid-
ian +80% basalt mixed gouges at incremented temperatures, and
the frictional strength is insensitive to temperature (~0.70-0.74)
(Fig. 5a, Table 2), corresponding to the behavior of basalt gouges
reported by Zhang et al. [22]. Notably, values of (a—b) for mixed
gouges fluctuate considerably with temperature, and the regularity
is presented in Fig. 5b. (a—b) values show a monotonic decrease
(more negative) with increasing temperature to 250 °C. The mixed
gouge exhibits an evident transition from velocity-strengthening
at 100 °C (a—b = —0.0001 to 0.0034) to velocity-neutral at 200 °C
(a—b = —0.0011 to 0.0006), to then velocity-weakening at 250 °C

0.0488 um/s

N0 15 20 25 30 35 40
Shear displacement (mm)

(b) LC2 80% basalt + 20% obsidian

0.244
120 0.0488 um/s

0.244

P00 15 20 25 30 35 40
Shear displacement (mm)

(d) LC4 obsidian

Fig. 2. Friction coefficient (u) versus the shear displacement for basalt gouges with increasing obsidian content.
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Fig. 3. Frictional parameters for basalt gouges with increasing obsidian content. Note: The friction coefficient was always estimated at the second applied shear velocity of
1.22 pm/s in each test. The error bars denote the standard deviations. The legend in (b) represents the shear rates.

Table 2
Results for friction coefficient (ss) and frictional stability (a — b).

Test ID Uss (a — b) x 1073 at axial displacement velocities (pum/s)

0.20-0.04 0.04-0.20 0.2-1.0 1.0-0.2
LC1 0.7100 —0.2+0.1 -0.1 1.1 0
LC2 0.7361 —0.9+0.2 0.4 0.6 -0.2
LC3 0.7262 —1.7+0.1 -1.0 -0.1 -0.9
LC4 0.7276 —-4.1 -35 -1.2 -21
LC5 0.6994 0.2+0.2 2.3 34 14
LC6 0.7119 —1.9+0.2 0.4 0.6 -0.8
LC7 0.7294 —0.620.2 0.4 0.7 -04
LC8 0.7389 0.80.1 3.6 2.8 2.0
LC9 0.7293 —6.3+0.7 -3.6 -83 -8.8

Note: The friction coefficients (u) were determined at a shear rate of 1.22 pm/s (~2.9 mm shear displacement). The frictional stability (a—b) values were averaged from the
same velocity steps with the errors calculated based on the standard deviations in each test. The first velocity step (i.e., 1.220-0.244 um/s) was removed from the calculation.

(a—b =—0.0021 to 0.0006) (Fig. 5b, Table 2). Conversely, (a—b) val-
ues increase with temperatures elevated above 250 °C, and the
mixed gouge finally shows velocity-strengthening behavior at
400 °C (a—b = 0.0007 to 0.0036), with a transition temperature of
300 °C showing velocity-neutral behavior (a—b = —0.0008 to
0.0007) (Fig. 5b, Table 2). In previous studies, many gouges show
similar temperature dependence of friction for granite [33,34],
gabbro [19], plagioclase [21] and basalt gouges [22].

3.3. Effect of humidity on obsidian gouge friction

Fig. 6 shows the friction-displacement curves for the dry and
wet obsidian gouge. The frictional strength of the pure obsidian
gouge remains constant (~0.73) regardless of wet or dry conditions
(Fig. 7a, Table 2). Notably, wet obsidian gouge shows apparent
stick-slip at the lowermost shear velocities of 0.244 and
0.0488 pum/s and lower (a—b) values, indicating a potential of seis-
micity [35]. Our results on wet and dry obsidian gouges at the
same effective confining stress emphasize the promotion of veloc-
ity weakening by water as a transfer medium and neglect the con-
tribution of fluid pressure in impacting effective stress (Fig. 7b).

3.4. Microstructural characterization

Microstructural characterization (backscattered electron) was
completed using scanning electron microscopy (SEM). Evolved
microstructures of deformed gouges from Groups 1 and 2 are illus-
trated in Figs. 8 and 9 with standard nomenclature [36] adopted to
describe the fabric of the deformed gouges.

The deformed microstructure for basalt/obsidian mixed gouges
and pure basalt and obsidian gouges are shown in Fig. 8. Pure dry
basalt and mixed gouges all exhibit pervasive R; (Riedel) fractures
and moderate intensely sheared regions (ISRs) (Fig. 8), representa-
tive of moderate strain localization. The pure dry obsidian gouge is
highly broken and exhibits numerous R; fractures and ISRs. The
obsidian particles are strongly comminuted in these zones, indicat-
ing strong localized shear in response to velocity-weakening
behavior (Fig. 8d).

For dry mixed gouges (80% basalt + 20% obsidian) at different
temperatures (from 100 to 400 °C), the deformed gouges with
velocity-neutral and velocity-weakening behaviors exhibit dense
R, fractures and ISRs (Fig. 9). Mixed gouges at 100 and 400 °C show
velocity-strengthening behaviors and correspondingly fewer R,
fractures compared to mixed gouges at 200 to 300 °C, while homo-
geneous cataclastic flow is observed in the gouge at 400 °C.

4. Discussion
4.1. Effect of mineral composition on fault friction

Results for variable mineral compositions (Group 1 imply that
homogeneous mixed dry basalt/obsidian gouges exhibit velocity-
neutral behaviors when obsidian mass fractions are <50% (includ-
ing pure basalt gouge and for our experimental conditions), while
pure obsidian gouge exhibits velocity-weakening behavior
(Fig. 3b). (a—b) values decrease monotonically with increasing
obsidian content, contrary to the compositionally-independent
friction coefficient (Fig. 3). This suggests that the presence of obsid-
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Fig 4. Friction coefficient (u) versus the shear displacement for mixed gouges with varying temperatures.
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Fig. 5. Frictional parameters for mixed gouges at variable temperatures. Note: The friction coefficient was always estimated at the second applied shear rate of 1.22 pm/s in
each test. The error bars denote the standard deviations. The legend in (b) represents the shear rates.
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Fig. 7. Frictional parameters for Group 3 gouges. Note: The friction coefficient was always estimated at the second applied shear rate of 1.22 pm/s in each test. The error bars

denote the standard deviations. The legend in (b) represents the shear rates.

(d) LC4 obsidian

Fig. 8. Microstructures of the deformed basalt/obsidian mixed gouges. Note:
Intensely sheared regions (ISRs) are delineated by the yellow dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

ian will not affect strength but may favor increased instability.
Interstitial glass within basalt has been observed to promote
unstable frictional behavior and rupture due to thermal softening
[8] — although such results show that glassy minerals with a more
significant crystal fraction elevate steady-state friction.

Fault materials with high percentages of brittle components
(brittle-rich) tend to promote shear dilation [37], indicating higher
porosity and then lower frictional strength at imposed high shear
velocities — producing velocity-weakening behaviors [38]. Highly
crushed obsidian particles characterized in the pure obsidian
gouge also suggest this mechanism (Fig. 8d).

(e) LC8 T=400 °C

Fig. 9. Microstructures of the deformed 80% basalt + 20% obsidian gouges shearing
at elevated temperatures. Note: Intensely sheared regions (ISRs) are delineated by
the yellow dashed lines.

As noted by Violay et al. [8], possible weakening mechanisms of
glassy rock are characterized by thermal softening above 500 °C
and bulk melting above 1250 °C. However, these high tempera-
tures are observed from high-velocity friction experiments at slip
rates up to 6.5 m/s, which is substantially different from our
low-velocity shear experiments at slip to only 1.22 um/s and tem-
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(¢) LC6 T=250 °C

(d) Zoomed-in image of LC6

Fig. 10. Detailed microstructures of the deformed 80% basalt + 20% obsidian gouges
shearing at different temperatures. Note: The localized shear zone (LSZ) is
delineated by the red dashed lines. The large intensely sheared regions (ISR) and
moderately sheared regions (MSR) are delineated by the yellow dashed lines. White
arrows mark intact large-scale particles. Yellow arrows indicate intensely fractured
hard clasts. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

peratures up to 400 °C. Significantly, this observed mechanism [8]
can be regarded as an informative extension that expands our
results to a higher temperature range (at least temperatures
>400 °C), where the involvement of glassy minerals may promote
further weakening of the velocity-weakening faults at higher tem-
peratures. Similarly, Proctor et al. [15] illustrated large stick-slip
stress drops as the wet obsidian gouges translate from brittle to
plastic at ~300 °C.

4.2. Impact of temperature on frictional stability

The shear experiments conducted at elevated temperatures
(T=100 to 400 °C) reflect three regimes of shear behaviors as tem-
perature is incremented — low-temperature velocity-
strengthening behavior, transitioning to velocity-weakening
behavior then reverting to velocity-strengthening behavior. Almost
all typical mafic rock fault gouges exhibit velocity-strengthening
behaviors at low temperatures (<150 °C) that then evolve to
velocity-weakening behavior in the temperature range of 150-
250 °C (e.g., [20-23]).

For the first transition from velocity-strengthening to velocity-
weakening, the weakening behavior in our work may result from
structural change — the formation of large R, shears with promi-
nent surrounding zones of comminuted particles (Fig. 9¢), which
can result in strong shear localization and spatially heterogeneous
slip rate within the shearing gouges [33], in response to shear dila-
tion and localization-induced elevated porosity at high shear rates.
Niemeijer and Spiers [27] also proposed the destruction of foliation
in phyllosilicate-bearing gouges associated with velocity-
weakening behaviors. Secondly, the mechanism of thermally acti-
vated compaction [39] will result in strong cataclasis of almost
all large particles at high temperatures, similar to our observed
microstructure for the deformed mixed gouge at 250 °C with the
minimum (maximum negative) (a—b) value (Fig. 10c). The degree
of large particle cataclasis in LC6 (250 °C) is significantly larger
than that of LC5 (100 °C) and LC8 (400 °C), which retain many large
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and original intact particles (Fig. 10). Large-scale fragmented parti-
cles can be observed from the zoomed-in image of LC6 (Fig. 10d).
This influence at increased temperature may result from the
decrease in fracture resistance and increased propagation of sub-
critical cracks. These intensely crushed particles may contribute
to an increased steady-state porosity (i.e., the dilation degree)
and hence the lower frictional strength when increasing the shear
rate - ultimately manifest as the observed velocity-weakening
response.

The second transition from velocity-weakening to velocity-
strengthening has been experimentally linked to increases in tem-
perature [33,34], indicating a possible transition from elastic-
brittle deformation to crystal plasticity in friction micromechanics
[14,34]. Similarly, the brittle-plastic transition of the failure mode
of basaltic faults was observed at elevated temperatures [22].
Indexed by friction constitutive parameters, dry mixed gouges at
100 and 400 °C signal velocity-strengthening behaviors with simi-
lar and negative (a—b) values. However, the different microstruc-
tures of these two deformed gouges suggest a potential change
in deformation mechanism (Fig. 10). The microstructure of dry
mixed gouge at 100 °C shows distributed particle crushing and a
few R, fractures, each surrounded by a 10 to 40 um thick intensely
sheared zone. Large clasts with grain sizes in the range of 10-
100 pm are embedded irregularly in the matrix of submicron-
sized refined grains, demonstrating heterogeneous cataclastic
deformation assisted by brittle rheology (Fig. 10a). Other dry shear
experiments on quartz gouges at high temperatures [34] also exhi-
bit homogeneous cataclastic flow with some minor R; shear, simi-
lar to our results for mixed gouges sheared at 400 °C (Fig. 10b). The
homogeneous cataclastic flow zone (i.e., intensely sheared region),
exhibits minor folds with extended “tails” along the shear direction
and behind large crushed particles and is sandwiched between the
heterogeneous cataclastic flow zones (i.e., moderately sheared
regions), indicating a potential semibrittle state [40]. Conversely,
Zhang et al. [22] noted that their dry plagioclase gouges with
velocity-strengthening behavior at 617 °C only develop cataclastic
granular flow instead of plastic flow. Thus, structural changes
including significant shear localization and noticeable porosity
decrease may be a vital control. Intensely fractured brittle particles
are observed in our results which first experience fracture, then
rotate and finally elongate along the shear direction (Fig. 10b). This
type of thermally-enhanced cataclasis and the resulting strongly
crushed grains may increase the capacity of highly distributed
shear strain even more significantly than that of a localized shear
zone. Similarly, plastic flow can accommodate increased shear
strain and lead to velocity-strengthening behaviors. Hence, the
attribution of velocity-strengthening behaviors at high tempera-
tures in our study to these two mechanisms is reasonable and is
consistent with prior studies.

Particularly, the addition of glassy minerals like obsidian within
mafic rock gouges may change the transition temperatures for
velocity-strengthening-to-velocity-weakening and then for
velocity-weakening-to-velocity-strengthening by destabilizing
the fault system. Additionally, fluid-assisted processes like IPS
are inactive in dry faults, resulting in little dependence of frictional
stability on shear velocity and temperature [23], that is, the abso-
lute values of (a—b) derived from wet experiments are higher than
those from dry experiments.

4.3. Implications for seismicity in basalt-bearing zones

Our results have significant implications in understanding seis-
micity in basalts, as present in lunar soil and crust, oceanic crust
and on continents. Deep faults exist in ubiquitously high-
temperature and high-pressure environments. Thus, the coupled
effects of the temperature, stress and mineral composition are
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(a) Model of lunar magmatic evolution and lunar glass content
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Fig. 11. Schematic model for lunar friction parameters versus temperature. Note: In (a), dark continuous lines represent feeder conduits for the melted lunar mantle
(including molten mare basalt and volcanic glass). Green patches mark the impact glass and grey curve segments represent the fracture distribution within the lunar crust.
The temperature profile of the lunar crust is a composite of prior speculative profiles. The curve of glass mass fractions is our inference, necessary due to the absence of
observations of the exact glass content profile of the lunar crust. In (b), solid and dashed parabolas represent the trend of (a—b) values versus temperature of 20% glassy basalt
gouges and the predicted (a—b) value trends of other basalt gouges with intermediate obsidian contents. The area surrounded by solid and dashed lines indicates the
anticipated depth range of the seismogenic zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

important in defining the frictional properties, especially the fric-
tional strength and stability — towards understanding the poten-
tial for seismicity. It is worth noting that inferences from our
observed frictional properties of basaltic and glassy minerals may
not be applicable to ductile mylonitic shear zones.

Based on the temperature-depth curves of the moon and the
identification of different types of glasses from Apollo lunar soil
[11], we systematically explore potential habits of seismicity in
the full-depth lunar crust (Fig. 11a). Impact moonquakes caused
by asteroid impact only occur within that lunar regolith and will
be shallow [41] — we do not consider these. Rutherford et al.
[42] have established a model for lunar magma ascent dynamics
and indicated that the melt glasses were quenched at pressures
from 17 to 2 MPa representing depths of 4 to 0.5 km in the lunar
crust, indicating that volcanic glass (i.e., obsidian) in the lunar crust
is almost all distributed shallower than ~5 km depth. At shallow
depths (<10 km), high glass-content-related velocity-weakening
behaviors and low-temperature-related velocity-strengthening
behaviors lead to an ambiguous definition of fault stability. How-
ever, the structurally disturbed crust containing relatively intricate
fracture networks provides the opportunity to host seismicity [43].
As the depth increases to ~15 km, the temperature exceeds the
transition T; from velocity-strengthening to velocity-weakening
and the glasses (generally consisting of pure volcanic glass) are
in significantly lower proportion to that of lunar soil and the shal-
lower lunar crust (Fig. 11a). It remains undefined whether the
temperature- or the mineralogic-effect dominates in controlling
fault stability, due to the imprecise/unknown abundances and dis-
tributions of glass at this depth regime. Deeper, and within the
lower part of the lunar crust, temperature increases significantly
while glass content decreases, but seismic events appear less likely
owing to sparsely distributed faults (at higher confining stresses)

and the reported transition from brittle-to-ductile behavior of
basalt at high temperatures [22]. Our results infer that shallow
moonquakes should dominate the observational record with dee-
per lunar crust less likely to be seismic. Similarly, Watters et al.
[44] demonstrated that the Moon is tectonically active and that
the shallow moonquakes are strongly related to the activity of
young thrust faults which are present from the surface down to
depths of hundreds of meters [45]. However, Gillet et al. [46] noted
that shallow moonquakes originate from depths of (50+20) km
within the lunar crust (i.e., the deeper lunar crust and result from
slip on deep faults).

However, the three temperature/depth regimes corresponding
to the different frictional stabilities likely dominate control of the
distribution of seismic events. The transition temperature T, (from
velocity-weakening behavior to velocity-strengthening behavior)
of granite gouge is reported to be 350 °C [33], driving a reasonable
explanation for the cut-off depth of minor seismic events on the
San Andreas Fault. Granite gouges from the Gonghe geothermal
reservoir exhibit a similar temperature range of 150 to 250 °C cor-
responding to velocity-weakening behaviors [47]. The transition
temperature T, of the Nankai subduction zone is estimated at
350 °C as the maximum temperature for seismic initiation [48].
The T, of dry glass-bearing basaltic gouges found in our study is
300 °C, relevant to temperatures expected at ~10 km in the terres-
trial crust, which can be considered a typical cut-off depth of small
earthquakes nucleated in glass-bearing basaltic faults. Our results
for mixed gouges with elevated obsidian contents identify a lower
T; and a higher T, indicating a wider temperature range, that is, a
larger depth range of velocity-weakening behaviors (i.e., a seismo-
genic zone with potentially seismic events) (Fig. 11b). In addition,
the presence of water has a negligible effect on the transition tem-
perature [33]. However, the weakening effect of water, including
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both the effects of pressure solution and the decreased effective
stress (and therefore frictional strength), must be evaluated to bet-
ter understand earthquake nucleation and avoid seismic hazards.

5. Conclusions

We systematically measured the frictional strength and stabil-
ity of glass-bearing dry basaltic gouges with elevated obsidian con-
tent and mixed basalt/obsidian gouges at incremented
temperatures spanning 100 to 400 °C together with pure obsidian
gouge under hydrothermal conditions. These experiments were
used to separately investigate the impacts of mineral composition,
temperature and humidity on frictional and stability response. We
derive the following conclusions from these laboratory
observations:

(1) The frictional strengths of glass-bearing basalt gouges with
increasing obsidian contents — from pure basalt gouge to
pure obsidian gouge — are high (0.70-0.74) with no clear
trend with mineral content. The observed transition from
velocity-neutral behavior of pure basalt gouge to velocity-
weakening behavior of pure obsidian gouge suggests an
impact of weakening by glassy minerals and its impact on
frictional stability. This impact can be attributed to low fric-
tional strength due to high porosity, driven by dilation and
caused by highly fractured obsidian particles at high slip
rates.

(2) The mixed 80% basalt + 20% obsidian gouges exhibit two
composite trends over the span of temperatures 100 to
400 °C: (i) From velocity-strengthening at 100 °C to
velocity-neutral at 200 °C, then velocity-weakening to a
minimum (a—b) at 250 °C; then, (ii) From this maximum
velocity-weakening at 250 °C to velocity-neutral at 300 °C
and finally velocity-strengthening at 400 °C. The first transi-
tion can be interpreted as shear localization or thermally
activated compaction and the second transition may be
due to the coupled effect of plastic flow and microstructural
changes at high temperatures.

(3) The weakening effect of water as a mass transfer agent or
high-pressure pore fluid as a strength reduction agent is an
essential control governing frictional stability in deformed
gouges under hydrothermal conditions.

(4) The transition temperature of basaltic faults from velocity-
weakening to velocity-strengthening behavior determines
the cut-off depth for seismic events and thus the presence
of glass may increase this span in depths for the seismogenic
zone.
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