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Abstract The projected evolutionary history of the Moon and observed occurrence of moonquakes suggest
that brittle faulting is present in the shallow lunar crust. The main component of the lunar crust, plagioclase,
shows velocity-strengthening behavior in the range of crustal temperatures. Chang'e 5 samples of lunar regolith
show a mineral composition almost identical to basaltic bedrock. We measured the friction-stability
characteristics of dry synthetic gouges representative of basaltic faults assumed to be present in the lunar crust.
Frictional strengths are ~0.7 and exhibit an overall velocity-strengthening response but transition to velocity-
weakening at intermediate temperatures (~200-300°C) and stresses (~25—-100 MPa). Bounding temperature
profiles representative of the lunar crust suggest that moonquakes are feasible in the lunar crust. The rheological
heterogeneity of mineral fragments in basalt is a potential cause of unstable sliding on faults with the related
steady-state stress drop close to the minimum of the estimated dynamic stress drop. This suggests that some
events with small stress drops are associated with the instability of mature basalt faults. However, observations
of shallow moonquakes with high stress drop but merely moderate magnitude suggest that high degrees of
healing on immature faults, small seismic nucleation lengths, or the failure of intact crust are present. We
emphasize that moonquakes may arise from stress transfer and accumulation due to processes such as cooling
contraction.

Plain Language Summary Shallow moonquakes have similar characteristics to earthquakes.
However, their sparsity and uncharacteristically large duration compared to terrestrial earthquakes and on a
planet lacking large-scale tectonics make the mechanisms enigmatic. We explore the mechanism of shallow
moonquakes from the perspective of laboratory faults using synthetic samples replicating those recovered from
the Chang'e-5 mission. Regolith samples suggest that they are derived from a basaltic crust. We measure the
frictional strength and whether rheology is either ductile or brittle — the latter being a prerequisite for
moonquakes. We find that brittle failure may indeed occur in the lunar crust and that the stress drop under
steady-state sliding is close to the minimum of the reported dynamic stress drop. Stress drops are large but return
only moderate seismic magnitudes. Given limits on observed strengths of the fault gouge — these remain
enigmatic. We propose that the healing and strengthening of young faults, the rupture of intact crust, or the
absence of large-scale faults are prerequisites to explain this anomalous behavior.

1. Introduction

Lunar exploration has advanced and will further advance our understanding of planetary evolution and that of the
inner solar system (Crawford & Joy, 2014). Lunar missions encompassing remote sensing, surface exploration,
and sample return contribute to an improved understanding of the internal composition of the Moon and give rise
to the concept of the Lunar Magma Ocean (LMO) (Wieczorek et al., 2006). The LMO model explains the
presence of the Moon's largely anorthositic crust, basalt source and the presence of KREEP elements - incom-
patible elements enriched in remnant magma, with Potassium (K), Rare Earth Elements (REEs) and Phosphorus
(P) being the dominant elements (Moriarty et al., 2021). Observations of lunar seismicity have provided valuable
information in understanding the interior structure of the Moon since the United States conducted several seismic
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experiments during the 1969-1977 Apollo landings (Nakamura et al., 1982). Data on moonquakes derived from
the Apollo projects indicate the existence of deep, shallow, impact and a significant fraction of unclassified
moonquakes (Nunn et al., 2020). A strong correlation is evident between deep moonquakes and tidal forcing
driven by the Earth-Moon cycle (Kawamura et al., 2017; Weber et al., 2009). Some shallow moonquakes are
likely to be associated with tidal effect or impact events, with their hypocenters locatable but with large un-
certainties (Gagnepain-Beyneix et al., 2006; Garcia et al., 2011; Gillet et al., 2017; Khan et al., 2006; Lamm-
lein, 1977; Lognonné et al., 2003). Uncharacteristically, the strong scattering of lunar seismic waves can cause
shallow moonquakes to last for up to an hour, unlike terrestrial earthquakes that last a few minutes and slow-slip
events that last several days or more (Ito et al., 2007; Nakamura et al., 1982). Notably, shallow moonquakes are
the most energetic radiation sources to the lunar surface compared with other moonquakes (Nakamura
et al., 1982), suggesting potentially brittle failure mechanisms. Their signals are most detectable as teleseismic
sources and would be the most hazardous for any habitation on the lunar surface. The similarity of various features
of moonquakes and intraplate earthquakes also suggests that they may have similar origins and occur in locations
with structural weaknesses (Nakamura, 1980).

Several possible causes of moonquakes have been proposed, such as quark matter from unknown sources
(Frohlich & Nakamura, 2006), geochemical differentiation and thermal effects near a basin (Nakamura
etal., 1979). Recently, Watters et al. (2019) proposed that brittle failure induced by cooling shrinkage may be the
source of shallow moonquakes based on the assumption that these events are related to the coseismic slip of faults.
However, an instability criterion has not yet been validated, which may result in the predicted depths of shallow
moonquakes being imprecise. Thus, the causal mechanisms of shallow moonquakes remain poorly understood,
and laboratory evidence is missing. Fault gouge is highly comminuted wall rock residing within the fault and
sourced from the host rock due to fault rupture and slip with particles typically <2 mm in diameter. For mature
faults, slip is localized in the fault gouge as it is the weakest component of the fault (Bedford et al., 2022; Ikari
etal., 2011) and its frictional stability determines whether faults are able to accelerate from subseismic to seismic
velocities. The first step in inferring the frictional properties of lunar crust faults is to analyze their possible
mineralogical composition of the faults. The LMO model describes the early Moon as capped by a floating
plagioclase crust, with the present anorthosite highlands associated with this early plagioclase flotation (Moriarty
et al., 2021). Decompression melting of the lunar mantle results in intrusion into the lunar crust that potentially
reaches the surface (Figure la) (Beard et al., 1998; Head & Wilson, 2017; Wilson & Head, 2017). Thus, the
frictional properties of the two rocks (anorthosite and basalt) comprising the faults will control the slip behaviors
of mature faults.

Early analyses of seismic data indicate that the lunar crust may be aseismic (Nakamura et al., 1979). This
conclusion may be consistent with the velocity-strengthening behavior exhibited by the plagioclase gouge under
dry conditions in the temperature range of 100°C-600°C. Experimental results show that the evolution effect is
negligible, allowing velocity-strengthening behavior across this full range of temperatures (He et al., 2016).
Another phenomenon that suggests that anorthosite faults are aseismic, but is inconclusive, is that lunar crust with
a porosity of 12% may have numerous faults and fractures but produces only 4-5 shallow moonquakes annually,
much fewer than deep and impact moonquakes (Nakamura, 1980; Wieczorek et al., 2013). However, relocations
show that the depths of some events are shallower than 30 km within the lunar crust, which is ~34-43 km thick
(Figure S1 in Supporting Information S1) (Wieczorek et al., 2013). Furthermore, lobate scarps on the surface
suggest that shallow moonquakes may be linked to coseismic slip on surface faults (Watters et al., 2019).
Observed scarps are surface traces of faults and may be the origin of shallow moonquakes driven by underlying
basaltic faults. These observations, therefore, suggest that the shallow moonquakes may be associated with
unstable sliding on faults in the basalt — and thus, a question arises as to the controls of this instability.

Shear experiments on fault gouges are able to define this potential instability and therefore contribute to defining
the feasibility of this mechanism for moonquakes (Frye & Marone, 2002; Giacomel et al., 2021; Ikari et al., 2020;
Marone et al., 1990; Phillips et al., 2020; Zhang et al., 2017). The landing site of the Chang'e 5 mission occurs in
the lunar maria, and the newly acquired in situ lunar regolith available from the recent Chang'e 5 mission is likely
largely derived from the crust (Li et al., 2022). Retrieved samples have a mineral composition close to basaltic
bedrock with the least contamination and are homologous to some of the Apollo mission samples (Li et al., 2022;
Qian et al., 2021). We use synthetic fault gouges referenced to the Chang'e 5-recovered samples to measure
frictional and stability properties representative of lunar faults in basalt (Figure 1b). Specifically, we focus on the
impacts of stress and temperature on the frictional properties of the dry synthetic gouges to understand the
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Figure 1. Schematic of lunar volcanism and synthetic fault gouge comprised from parent rock samples. (a) Crustal section
showing modes of lunar volcanism. Chang'e 5 samples comprised basaltic magma recovered from the lunar surface.

(b) Synthetic fault gouge (a photo under artificial light source) prepared from the homogeneous mixing of powders from
several parent samples. (c) Olivine derived from olivine-bearing inclusions in basalt. (d) Hedenbergite (pyroxene).

(e) Ilmenite with impurities. (f) Volcanic glass. XRD results for all rock powders are presented in Figure S2 in Supporting
Information S1.
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potential for creating moonquakes and to explain the cause of the anomalously high stress drop (up to 210 MPa)
but moderate magnitude (M, = 5) of the shallow moonquakes observed in previous lunar seismic observations
(Oberst, 1987). This work defines the seismic potential of the basaltic faults and has implications for the
mechanisms controlling shallow moonquakes and the influence of the lunar temperature profile.

2. Material and Methods

The reference samples of synthetic gouges are three lunar soil samples (No. CESCO800YJFMO01-1, No.
CE5C0100YJFM002-1, No. CE5C0100YJFM002-2) collected by the Chang'e 5 mission, which are weathering
products of mare basalts (Li et al., 2022). Synthetic fault gouge was prepared by uniformly mixing the five
minerals, pyroxene, plagioclase, ilmenite, olivine, and volcanic glass, prior to the experiments (Figures 1c—1f).
The parent samples were ground to a final particle size of <75 pm (200 mesh) with a final mass fraction of gouge
composition of 41.7 wt.% pyroxene, 29.8 wt.% plagioclase, 16.9 wt.% volcanic glass, 5.4 wt.% forsterite, 1.8 wt.%
ilmenite and 4.4 wt.% other minerals (Figure S2 and Table S1 in Supporting Information S1). We then used a
triaxial shearing apparatus in the Institute of Geology, China Earthquake Administration, to conduct all exper-
iments (Figure 2). In these experiments, 1 mm thick synthetic fault gouges were sandwiched at 35° to the major
principal-stress axis by two gabbro driving blocks. The simulated fault surfaces of the gabbro blocks were
roughened by 200-mesh carborundum to eliminate boundary slip, with the initial sample area the same as the
simulated fault surface at 5.48 cm®. The upper block was drilled with a hole accommodating the pore pressures
and a temperature sensor. Confining pressure was applied by filling the sealed vessel with argon gas after
evacuating the internal gas. A piston rod coated with Teflon applied the shear force with the sample heated by a
resistance heater.

Initial measurements suggest that the moisture content of the lunar magma is <0.165 wz.%, the cumulative
moisture content of the magma remnants is less than 1.4 wt.%, and the moisture contents of other sample minerals
are even lower (Hui et al., 2013; Lin et al., 2017, 2022). The drying process in our experiments follows He
et al. (2016). Temperatures from 100°C to 450°C were applied in our experiments, with faults stressed at 25 and
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Figure 2. Schematic diagram of the structure inside the chamber of the triaxial device. The heating furnace and devices are placed in a hermetic chamber, sealed above by
a high-pressure rubber ring, with the lower seal applied at the lower part of the piston. The hermetic chamber is pressurized by argon as a confining fluid, with the piston
rod applying the axial stress. The upper fluid pathway is opened and connected to the atmosphere to fully evaporate the residual moisture when performing dry
experiments. Data acquisition and other experimental details are described in Text S1 in Supporting Information S1.

ZHANG ET AL.

4 of 18

85UB017 SUOWILLIOD 9A 11D 3[edl|dde ayy Aq peusenob ake il YO 9sn Jo Sa|n. Joj A%Iq1T 8UlIUQO AB]IAA UO (SUORIPUOD-PUR-SLLBIWO0 3| 1M AReiq 1 Ul uo//:Sdiy) SUORIPUOD PUe SWe 18U 88s *[7202/TT/60] U0 ARiqiTauluo A8|IM ‘AISeAIN BleIS BlLeAlASuLed Aq 02€8003rY202/620T OT/I0pW00 A im Areiqpuljuo'sgndnBey/sdny woy pepeojumod ‘TT ‘v20Z ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008370

100 MPa representing faults at 9.5 and 40 km below the lunar surface, respectively. We explored the influence of
stress on the frictional properties of the fault gouges at a lower temperature of 100°C for comparison with
terrestrial conditions. To understand the difference between basaltic faults on the Earth and the Moon, we also
examined the influence of dry and wet conditions on fault stability (Table S2 in Supporting Information S1).

The initial shear velocity in the experiments is 1.22 pm/s with the velocity steps progressing as 1.22-0.244 -
0.0488-0.244 - 1.22-0.244 - 0.0488 pm/s in sequence, with the velocity dependence calculated using rate-and-
state friction rheology. Rate-and-state friction (RSF) is a phenomenological law that describes second-order
effects delimiting static and dynamic friction. It links the dependence of frictional resistance on slip velocity
(V) and an evolving state variable (). The frictional response of a fault varies with the previous loading history
and depends on the direct effect (¢ parameter of the RSF), the evolution effect (b parameter of the RSF) and the
gradual evolution of the sliding interfaces (D, parameter of the RSF) (Dieterich, 1978; Ruina, 1983),

\%4 Voo
/4=,uo+aln(70)+bln(l;)> (1)
do Ve
a7 D, @

where y,, is a constant appropriate for a steady-state slip at velocity V,, and V is the frictional slip rate after the
change in velocity when the friction coefficient is u. 8 is a state variable, with the change in the state variable 6 at a
given time step (dr) calculated from Equation 2 (Ruina, 1983), and a and b are empirical constants. For steady-
state sliding,

Apg,
a=b=1ny )

with Ay as the difference between the coefficient of friction before and after the velocity change under steady-
state friction, with AlnV = In (V/V,)). The RSF law was used to fit the coefficient of friction and the (¢ — b)
value to evaluate both the strength and evolution of the stability of the fault (Figure S3 in Supporting Informa-
tion S1). Velocity strengthening (@ — b > 0) response indicates that slip will self-stabilize as frictional resistance
increases with increasing velocity. In contrast, velocity weakening (¢ — b <0) may evolve into instability as
resistance decreases with increasing slip velocity. Seismic nucleation will then only occur when the fault stiffness
is larger than the system stiffness for velocity-weakening faults. RSF theory and iterative least squares methods
were used to determine frictional constitutive parameters. The parameters were calculated by a Matlab-based
script RSFit3000 (Skarbek & Savage, 2019). We chose the representative frictional coefficient at a shear
displacement of 2.5 mm as the frictional strength of the simulated fault. Laboratory stress drop was calculated
according to (Beeler et al., 2001),

At = |A,uﬂ| Oy )

where Ay, was evaluated from Equation 3 and o, was evaluated from Equation S6 in Supporting Information S1.
In order to compare the experimental data with the existing lunar models, we set gravitational acceleration
representative of the Moon to 1.63 m/s?, and density of the lunar crust to 2,550 kg/m> within 1 km depth and
2,898 kg/m® between 1 and 60 km (Hirt & Featherstone, 2012; Zuber et al., 2013). The possible projected depth is
obtained by dividing the effective normal stress by the gravitational acceleration and density.

After each experiment, we performed a microscopic analysis of the sample. To recover intact samples after
testing, we retained a portion of the copper jacket on the outside of the driving block and dried it at 75°C for 48 hr.
The samples were then impregnated with resin in a vacuum. After hardening, the resin-impregnated samples were
sliced, polished, carbon-coated, and analyzed with a backscattered electron-scanning electron microscope (BSE-
SEM) to define the microstructure. Elastic restraint from the copper jackets was corrected-out when analyzing the
experimental results.
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Table 1

Frictional Properties and Fits for the Rate State Friction Law Parameters

RSF - a value (x107>) at velocity steps RSF - b value (x107°) at velocity steps RSF - D, value (pm) at velocity steps
0.0488 1.22 0.0488  0.244 1.22 0.244 pm/  0.0488  0.244 1.22
pm/s 0.244 pm/s- pm/s pm/s- pm/s- s- pm/s pm/s- pm/s-

Serial -0.244  pm/s- 0244  0.244 pm/s- -0.244 1.22 0.244  0.0483 pm/ -0.244 1.22 0.244  0.244 pm/s- Hys

number pm/s  1.22pm/s pm/s  0.0488 pm/s pm/s pm/s pm/s S pm/s pum/s pm/s 0.0488 pm/s (I, = 2.5 mm)

CESSIM-  11.19 7.01 20.55 1058 +£1.52  6.33 2.99 15.63 824 +147 326 4775 3.58 13.13 +£3.45 0.7298
1

CE5SIM-  18.29 5.99 566 501057 17.74 5.19 574 641059 027 1.91 11.01 8.16 + 1.74 0.7252
2

CE5SIM-  3.19 2.19 8.16 487+143 3.26 2.19 8.1 6.48 £ 0.61 224 2563 5.93 10.7 £ 0.74 0.7197
3

CESSIM-  9.05 3.42 11.56  9.86+1.78 5.38 2.85 109 928 +1.68 271 1.93 2.43 8.03 + 2.86 0.7123
4

CE5SIM- 521 7.54 8.27 588 +049 335 3.93 544 531027 21.61 15.6 2527 28.95 £ 4.45 0.6715
5

CESSIM-  3.81 4.35 314 3.08x037 34 2.82 337 345002 52 5.79 31.29 2276 +£8.74 0.6917
6

CESSIM- 433 7.28 482 387+0.38 446 6.32 462 441+0.01 6.87 4.25 2127 272+ 122 0.6940
7

CE5SIM- 845 12.18 622 601031 73 10.82 378 458+059 692 2.68 30 67.08 + 2.39 0.6946
8

CESSIM- 641 12.85 9.83 770 £2.86 391 9.65 738 725+035 745 2.5 11.29  14.86 + 4.60 0.7115
9

CE5SIM-  7.85 6.7 7.63 5724025 543 4.19 5.5 551+0.80 756 1633 21.54  31.52+12.70 0.6887
10

CE5SIM-  3.05 3.94 6.04 461130 151 0.53 265 3.03+1.60 3551 462 4739 3774 £0.76 0.6406
11

CESSIM-  6.75 7.42 8.15 7.09 + 1.08 4.42 4.49 621 682+1.11 883 1194 26.03 22.18 +£0.62 0.7208
12

CES5SIM- - - - 6.42 + 128 - - - 7.44 = 4.26 - - - 78.88 + 26.69 0.7193
13

Note. Fitting parameters were used to calculate (a — b) with standard deviation except for experiment number CESSIM-13, where three velocity steps showed significant
stick-slip and where (a — b) values were calculated using the velocity step method. There were six velocity steps in each set of experiments, with the first velocity step
discarded for each set of experiments because it was not at steady state.

3. Results

A total of 13 sets of experiments were performed to investigate the effects of stress, temperature, and relative
humidity on the frictional properties of the synthetic gouges (Table 1, Text S1, Figures S4-S6, and Table S3 in
Supporting Information S1). Based on the temperature profile of the lunar interior derived from the previous
work, we set up experiments at four representative temperatures: 100, 200, 300, and 450°C and confining
pressures of 25, 50, 75, and 100 MPa with outliers to 200 MPa (Table S2 in Supporting Information S1). These
idealized confining pressure conditions are used to explore the frictional properties of lunar faults at different
depths (Table S4 in Supporting Information S1).

At a confining pressure of 25 MPa, we observed a transition of the velocity dependence of the fault gouges from
velocity-strengthening behavior at 100°C to velocity-weakening behavior at 200°C to then velocity-strengthening
behavior at 450°C (a — b = —0.00161 ~ 0.00492) (accompanied by a relatively large standard deviation
(Figure 3a)). We observed a similar pattern at 100 MPa when the velocity dependence of the fault gouge exhibited
velocity-neutral behavior at 200 and 300°C (Figure 3b). The velocity dependence of the synthetic gouges was not
significantly correlated with the stress state. The velocity dependence of the fault gouges does not change
significantly (a — b = 0.00021 ~ 0.00492) over the entire range of 25-200 MPa (Figure 3c). Under nominal dry
conditions, the frictional strength of the simulated fault generally decreased with increasing stress state but did not
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temperature and (d) relatively high confining pressure—temperature.

show significant changes with temperature. The range of friction strengths at 25 and 100 MPa are 0.7123-0.7298
and 0.6715-0.6946, respectively (Figures 3d and 3e), but show a decrease from 0.7298 at 25 MPa to 0.6406 at
200 MPa at 100°C (Figure 3f). The correspondence between the projected depth, effective normal stress, and
stress drop of the fault is shown in Table S4 in Supporting Information S1.

To further analyze the unique properties of the dry gouge and provide insights into possible differences between
earthquakes and shallow moonquakes, we supplemented two wet experiments for comparison with the dry ex-
periments. In high-temperature-stress water-saturated experiments, the fault gouge exhibited velocity-weakening
behavior at higher velocities and velocity-strengthening behavior at lower velocities (Figure 4b). In contrast, this
difference is not apparent for low-temperature-stress conditions (Figure 4a). Both experiments conducted in
saturated conditions show higher frictional strength than the nominal dry state (Figures 4c and 4d). Results for the
effects of humidity on frictional stability demonstrate that the velocity dependence of gouges under higher
temperature-stress is more relevant to slip velocity. Stick-slip occurs at higher velocity while gouge shows stable
slip at lower velocity. Conversely, the similarity between the velocity dependences shows that humidity has no
impact on frictional stability at a lower temperature and stress.

Microstructural observations demonstrate that the gouges sheared at 25 MPa develop a grain size reduction zone
(GSRZ) without any apparent Riedel shear zone (Figure 5). These grain size reduction zones comprised cata-
clastic flow parallel to the shearing direction at 200°C and deviated at 300 and 450°C. As temperature increases,
particles in the bulk become progressively more shattered and create finer particles. At 200 MPa, the micro-
structure exhibits more Riedel shear zones and boundary shear zones accompanied by ductile deformations
relative to that at 100 MPa (Figure 6). Ductile deformation refers to comminuted particle flow in the shear
orientation or the plastic deformation of the particles, with such deformation absorbing the shear strain and
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Figure 5. Microstructural images for experiments CESSIM-2, CESSIM-3, and CESSIM-4; From panels (a—c), the grain size
reduction zone located in the boundary of the gouges transfers to the Riedel shear zone.

inhibiting the sliding of the localized shear zone. In these cases, the dilation and compaction effects in the fault
gouge compete to dominate the frictional behavior (Zhang & He, 2016). The microscopic results of the two effects
and their implications for the frictional response will be fully discussed in the next section.

4. Discussion
4.1. The Implication of Gouge Rheologic Characteristics for Shallow Moonquakes

The presence of native anorthosite and basalt determines the seismic potential in the lunar crust. The friction and
stability results for the synthetic gouges show the potential instability of basaltic faults over a range of depths and
corresponding temperatures. The frictional strength that decreases with increasing confining pressure (4 from
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Figure 6. Microstructural images for experiments CESSIM-5 and CESSIM-11; From panels (a, b), gouges show more Riedel
shear zones and ductile deformations. (c) Zoomed-in view of the red box in panel (b): Mineral elongation is related to the
flow of comminuted particles as well as the plastic deformation of the particles.

0.73 to 0.64) is not sensitive to temperature variation (u ~ 0.7), implying that basaltic faults might be more readily
reactivated at greater depths. In addition, frictional stability shows a trend that decreases first and then increases
with increasing temperature—similar to that previously observed for gabbro and clay—indicating the important role
of temperature in controlling the frictional properties (Den Hartog et al., 2012; Den Hartog & Spiers, 2014; He
et al., 2006; Mitchell et al., 2015; Niemeijer & Spiers, 2007).

An interesting phenomenon in our results is that the direct (a value) and evolution effects (b value) of the RSF
parameters show a similar trend to that of a — b values (Figures 3b and 7) with temperature. Generally, a and b
values exhibit opposite evolutionary trends, or large changes in one of them are more likely to contribute to the
switch between velocity-strengthening and velocity-weakening behaviors (Barbot, 2022; Mitchell et al., 2015).
The a values evolve in relation to any velocity-dependent process in shear. Conversely, b values evolve by
mechanisms related to phenomena such as plastic flow, structural evolution, and pressure solution (He
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Figure 7. Evolution of friction parameters a (panel a) and b (panel b) with temperature at 100 MPa.

et al., 2016). Other mechanisms, such as flash heating, have been proposed to directly explain the dynamic
weakening of fault strength (Rice, 2006). In our dry experiments, only brittle fracturing and ductile deformation
are present. Despite the presence of small amounts of bound water in real lunar soils, experimental results show
that pressure solution and plastic flow are negligible or even absent during the creep of faults since the change in b
values is not significant relative to a values. In contrast, structural evolution can adequately explain the similarity
between the evolution patterns of the a and b values. The reasons are as follows: (a). The direct effect caused by
the velocity change is a prerequisite for the evolution effect to occur. (b). The similarity between a and b values
suggests that velocity-dependent processes may also dominate the evolution effect. This potentially contributes to
the same pattern in the variation in fault stability a — b caused by the difference in the relative magnitudes of a
and b values due to the shear localization and structural evolution.

Temperature and stress effects are not directly manifested in the grain morphology and structural characteristics
of the fault gouge. Distinguishing the results from pure plagioclase (He et al., 2016), basalts contain a variety of
minerals. The rheological properties of these minerals may control the structural evolution of the fault. In the case
of the main components, plagioclase and pyroxene, the flow stress of pyroxene is several times higher than that of
plagioclase for the same strain rate at lower differential stresses (<120 MPa) and temperatures (<1,100 K), and
the ratio of the differential stresses decreases as the temperature increases (Bystricky & Mackwell, 2001; Rybacki
& Dresen, 2000). In addition, the results of friction experiments at low confining pressure (60 MPa) indicate that
mineral heterogeneity significantly reduces the frictional strength of the faults and makes them more unstable
(Bedford et al., 2022). Thus, the deformation of the mineral fragments in the basaltic gouge is heterogeneous
during shearing, which may result in variation in the frictional stability of the fault under different temperature-
stress conditions. Based on the above, unstable sliding of the dry synthetic fault gouge may be explained by the
microphysical model of quartz proposed by Bedford and Faulkner (2021). At a confining pressure of ~25 MPa,
fault gouges at a shear strain of ~3.6 (Figure 5) at 200°C develop an initial R-shear zone that gradually converts to
an inconspicuous Y-shear zone. The thin layer of grain size reduction implies that the shear strain is focused in the
shear band (Figure 5a). In contrast, as the temperature increased to 300 and 450°C (Figures 5b and 5c), the GSRZ

Figure 8. Microstructural images under (a) 200°C and (b) 450°C; At 200°C, the bulk of the fault gouge exhibits brittle
fractures of larger particles, but at 450°C, it exhibits more cataclastic flow.
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Farside profile

Figure 9. Frictional instability for lunar basaltic faults, indicated by (a — b)
values, as a function of depth and temperature. The color bar indicates the

Nearside profile (Laneuville et al., 2013)

Velocity-weakening behaviors exhibited under limited conditions suggest
that basaltic faults present in the lunar crust may be sources of shallow
moonquakes, which suggests brittle failure as a possible origin (Gillet

values of (@ — b). The reference depth of 60 km refers to the possible et al., 2017). But in several lunar models, the seismic depth data show two
maximum thickness of the lunar crust. The black contour line represents the  opposite scenarios, with a portion of the data concentrated above 25 km and

boundary where a — b = 0. The orange solid line represents the temperature
profile of the farside of the Moon, and the purple solid line represents the

temperature profile of the nearside of the Moon (Laneuville et al., 2013). These
two profiles constrain the depth range of shallow moonquakes and indicate that

another portion of the data below 50 km (Gagnepain-Beyneix et al., 2006;
Garcia et al.,, 2011; Gillet et al,, 2017; Khan et al., 2006; Lognonné
et al., 2003) (Figure S1 in Supporting Information S1). In general, tempera-

shallow moonquakes are mechanistically feasible in the lunar crust. ture and stress increase with depth, at which point the deformation mechanism

of the rock changes from brittle to ductile regimes (Heap et al., 2022; Violay
et al., 2012). To further investigate the possible depth of shallow moonquakes and provide a reference for the
correctness of different moonquake depth reposition results, we used a parabolic approximation to fit the
measured (a — b) at velocity steps 0.244 pm/s-0.0488 pm/s as functions of temperature at 25 and 100 MPa (Figure
S7 in Supporting Information S1). Fitting results imply that potential instability of basaltic faults should occur
over the temperature range 162°C—429°C at 9.7 km depth and from 147°C to 369°C at 40.6 km depth. Combining
those two fitting functions by linear interpolation, we obtain a relation defining (lunar) basaltic fault instability,
indicated by (a — b) values, as a function of depth and temperature (Figure 9).

Temperature profiles in the lunar interior are typically obtained through the inversion of data gathered from lunar
missions or through the prediction of numerical models, with simplifications involving the division of the Moon
into homogeneous layers based on depth (Karato, 2013; Kuskov & Kronrod, 1998). The variety of methods
employed allows for the generation of temperature profiles that can explain a wide range of phenomena. For
example, two representative temperature profiles from Kuskov and Kronrod (1998) and Karato (2013) are close to
the potential brittle-ductile transition temperatures derived from the deep moonquake data set (Kawamura
etal., 2017). These temperature distributions demonstrate a superior fit to temperatures in the lunar mantle region,
with the caveat that the fit in the shallow crust is inadequate and subject to considerable uncertainty. In this study,
we reference temperature profiles from a study based on a thermochemical convection model that predicts the
temperature profiles of both the present-day nearside and farside of the Moon (Laneuville et al., 2013).
Furthermore, diurnal temperature variations are attenuated in the lunar regolith at depths below ~1 m (Heiken
etal., 1991; Ran & Wang, 2014). To focus on deeper faults, we have ignored diurnal temperature variations at the
lunar surface to focus on deeper faults. Because radiogenic heat sources are not spatially uniform in concentration,
the temperature at a given depth in the lunar interior may lie between the values predicted by the nearside and
farside temperature profiles as end-member values. In consideration of the global temperatures of the Moon, the
model-predicted nearside and farside temperature profiles can be considered as the upper and lower limits of the
temperature range, given that the radiative heat source Procellarum KREEP Terrane is situated on the nearside of
the Moon (Laneuville et al., 2013). The aforementioned temperature profiles are employed to define the potential
depth range for shallow moonquakes. The results indicate that shallow moonquakes may occur at depths of 20—
60 km within the lunar crust. Additionally, the depth of these shallow moonquakes appears to be shallower on the
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Figure 10. Microstructural images of experiments CESSIM-7 and CE5SIM-13; From panel (a, b), gouges show less ductile
deformation and larger grain size variation.

nearside compared to the farside of the Moon (Figure 9). Notably, the heterogeneous distribution of radiative heat
sources may result in anomalously high temperatures at shallower depths on the nearside of the Moon, which
could potentially lead to shallow moonquakes within the 20 km depth range.

4.2. The Differences Between Earthquakes and Moonquakes on Basaltic Faults

In contrast to the Moon, the Earth's crust contains large amounts of free water, and these fluids influence the fault's
slip behavior by altering pore pressures and heat release processes as well as mineral replacement within the faults
(Dieterich & Conrad, 1984; Violay et al., 2014). The microscopic results show that under dry conditions, high
temperature-pressure coupling promotes the development of the Riedel shear zone and boundary shear zone
(Figure 10a). In a saturated condition, this behavior is enhanced. It is also accompanied by a significant particle
size variation with particles in the gouges, confirming the stick-slip behavior generated by fault gouges at higher
velocities (Figure 10b). The dilation effect decreases for the slower slip, and the fault gouge transfers from stick-
slip to a stable state. At this condition, particle fragmentation becomes more prevalent and fills shear zones,
making shear zones incoherent, and fault gouges exhibit only velocity-strengthening behavior at lower slip ve-
locities (Figure 10b).

Combined results for humidity effects suggest that the coupling effect of temperature, stress, and humidity
controls the mechanical differences between earthquakes and shallow moonquakes on basaltic faults. From the
data, it is reasonable to speculate that the thermal effect is one of the factors influencing fault sliding behavior and
that when fluids jointly participate in the frictional evolution process, the increase in ductile deformation due to
thermal effects lags, thus triggering more violent and unstable sliding (Meyer et al., 2019). These results also shed
light on the frictional behavior of basaltic faults in subduction zones as the mineralogical compositions of the CE-
5 samples are similar to those of the Earth's oceanic tholeiitic basalts in that both contain significant amounts of
feldspar and pyroxene.
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4.3. Potential Origins of Shallow Moonquakes

Stress drop Az, defined as the difference between shear stress before and after fault rupture, is related to the
seismic energy release and an essential parameter for characterizing the behavior of seismic nucleation (Shapiro
& Dinske, 2021). Unusually high (up to 210 MPa) stress drops were estimated from lunar seismic data by
assuming that the mechanical properties of the shallow moonquakes are the same as earthquakes (Oberst, 1987).
In addition, the values of Brune-type stress drops for terrestrial earthquakes of moderate size are usually less than
10 MPa, confirming that the estimated stress drops for some events obtained from seismic observations on the
Moon are unusually high but still with moderate magnitudes (Trugman et al., 2017). Laboratory stress drop in our
experiments was calculated as the product of effective normal stress and the dimensionless parameter (a — b)
(Beeler et al., 2001). Our stress drop evaluations from stable sliding are close to the reported dynamic stress drop
minimum. Despite the gap between the two types of stress drops, our results may indirectly explain the smaller
stress drop events triggered by shear sliding on mature faults that exhibit velocity-weakening behavior, especially
since some small magnitude events are not included in the catalog of shallow moonquakes (Hurford et al., 2020).
The other class of moonquakes with larger stress drops but moderate magnitudes imply limited nucleation size or
a high degree of healing of young faults or that the moonquakes arose from the rupture of the intact lunar crust.
When porosity predictions (12%) for the lunar crust are reliable, it is suggested that the lunar bedrock is frag-
mented and not intact (Wieczorek et al., 2013). Since the medium is not continuous, this will limit the size of
seismic nucleation patches. Shallow moonquakes can only nucleate over small areas and immediately scatter
continuously over the fractured rock mass, increasing the duration of the seismic wavetrain. In addition, when
velocity-weakening faults continue to accelerate or asperities rupture with supershear velocity, then dynamic
weakening mechanisms such as flash heating may be triggered, which may be another reason for the large stress
drop (Acosta et al., 2018; Passelegue et al., 2013).

Basaltic rocks are present on several other planets, and the dynamic weakening mechanism associated with fluid
pressurization can explain the causes of earthquakes but not explain the genesis of moonquakes due to the absence
of free water (Chen et al., 2023). Moreover, lunar volcanism has ceased, and metamorphic effects such as thermal
contact metamorphism no longer exist, although they may be another reason for altering fault stability and
triggering earthquakes (An et al., 2021). Ice-bearing faults on some planets may show phase changes between ice
and water in shear that can be explained by flash heating (Lucas et al., 2014). However, for the Moon, where the
changes in the rock mass properties are small, flash heating is unlikely to occur until fault slip is sufficiently fast,
and the mechanism does not provide an explanation for the acceleration of the fault. Therefore, stress transfer is an
important candidate for the triggering mechanism of shallow moonquakes, taking into account the significant
influence of the mechanical behavior on the stability of basaltic faults in the lunar crust. Normal stress variations
applied to fault zones, well documented on Earth, are typically the result of stress transfer caused by natural
seismicity, planetary tides, human activities, and other environmental forcings (Goebel et al., 2016; Ide &
Tanaka, 2014). Such stress transfer can directly trigger fault reactivation or indirectly as the result of long-term
stress accumulation. In particular, long-term stress accumulation reactivates faults with stress states approaching
criticality and thus possibly triggers shallow moonquakes. High stress drop events are likely to occur on locked,
discontinuous, or young faults. For the Moon, crustal stresses may evolve as a result of stress transfer from lunar
cooling and thermal contraction, tidal attraction, impact events on the lunar surface and deep moonquakes within
the lunar mantle. In addition, such normal stress oscillations resulting from the above activities may contribute to
the healing of the fault (Richardson & Marone, 1999). Together, stress transfer and concentration originating from
these combined processes may factor into the reactivation of basaltic faults and result in shallow moonquakes
(Figure 11).

The shallow moonquakes that occur within the lunar crust can be categorized into two types: those initiated on
mature faults, where shearing behavior is governed by fault gouge, and those resulting from the rupture of intact
lunar crust or the rupture of interlocking asperities on young faults. Our study elucidates that the former type of
shallow moonquakes predominantly occurs on basaltic faults. This specificity is attributed to the irregular stress
and deformation arising from mineral heterogeneity, leading to unstable sliding. In contrast, on mature plagio-
clase faults, the direct effect parameter, denoted as a, increases with temperature within the 100-600°C range.
Meanwhile, the evolution effect, b, remains constant and minimal in relation to the direct effect (He et al., 2016).
Pure plagioclase minerals are less prone to uneven stress during the shearing process. Thus, mature plagioclase
faults may exhibit velocity-strengthening behaviors (a — b > 0) in the range 100-600°C. Considering that true
anorthosite has up to 90% plagioclase (Wood et al., 1970), the frictional stability of plagioclase faults can provide
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Figure 11. Potential mechanisms of shallow moonquakes. DMQ refers to deep moonquake events. Stress from shrinkage is a
result of cooling of the lunar interior (Watters et al., 2019). Impact events mainly result from meteorite impacts. The
combined and cumulative stress transfer caused by these activities can lead to stress concentrations that fail faults, driving
shear reactivation and fault instability under the specific crustal temperature conditions of the Moon.

areference for true anorthosite or other types of anorthosite with high plagioclase content but is not a quantitative
conclusion. In addition, frictional weakening was not observed in another high-velocity friction experiment on
anorthosite-bearing gouges under relatively low normal stress conditions, which may provide a reference to the
frictional behavior of anorthosite faults (Magnarini et al., 2023). The second type of shallow moonquakes may
exist in intact rocks or young faults in both anorthosite and basalt. However, given the Moon's higher porosity,
longer evolutionary history, and pre-existing weak structures in the lunar crust, shearing may be more likely to
occur on mature faults. Our experiments provide evidence that mature basalt faults (relatively smooth faults with
shear behavior controlled by the fault gouge) have the potential to produce shallow moonquakes and confirm that
shallow moonquakes may exist in the lunar crust based on our laboratory observations.

5. Conclusions

Considering existing significant uncertainties in the prevailing conditions within the lunar crust and seismic
localization, our experimental results provide possible mechanisms for the nucleation of shallow moonquakes.
Specific conclusions are as follows:

1. No apparent correlations between frictional stability and confining pressure were observed; however, synthetic
gouges are shown to display lower frictional strengths at higher confining pressures.

2. A transition for synthetic gouges from velocity-strengthening to velocity-weakening and then back to velocity-
strengthening occurs with increasing temperature. This provides the possibility for instability on basaltic faults
in the lunar crust — and thus the potential for shallow moonquakes.

3. Differences in the rheological characteristics of basalt mineral fragments dominate the structural evolution of
the fault gouge and influence the switch between velocity-strengthening and velocity-weakening behavior.
Stress transfer and accumulation by processes such as cooling contraction may trigger the reactivation of
velocity-weakening faults and cause shallow moonquakes.
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