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PLANETARY SCIENCE

Paleoseismic activity in the moon’s Taurus-Littrow
valley inferred from boulder falls and landslides

Thomas R. Watters'* and Nicholas C. Schmerr?

The Taurus-Littrow valley offers a unique opportunity to analyze surface changes due to seismic activity on the
lunar surface. Ground acceleration from moonquakes has triggered landslides and boulder falls in the valley. The
formation and growth of the Lee-Lincoln thrust fault is a likely source of the moonquakes. Here, we estimate the
ground acceleration and quake magnitude for four boulders and one landslide: all sampled by Apollo 17 astro-
nauts. These features all have exposure ages that establish the approximate timing of the moonquakes. Our anal-
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ysis suggests that the structural relief of the Lee-Lincoln fault scarp is the result of multiple coseismic slip events
with a minimum body wave magnitude M,, of ~2.9 to 3.3. The formation and growth of thousands of such globally
distributed young thrust faults, through multiple coseismic events, suggest that the Moon has a history of wide-
spread strong shallow moonquakes. Shallow moonquakes from likely active faults may pose a potential hazard to

long-term outposts.

INTRODUCTION

Seismic activity on the Moon has numerous sources, both exogen-
ic and endogenic in origin. The effects of ground acceleration from
moonquakes, particularly shallow moonquakes that are the most en-
ergetic of the events recorded by the Apollo Passive Seismic Network
(1), manifest in many forms of surface change. The most obvious are
landslides (2, 3) and boulder falls (4-9). A prominent feature in the
Taurus-Littrow valley emplaced by a landslide emanating from South
Massif is the light mantle deposit, consisting of high albedo material
that is draped over the valley floor and the Lee-Lincoln fault scarp
(10-13). Evidence of a lower reflectance unit within the light mantle
deposits suggests two landslide events (10). Alternatively, it has been
suggested that the light mantle deposit is a ray formed from Tycho
ejecta (14). Exposure ages of the regolith fragments collected at
Station 2 and 3 indicate an age of the light mantle deposits of 70 to
110 million years (Ma), consistent with the estimated age of the Lee-
Lincoln fault (11).

The Apollo 17 landing site in the Taurus-Littrow valley has nu-
merous boulders that rolled down slopes of North and South Massifs
(10, 11, 15, 16). Boulder falls in the valley may be from impact ejecta;
however, boulder falls located at the base of North and South Masiffs
can be traced by trails back to their sources where no fresh impact
craters are found. Boulder falls from impact ejecta can be distin-
guished from those induced by seismic shaking. Impact-ejected
boulders typically have radially arranged trails, shorter trail lengths,
and trails in the regolith that are narrower and shallower (8, 9). Of
the boulders examined by Apollo 17 astronauts Cernan and Schmitt
at Stations 2, 6, and 7, the Station 6 boulder is the largest, measuring
roughly 15 m by 8 m (16). The more typical scale of boulders at the base
of the North and South Massif is a few meters or less in size. The fall of
the Station 6 boulder down the slopes of North Massif left a clear narrow
ditch or boulder track in the regolith (Figs. 1 to 3) (15, 17).

Samples of boulders, specifically, the Station 2 boulders 1 and 2,
the Station 6 boulder, and the Station 7 boulder, allow the determina-
tion of cosmic ray exposure ages that indicate how long the boulders
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have been at their present locations (18, 19). This provides a more
direct way of dating events over relative approaches like crater count-
ing (5). The exposure ages of these boulders and the light mantle de-
posit establish the approximate timing of the mass wasting events in
the Taurus-Littrow valley. Here, we postulate and test the hypothesis
that these events were triggered by seismic shaking.

RESULTS

We estimate the amount of ground acceleration needed to trigger a
regolith landslide using a relationship involving the factor of safety
(Fs) (see Materials and Methods). The landslide that emplaced the
light mantle deposit that covers part of the Taurus-Littrow valley
floor is likely from a shallow moonquake due to the formation of or
a slip event on the Lee-Lincoln fault (11). For a 1-m-thick landslide
of regolith with low cohesion (0.1 kPa) on slopes of ~25° near the top
of South massif, where the Fs > 1 (assuming an angle of internal fric-
tion ¢ of 30°), a lower limit ground accelerations of ~0.223 ms™>
or ~14% giunar is needed (Table 1). Assuming a substantially greater
regolith cohesion (0.5 kPa), an upper limit of the ground accelera-
tion needed to trigger the South Massif landslide is estimated to be
~0.464 ms ™ or ~29% glunar. A younger, second landslide is suggested
by a lower reflectance unit within the light mantle deposit (11).

We also introduce a simple relation to estimate the ground ac-
celeration needed to dislodge boulders that have fallen from the
slopes of North and South Massifs (see Materials and Methods). Ap-
plying this relation to boulders 1 and 2 at Stations 2 and Station 6
and 7 boulders (Fig. 3), it is estimated that minimum ground accel-
erations of ~0.42 to ~0.55 ms ™2 or ~26 to ~34% Ziunar are needed to
trigger the boulder falls (Table 1). It is assumed that the dimensions
of the post-fall boulders are not considerably different from their
pre-fall dimensions. These values should be considered the mini-
mum ground acceleration needed to trigger a fall, because they as-
sume an optimum initial position of the boulder, that is, the boulder
rests on its short axis (w) with its long axis (h) vertical (h/w > 1). It
also assumes that the boulders are free to roll, i.e., not restrained by
partial burial in regolith or frictional attachment to a bedrock out-
crop. If the boulders are resting on their long axis with the short axis
vertical h/w < 1, then appreciably greater ground acceleration is re-
quired (Fig. 4A). This may account for the stability or resistance to
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Fig. 1. The Taurus-Littrow valley and the Lee-Lincoln fault scarp. (A) Lunar Re-
connaissance Orbiter Camera Narrow Angle Camera (LROC NAC) oblique of the
valley. The Lee-Lincoln fault scarp cuts across the valley floor (arrows). (B) The light
mantle landslide deposit across the valley floor from South Massif. (C) Apollo 17
mission Station 6 and 7 boulders at the base of North Massif (arrows). (D) Apollo 17
Station 2, boulders 1 and 2 at the base of South Massif. The approximate locations
of the boulders and light mantle landslide deposit are shown in (A) by panel letters.
The asterisk shows the approximate location of the Apollo 17 Lunar Module.

rolling of other boulders in the source regions (Fig. 2). The upper limit
of the ground acceleration can be obtained by assuming that the ini-
tial position of the boulders is resting on their long axis (long axis
horizontal) and that the short axis is vertical 4/w < 1. Assuming this
configuration, we find that the maximum ground accelerations ranges
of ~1.24 to ~1.814 ms ™2 or ~77 to ~112% Giunar (Table 1).

To evaluate the magnitude and effect of seismic shaking in the
Taurus-Littrow valley and determine whether the predicted peak
ground acceleration to trigger the boulder falls and landslide are rea-
sonable for a realistic magnitude shallow moonquake, we generated
regional shake models for a notional slip event on the Lee-Lincoln
fault. The simulation is for the moment magnitude (M) = 3.0 event
located at the Lee-Lincoln, at a source depth of 100 m (Fig. 5). Plots of
the model decay in vertical and horizontal shaking with distance from
the epicenter show that the minimum predicted ground shaking
needed to trigger the landslide and boulder falls in the source areas is
consistent with the ground motion predicted in an M,, = 3.0 quake
(Fig. 5, A and C).

The elastic wave propagation at the fault is modeled using the
Serpentine Wave Propagation Program (WPP) computer code (20).
WPP uses an anelastic, finite-difference, second-order accuracy
scheme that includes mesh refinement and a grid that allows for a
topography-defined free surface. The code incorporates stochastic
heterogeneous materials that produce lunar-like crustal conditions
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Fig. 2. Taurus-Littrow valley and boulder source areas. (A) LROC NAC mosaic
nadir view of the valley and North and South Massifs. (B) Boulder field source area
of Station 2, boulders 1 and 2 (arrow). (€) Boulder field source area of Station 6
boulder (arrow). (D) Boulder field source area of the Station 7 boulder (arrow).
The approximate locations of the boulder source areas are shown in (A) by the
panel letters.

where there is strong scattering and heterogeneity in the megarego-
lith. In Fig. 6, we compare our simulation results to the Apollo 16
SIVB impact to illustrate the similarity of the calculated waveforms
to a near-surface shallow moonquake event, noting that the impact
source may vary from a shallow tectonic event and that no shallow
events were ever recorded this close to the source. The surface and
body waves in the WPP simulation become strongly depolarized at
~25 km from the source and are diffusive in character, at distances
that are shorter than those modeled for the artificial impacts shown
in ground-motion modeling (21).

The simulations are designed to capture the waveform effects for
the Taurus-Littrow valley. Our background model for the shakemap
simulations uses the Lunar Orbiter Laser Altimeter topographic model
for surface elevation of the region (22) and assumes the seismic ve-
locity structure described in (23). A von Karman random distribu-
tion (23) of velocities and densities with 25% peak-to-peak variation
with a 100-m autocorrelation length is imposed on the uppermost
1 km of regolith to produce scattering effects and diffuse ground
motion. We impose a scattering structure that is more diffusive than
the 5 to 10% heterogeneity and autocorrelation length of 650 m in
the study by Onodera et al. (21) to capture near source regolith and
megaregolith heterogeneity. The simulation grid is a 100 km-by-
100 km-by-60 km deep box, with grid spacing h set to 60 m. Grid
refinements are implemented at depths of 38 km (h = 30 m), 15 km
(h=15m), and 1 km (h =7 m) to maintain wavefield stability at the
simulation frequency < 1.25 Hz and to maintain computational ef-
ficiency. The source is centered in the box and imposed as a double
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Fig. 3. Boulders examined and sampled by the Apollo 17 astronauts Eugene Cernan and Harrison Schmitt. (A) Apollo 17 boulder 1 at Station 2. (B) Apollo 17 boulder
2 at Station 2. (C) Station 6 boulder. (D) Station 7 boulder. (E to H) LROC NAC nadir images of the boulders.

Table 1. Landslide and boulder falls in Taurus-Littrow valley. Exposure ages and boulder dimensions are from Arvidson et al. (18, 19), and Schmitt etal. (7).

Feature type Location source Boulder Exposure ages/ Ground acceleration Source slope (°) Source distance
dimension (m) average ages (Ma) min/max (ms~?) (m)
Light mantle South Massif t=1 ~70-110 (90) 0.223/0.464 ~25.0 4898.73
20.1666°N,
30.5399°E
Station 2, boulder 1 South Massif h=1 ~45-55 (40) 0.416/1.662 ~29.4 442373
200085°N, U L
30.5293°E
Station 7 boulder North Massif h=3 ~25-32(28.5) 0.425/1.701 ~28.8 7050.37
20.2883°N, weis
30.8149°E
Station 2, boulder 2 South Massif h= ~22 0.554/1.247 ~29.4 4423.73
200085°N, U e
30.5293°E
Station 6 boulder North Massif h=15 ~17-21 Ma (19) 0.516/1.814 ~25.8 6682.03
20.2904° N, 30.8011° e
E

couple (strike = 0°, dip = 35°, and rake = 90°) 100 m below the surface
elevation. The simulation is run to 250 s, approximately when surface
waves start to interact with the absorbing boundary sides of the box
(Fig. 6A). We capture full ground-motion time series at stations
positioned every kilometer in the x and y directions of the box (see
example in Fig. 6B) and compute waveform envelope of the wave-
forms to determine peak ground shaking for our following boulder
fall analysis.

Watters and Schmerr, Sci. Adv. 11, eadu3201 (2025) 30 July 2025

The modeled wavefield shows that the region of modified Mercalli
scale values of “weak” (<0.029 m/s?) to “light” (<0.26 m/ s?) seismic
shaking extends well into the Taurus-Littrow valley and up both
North and South Massifs (Fig. 5, C and D). A comparison of the
boulder fall source locations with the model shake model shows that
all the boulder source areas are within the “light” (<0.26 m/ ) to
“moderate” (<1.13 m/s?) shaking range (Fig. 5, A and B) if the boulder
initial position is optimum (h/w > 1) and are within “moderate”
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Fig. 4. Effect of boulder aspect ratio and Fs on critical ground acceleration to
trigger a fall. (A) As the h/w ratio of a boulder increases, the ground acceleration
needed to induce a boulder to roll decreases, for a boulder resting on a surface
slope of a given Fs. (B) The ground acceleration needed to induce a boulder roll is
greater if the boulder rests on a surface slope with an Fs > 1 even for boulders with
an h/w > 1. (C) Magnitude as a function of distance from the quake source for a
given ground acceleration using values for parameters b, ¢, and d from the elastic
wave propagation models for vertical and horizontal polarization (Table 2).

(<1.13 m/s%) to “strong” (<2.10 m/ % exceeding lunar g) if the boul-
der initial position is not optimum (h/w < 1). Thus, the simulation
suggests that the predicted ground acceleration for an M, = 3.0 quake
was sufficient to dislodge the four boulders examined in the study and
trigger the light mantle landslide. We note that an M, = 3.0 equiva-
lent bolide impact (10 to 100 kilotons of TNT) with similar amounts
of energy would require formation of a nearby impact crater with a
diameter between 50 and 400 m, depending upon impact angle, tar-
get material, and bolide velocity (23). No fresh primary impact cra-
ter of this diameter range is present at <30 km of the Taurus-Littrow

Watters and Schmerr, Sci. Adv. 11, eadu3201 (2025) 30 July 2025

valley; however, a cluster of secondaries attributed to Tycho ejecta
are present and likely contributed seismic shaking in the valley (24).

From estimates of the seismic shaking, the magnitude of the as-
sociated quakes can be constrained (see Materials and Methods). The
exposure ages of the fallen boulders and the light mantle landslide
and the estimates of the M,, of the quakes allow a history of some
of the paleoseismic activity related to the formation and growth of
the Lee-Lincoln fault to be proposed (Fig. 7). The minimum and
maximum M, estimated to have caused the boulder falls and the
landslide are ~2.9 to 3.1 and ~3.1 to 3.4 (Fig. 7A), respectively, using
values for b, ¢, and d from the vertical polarization ground-motion
models and ~2.8 to 3.0 and ~3.0 to 3.3 (Fig. 7B) using values for hori-
zontal polarization ground-motion models (see Eq. 6 and Materials
and Methods) (Table 2). These ranges are below the median M,, of
4.5 estimated for the shallow moonquakes recorded by the Apollo
Passive Seismic Network (25).

The oldest event of those dated by exposure age is the landslide
that emplaced the light mantle deposit ~90 Ma. The lower reflec-
tance unit of the light mantle deposit was not sampled, although
Schmitt et al. (11) suggest that it may be older due to longer expo-
sure to space weathering. We hypothesize that the light mantle deposit
landslide event was associated with the initial shallow moonquake
and resulting ruptures that formed the Lee-Lincoln thrust fault with
an estimated M,, of ~2.85 to ~3.01 (Fig. 7) (Table 1). The next four
seismic events with M, > ~3.0 are assumed to be subsequent slip
events on segments of the Lee-Lincoln fault over an ~70-Ma period
(Fig. 7). If correct, this suggests that the structural relief and total
displacement on the fault accumulated over a minimum of five
coseismic events. The analysis suggests that the strongest moonquake
in the Taurus-Littrow valley in the past ~90 Ma was a minimum of
~3.1 (Fig. 7). This analysis also suggests that the boulder falls are
an expression of the strongest seismic events in the Taurus-Littrow
valley over the past ~90 Ma and that the regolith landslides required
less ground motion to be triggered than did the boulder falls. It
may be the case, in general, for the Moon, that landslides on un-
stable slopes will be the expected surface expression of weak or light
seismic shaking.

Another indication of seismic shaking effects throughout the
entire Taurus-Littrow valley is seen in the degradation rate of small
craters in basalt regolith of the valley (26). It is higher than in the
Apollo 16 Cayley plains (~9°S, 15.5°E), and the depth-diameter ratio
of the degraded craters does not change as a function of distance from
the Lee-Lincoln scarp (a distance of >15 km) (26). This suggests the
possibility of a recent history of repeated strong seismic shaking from
slip events on the Lee-Lincoln thrust fault.

DISCUSSION

The implication for the globally distributed population of young
thrust faults that number in the thousands (2, 27, 28) is that they
likely developed and grew as a result of multiple coseismic slip events
that have resulted in recent boulder falls and landslides all over the
Moon rather than in single larger rupture events. The results of this
study also suggest that the young thrust faults could continue to pose
a potential hazard to future lunar outposts and long-term habitations
and supporting infrastructure on the Moon. If a shallow moonquake
with its source on the Lee-Lincoln fault had occurred at a magnitude
of those estimated by the landslide and boulder falls analyzed here
(M, = 2.9 to 3.4), then the modeling suggests that seismic shaking
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Fig. 5. Seismic shakemaps and expected ground motion for a slip event on the Lee-Lincoln thrust fault. The moonquake is situated at 20.23848°N, 30.57286°E for a
dip slip event with a 3.0 M,, hypocenter at 100-m depth (blue outline). The top plots show (A) the decay in vertical shaking and (B) and horizontal shaking with distance
from the epicenter. Gray circles show the peak ground shaking across the three-dimensional model domain at distance from the source. The uncertainty in M,, is drawn
from these values is identical across the boulder sites and indicated on the A17 site. The isoseismals are plotted for M,y of 2.0 to 4.0 with the model peak ground acceleration
shown relative to the modified Mercalli intensity scales. The predicted ground acceleration needed to trigger the boulder falls and landslide is plotted (LM, light mantle
landslide; B1, Station 2, boulder 1; B2, Station 2, boulder 2; B6, Station 6 boulder; B7, Station 7 boulder) for the minimum estimate (blue) and maximum estimate (green).
The predicted ground acceleration at the Apollo 17 landing site is also shown. The error bars show the range in predicted ground shaking for the boulders and landslide
with optimum and less than optimum initial conditions and the uncertainty in the epicenter location along the Lee-Lincoln fault. The bottom two shakemaps show
(C) the peak vertical acceleration and (D) horizontal acceleration. The source locations of the boulders and LM landslide are shown on the maps. The location of the
Apollo 17 landing site is show on the maps (A17).

could have been between 0.2 and 2.1 m/s” at the Apollo 17 Lunar ~ frequency-magnitude plot of recorded shallow moonquakes) of 1
Module (LM) location of ~5.9 km to the east of the fault. If this had  and M = 3.25 (the average magnitude of the evaluated events), a that
occurred during the landed phase of the Apollo 17 mission, then, depends on the number of quakes on the fault over the period is here
from Eq. 5, we estimate that the peak acceleration needed to compro-  estimated as 3.9490 on the basis of our five events. Thus, over the
mise the stability of the 9.4-m-wide and 5.5-m-tall Lunar Module was ~ 50-Ma period, ~8.9 moonquakes of magnitude M,, = 3.0 would be
1.38 m/s® for a Fs = 1; any ground motion greater than this would  expected, as well as 0.89 quakes of M,, = 4.0 and 0.089 quakes of
have put the safety of the Lunar Module and astronauts at risk. M, = 5.0. If the threshold for hazard is assumed to be light to mod-

The probability of a hazard-level moonquake can be assessed erate shaking, then this level of shaking will only be exceeded at dis-
with an estimate of the recurrence interval on the Lee-Lincoln fault.  tances of 1 to 2 km from the fault for M,, = 2.0 events and at 5 to 15 km
The frequency-magnitude relation of the quakes is expressed by  for M,, = 3.0 quakes. The recurrence interval for the Lee-Lincoln
the Gutenberg-Richter relation (log;o N = a — bM), where Nis the  fault R; ~ t/N where N= 8.9 and t = 50 Ma (period between assumed
number of quakes with magnitudes of >M over an interval of time,  fault formation age and age of the next major seismic event, Table 1)
and a and b are constants (29). Assuming a b value (the slope of the  is estimated to be ~5.6 x 10° years. Thus, the chance of a potentially
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Fig. 6. Comparison of the predicted ground-motion waveforms for the Lee-
Lincoln scarp to seismic recordings from Apollo. (A) polarization of the wave-
field from the M,, = 3.0 simulation for a 1-km spacing station array located
North-South of the source. Waveform amplitudes are scaled to unity, and polariza-
tion is assigned to the red (2), green (X), and blue (Y) polarization directions. Uni-
form partitioning of each component onto the color space will produce white,
while polarized energy will show as the respective colors. The strongly polarized
arrivals close to the source decay to unpolarized energy at >25 km from the source.
(B) Waveforms for a station placed at 30 km from the source showing the ampli-
tudes of the ground motion in digital units (DU) and scattering characteristics of
the simulated wavefield. (C) Waveforms from the Apollo 12 seismic station for the
impact of the Apollo 16 SIVB capsule on 19 April 1972 at 20:53:01, the data are low-
pass filtered to 2 Hz. MH1, MH2, and MHZ are the X, Y, and Z mid-period Apollo
seismometer sensors.

hazardous event once every t/N(M,, 3.0) years at a distance <15 km
from the Lee-Lincoln fault is ~1 of 56,000 or ~0.000018% in a given
year or ~1 of 5600 or ~0.00018% per decade. The chance of a poten-
tially hazardous quake in the Taurus-Littrow valley on any given day
is then ~1 of 20,000,000 or ~5 x 10~%. Thus, the probability that a
hazardous moonquake could have occurred during the Apollo 17
mission was extremely low. This should be considered a lower limit,
because the Lee-Lincoln fault over this period was likely the source
of more than the five events evaluated here. In that case, the value of
a would increase along with the probability of a hazardous quake,
i.e., if there were 10 times more events that produced no boulder
falls, then the risk would be 10 times higher.

Future missions with higher aspect ratio landers, such as the
Starship Human Landing System, with an estimated height of 50 m
and width of 9 m, would require a factor of 10 less ground motion
than boulders to create adverse shaking effects (e.g., an My, = 2.6 at
the same distance to Lee-Lincoln fault would potentially be prob-
lematic for a taller spacecraft). Although the likelihood of a shallow
moonquake occurring during a short-duration crewed mission is ex-
tremely low, future missions can mitigate the risk primarily by keep-
ing their distance from recent surface-breaking faults as recurrence
likelihood is low and shaking rapidly drops off with distance. Par-
ticular attention should be given to avoid locating landed assets and
long-lived infrastructure in areas where slopes are determined to be
unstable and where boulder fields are perched on elevated slopes.

The results further suggest that recent boulder falls and landslides
elsewhere on the Moon (and other airless bodies) can be used to ap-
proximate the strength of quakes that triggered them. Given the di-
mensions of a boulder that has fallen and the location of the source

Watters and Schmerr, Sci. Adv. 11, eadu3201 (2025) 30 July 2025
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Fig. 7. Paleoseismic events in the Taurus-Littrow valley. (A) Estimates of mean
M,y using Eq. 3 and values of constants derived for vertically polarized ground mo-
tion (Table 2). (B) Estimates of M,, using values of constants derived for horizontally
polarized ground motion (Table 2). Blue bars are minimum mean estimated M,
for boulders in optimum pre-fall configurations and LM landslide with minimum
regolith cohesion (see text for details). Red bars are maximum mean M,, for boulders
and landslide assuming high regolith cohesion. The timing of events is average
exposure ages determined from samples collected by the Apollo 17 astronauts
(Table 1).

area, the ground acceleration and minimum and maximum magni-
tude of the quake can be estimated.

MATERIALS AND METHODS
Critical ground acceleration—landslide
The ground acceleration necessary to trigger a regolith landslide of
a given thickness can be estimated using a relationship involving the
Fs, which describes the ratio of shear strength to shear stress for
downslope movement (30). While other sophisticated analysis tools
have been used to predict the effects of earthquakes on the stability
of granular slopes and landslide occurrence [e.g., (31, 32)], here, we
use the sliding block model of Newmark (33).

The critical ground acceleration ac necessary to trigger a regolith
landslide of thickness ¢ as a function of surface slope is given by

ac(0) = (Fs - 1) g sin® (1)

where the slope stability is characterized by Fs. For a dry, cohesion-
less material, Fs is given by
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Table 2. WPP model-derived constants. See the main text for explanation.

Constant Vertical polarization Horizontal polarization

b 0.00010746 + (0.0001062, 0.0001087) 0.00013656 + (0.0001351, 0.000138)
4 1.50 1.50

d 1.0621 + (1.068, 1.056) 1.0456785 + (1.051, 1.040)

tang

- tan0 )

Fy
where ¢ is the angle of internal friction and 0 is the surface slope.
Unstable slope conditions are when Fs < 1, and stable slope condi-

tions are when Fs > 1. For a dry material with finite cohesion like the
lunar regolith, Fs as a function of 0 is given by

C tan
Fs@)=(—— u
p,gtsin®  tanO

3)

where the shear stress is p,gt sin®, p, is the material density, g is the
acceleration due to gravity, ¢ is the landslide thickness, and the shear
strength is the cohesion of the material C (33, 34). The key parame-
ters to slope stability of the lunar regolith are the surface slope, the
angle of internal friction, the regolith cohesion, and the regolith bulk
density. Of the key parameters, the cohesion has the greatest influence
on Fs (30). Analysis of the critical ground acceleration a¢ as a function
of 8 shows that, for a realistic range of C (0.1 to 1.0 kPa) and a fixed ¢
of 30°, the ground acceleration needed to trigger a regolith landslide
decreases linearly with increasing 6, with greater regolith cohesion
providing greater slope stability (30).

Critical ground acceleration—boulder falls
A simple relation to estimate the ground acceleration needed to dis-
lodge a boulder resting on a sloping surface using an approach in-
volving torque (or the force needed to induce rotation) is proposed.
The equilibrium or static condition of a cuboid-shaped boulder of a
given height h, width w, and length [, at rest can be expressed as
mah = mgz (4)
2
where w is assumed to be the maximum dimension of the width or
length of the base of the boulder, m is mass, a is acceleration, and g
is the acceleration due to gravity. A critical ground acceleration would
cause the boulder to topple over and roll. To account for the surface
slope and the angle of internal friction of the slope that the boulder
is resting on, we scale a by the factor of safety F; for a cohesionless
material (Eq. 2). The simple relation for the critical ground accelera-

tion a. then becomes
gw ( tand
a. ==
¢ 2h\ tan®

It should be noted that, in this derivation, the mass terms m drop
out. This relation suggests, for a given F, as the h/w ratio increases,
the ground acceleration needed to induce a boulder to roll decreases
(Fig. 4A). Conversely, as the ratio decreases and the boulder is wider
than it is high h/w < 1, the ground acceleration needed increases.
Also, if the boulder rests on a surface slope with an Fs > 1, then the
ground acceleration needed to dislodge it is greater even for boulders

©)
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with an h/w > 1 (Fig. 4B). A study of lunar rocks and boulders mor-
phologies indicates a height to maximum-diameter (h/D) ratio of 0.5
(35). It has been suggested that impact-ejected lunar rocks and boulders
should lie with their short axes upward, suggesting that most lunar
boulders lie on their long axes (36).

Quake magnitudes

From the study of earthquakes, it has been shown that ground ac-
celeration a varies with quake magnitude M and distance r from the
source and can be approximated by the relation

a(M,r) = b10My—d (6)

where b, ¢, and d are constants (29). The constant b depends on the
type of ground motion (velocity, displacement, or acceleration) and
is related to the frequency and absolute amplitude, c is the relative
amplitude predicted between magnitudes and is derived from the
seismic moment equation, and d is related to the distance from the
source and is a function of the structure and attenuation in the geo-
logic medium. Solving this equation for M

a
b
and using values for b, ¢, and d obtained from the WPP simulation for
vertical and horizontal polarization ground-motion model (Table 2),
estimates of M can be made from the predicted seismic shaking needed
to trigger the boulder falls and landslide (Table 1). The body wave
magnitudes of the moonquakes estimated in the Taurus-Littrow valley,
about M,, = 3, are in the low range of shallow moonquakes recorded
by the Apollo Passive Seismic Network (25, 37). The M, necessary to
trigger a landslide or boulder fall for a given critical ground accelera-
tion increases with increasing distance from the quake source, includ-
ing surface distance and event depth (Fig. 4C).

M= %[loglO( 7)

) +dlog10(r)}
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