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Abstract

The passive seismic network deployed on the Moon during the Apollo missions
operated for eight years and allowed the observation of seismic activity. More
than 12500 seismic events were registered, where 28 were classified as shallow
moonquakes with moment magnitudes up to 4.1. Seismic events of this nature
pose a significant risk to future long-term lunar habitats; thus, these events must
be carefully studied and considered in the seismic design of these structures.
This paper proposes a preliminary seismic hazard assessment imposed by shallow
moonquakes. The hazard assessment is performed using the Probabilistic Seismic
Hazard Analysis (PSHA) methodology, considering previous studies and theories
regarding the seismic environment of the Moon. The study zone covers ~ 860 km?
of the Taurus-Littrow Valley, containing the Apollo 17 landing site and the Lee-
Lincoln lobate scarp as the considered seismic source. The seismic hazard is
quantified in terms of peak ground acceleration (PGA) and spectral acceleration
(5% damped pseudo-acceleration, PSA). Seismic hazard deaggregation scenarios,
Uniform Hazard Spectra (UHS) for different hazard levels, and a Conditional Mean
Spectrum (CMS) for a target period of 0.2 s are obtained to quantify the seismic
hazard on a specific site on the Moon. The developed seismic hazard assessment
provides a preliminary approach for realistic scenarios to conduct structural designs
that ensure the seismic performance of fully operational long-term lunar structures.
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1. Introduction

For the last few decades, different government agencies and private companies
have envisioned the creation of safe extraterrestrial habitats on the Moon. The
development of permanent settlements is required since its proximity to Earth
represents the most significant advantage for colonization, tourism and supply
operations (Benaroya, 2018; Schmelzbach et al., 2020; Theinat et al., 2020). In
this extremely hostile environment, a lunar base will be exposed to several hazards
which need to be identified and characterized to develop safe and resilient structural
designs (Maghareh et al., 2018; Cohen and Team, 2009; Reid, 2020). One of these
hazards is produced by the seismic activity on the Moon.

The Apollo Passive Seismic Experiments (APSE) consisted of four seismic
stations network deployed on the lunar surface during the Apollo program mis-
sions 12, 14, 15 and 16, between 1969 and 1972 (Nunn et al., 2020). Each station
was equipped with passive seismometers capable of measuring the horizontal and
vertical components of the Moon’s surface motion (Nunn et al., 2020). Data were
collected and transmitted back to the Earth from 1969 to 1977 (Nakamura et al.,
1982). The network was located on the near side of the Moon in a triangular dis-
tribution with a distance between stations of approximately 1100 km and was able
to detect more than 12000 seismic events (moonquakes) (Khan and Mosegaard,
2002). These events were classified according to their type of source as deep,
thermal, impacts and shallow (Nakamura et al., 1982).

Deep moonquakes are the most numerous events with more than 7000 records,
and they are unlikely to represent a risk for a lunar habitat, with estimations of
body wave magnitudes for the largest events of ~3.0 and depths greater than 700
km (Goins et al., 1981; Lognonné and Johnson, 2007). Recent estimations indicate
moment magnitudes from 2.3 to 3.3 (Kawamura et al., 2017), repetitive waveforms
and dominant frequency content (~0.5 Hz) have allowed researchers to relate their
origin to tidal forces generated by the interaction of the Earth and Moon (Latham
et al., 1971; Nakamura, 2005). Thermal moonquakes are the seismic events with
the smallest associated amplitudes. Similar to deep moonquakes, these events
are unlikely to cause damage to a lunar habitat (Mottaghi and Benaroya, 2015).
They present periodic temporal and spatial occurrences with similar waveforms
and amplitudes (Duennebier and Sutton, 1974). It is believed that this type of
moonquake occurs as a consequence of the expansion and contraction of the
lunar crust caused by temperature gradients between the lunar day and night
(Duennebier and Sutton, 1974). Impact events have their origin in meteoroid
impacts (comets, asteroids and interstellar debris) and artificial impacts caused by



spacecrafts. The signals of these events are characterized by abrupt P-wave arrivals
and the absence of S-waves (Nakamura et al., 1974). Finally, shallow moonquakes
are believed to pose a significant risk to a lunar base as they have the biggest
amplitudes with associated body-wave magnitudes up to 5.8 (Oberst, 1987; Oberst
and Nakamura, 1992; Mottaghi and Benaroya, 2015). The few recorded events and
the uncertainties in estimating the hypocenters impose difficulty in understanding
the mechanisms for their generation (Nakamura, 1980). Some authors suggest
that thermal influences may cause them due to surface temperature variations,
intraplate tectonics or the Moon’s interaction with high energy particles (Frohlich
and Nakamura, 2006). Recent findings by Watters et al. (2019) suggest that shallow
moonquakes are triggered by a vast globally distributed network of lobate scarps,
observed on the Moon’s surface by the cameras of the Lunar Reconnaissance
Orbiter (LRO) spacecraft.

The existence of a significant and potentially strong lunar seismic activity,
mainly caused by shallow moonquakes, emphasizes the importance of character-
izing expected ground motions by performing a seismic hazard analysis. Seismic
hazard analysis provides information on the probabilities of certain levels of ground
motion occurring over a period of time related to the operating time of a struc-
ture (Baker, 2013). This information is used to determine design requirements
for structures to withstand the predicted seismic scenarios (Kramer, 1996). It is
critical to determine these requirements in future long-term lunar habitats design,
since any structural failure in these extraterrestrial structures would represent an
imminent threat to their occupants (Oberst and Nakamura, 1992; Benaroya, 1994).

This paper aims to perform a preliminary assessment of the seismic hazard
imposed by shallow moonquakes on a lunar site using the Probabilistic Seismic
Hazard Analysis (PSHA) methodology. With this probabilistic approach, the
effects of all the moonquakes expected to occur on a zone during a specified
time period are integrated, involving the associated epistemic and aleatory uncer-
tainties. This work includes selecting a study site, identifying and describing a
seismic source, characterizing the event occurrence and selecting Ground Motion
Prediction Equations (GMPESs). The obtained results in this study provide a pre-
liminary understanding of the seismic hazard environment of the Moon through
hazard curves and seismic hazard extensions that include deaggregation of events,
Uniform Hazard Spectra (UHS) and Conditional Mean Spectra (CMS).

The organization of this paper is as follows. In Section 2, the methodology
and general considerations of the PSHA are described. This section depicts all
the steps performed in the PSHA based on the shallow events on the Moon. The
results are shown and analyzed in Section 3, where different hazard spectra are
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proposed. Finally, the main findings, recommendations and potential applications
for these results are presented in the Conclusions.

2. Methodology

The PSHA methodology has become the most widely used approach to de-
termine the expected ground motion characteristics of a seismically active site
(Bommer, 2002). The PSHA is implemented in this study to assess the seismic
hazard imposed by shallow moonquakes. This methodology aims to quantify the
aleatory and epistemic uncertainties involved in the seismic hazard analysis, rec-
ognizing that certain essential aspects of the origin and behavior of quakes are
unknown (Baker, 2013). Aleatory uncertainties are incorporated in this analysis,
considering seismic events with all possible combinations of magnitudes and dis-
tances. Epistemic uncertainties, related to the lack of knowledge of the value of a
variable or a model (Sianko et al., 2020), are incorporated into this work using the
logic tree configuration.

The process to perform the PSHA consists of the following five steps: a)
definition of the seismic catalog; b) selection of the study site and identification of
seismic sources; ¢) calculation of the seismic parameters; d) selection of GMPEs;
and e) seismic hazard calculation. By calculating the seismic hazard, plots of
the annual frequency of exceedance vs. peak ground acceleration or spectral
acceleration are obtained as hazard curves. These results are then used to perform
the seismic hazard deaggregation, calculating the UHS and CMS for different
hazard levels.

The seismic hazard is computed as

nypy  NR

A(IM > x) = Ayin Z Z P(IM > x|mr)P(M =m)P(R=r) (1)
j=1 k=1

where IM is the ground motion intensity measure parameter, A(IM > x) is the
annual rate of occurrence of IM > x and A,,;, is the rate of moonquakes greater
than M.. M, is the magnitude of completeness (Section 2.3). The terms P(IM >
x|mjri), P(M = mj) and P(R = ry) are the probability distributions of IM,
moment magnitude of the event m and the source-to-site distance r, respectively.
These distributions will be defined in Sections 2.2, 2.3 and 2.4. The limits of
the sums (ny; and ng ) are determined according to m and r ranges (i.e., M,
and M4y, Ymin and 7r,,4,). A MATLAB algorithm developed for this study was



implemented to calculate the seismic hazard. This computer routine was validated
with a benchmark PSHA example from Kramer (1996).

2.1. Seismic catalog: Shallow moonquakes

The seismic hazard on a lunar site is calculated considering only shallow
moonquakes, as these are the most likely to cause damage to a lunar base due to
their considerable stress drops of up to 100 MPa and body-wave magnitudes up to
5.8 (Oberst, 1987; Oberst and Nakamura, 1992; Watters et al., 2019). By contrast,
this analysis does not consider thermal and deep moonquakes because their low
magnitudes and energy released do not represent significant safety implications
for future lunar settlements. Vibrations due to meteorite impacts, despite being
generated on the surface and having similar ground motion amplitudes to shallow
moonquakes, are excluded from this analysis because their external origins do
not represent the seismicity of the Moon’s internal structure, requiring a different
hazard approach (Oberst and Nakamura, 1992).

This hazard assessment considers the 28 shallow moonquakes shown in Table 1,
which corresponds to the identified events of this type during the eight years of the
APSE recorded data. Shallow moonquakes are the rarest in occurrence, with an
average of four events detected annually (Nakamura, 1980; Nakamura et al., 1979).
They are also characterized by high-frequency content and relatively well-defined
arrival time of the P and § waves (Nakamura et al., 1974). To avoid magnitude
saturation and maintaining the compatibility with the majority of the available
GMPEs in the literature, the magnitudes of the shallow events are homogenized to
the moment magnitude scale M,, proposed by Hanks and Kanamori (1979), which
is given by

My, = (2/3)(log(M,) —9.05) 2)

where M, is the seismic moment (in N-m) estimated by Oberst (1987). The
resulting M,, magnitudes for each event are shown in Table 1.



Table 1. Catalog of shallow moonquakes considered in this study. Seismic moment
M,, values are taken from Oberst (1987), and latitude and longitude values are taken
from Nakamura et al. (1979).

Latitude Longitude Seismic Moment Magnitude

Year Day o) ©) M, (Nm) Mw
1971 107 48 35 4 4E+14 3.7
140 42 24 6.6E+13 3.2
192 43 -47 5.2E+13 3.1
1972 2 54 101 2.3E+14 3.5
261 12 46 1.1E+13 2.7
341 51 45 1.9E+13 2.8
344 -20 -80 1.2E+13 2.7
1973 39 33 35 5.5E+12 2.5
72 -84 -134 6.6E+14 3.8
171 -1 71 1.3E+14 3.4
274 =37 -29 3.4E+13 3.0
1974 54 36 -16 4. 7TE+12 2.4
86 48 -106 1.5E+13 2.8
(*) 109 =37 42 1E+13 2.6
¢ty 149 _ 6.3E+13 3.2
192 21 88 2.5E+14 3.6
1975 3 29 98 1.6E+15 4.1
12 75 40 1.1E+14 3.3
13 2 -51 1E+13 2.6
44 -19 -26 1.9E+13 2.8
127 -49 -45 2.9E+13 2.9
147 3 -58 2.3E+13 2.9
314 -8 64 4.8E+13 3.1
1976 4 50 30 42E+13 3.0
12 38 44 1.1E+14 3.3
66 50 -20 3E+14 3.6
68 -19 -12 5.6E+13 3.1
137 77 -10 1.3E+13 2.7

(*) This event was relocated by Watters et al. (2019), and it is found
to be near (~13 km) the Lee Lincoln scarp with latitude and longitude
coordinates 20.09° and 30.99°, respectively.

(**) 30° from Station 16 on the east side (Nakamura et al., 1979).



2.2. Site selection and seismic source definition

Candidate sites for future lunar exploration include the South Pole, where there
are zones with access to sunlight 86% of the year, and permanently shadowed
regions containing water ice, which can be used as a resource to ensure long-
term exploration activities (Bussey et al., 2010; Dunbar, 2019; NASA, 2020).
However, this site is not a convenient selection for this study because its geology
and seismicity are still unknown (Schmelzbach et al., 2020). Another area of
interest is the Taurus Littrow Valley, which contains the Apollo 17 landing site
and was partially explored by astronauts Eugene Cernan and Harrison Schmitt.
The performed field and sample studies provided valuable preliminary geologic
information, making this valley a primary target for future scientific exploration
(Taylor, 1992; Burke, 2018). Moreover, shallow seismic activity was recorded in
this area according to Watters et al. (2019); therefore, it was decided to select part
of this valley as the study zone based on its seismic record.

The area of the study zone is approximately 860 km? and is delimited by
latitudes 20 — 21° and longitudes 30 — 31° (Fig. 1A). This region is crossed by
the Lee-Lincoln lobate scarp (Fig. 1B), which is the fault considered the seismic
source in this study. Recent evidence suggests that the Lee-Lincoln scarp is likely
to be seismically active. The evidence includes regolith disturbance and boulder
movements in nearby areas (Watters et al., 2019). Lobate scarps of faults are
interpreted as manifestations of low-angle thrust faults (Hargitai and Kereszturi,
2015), having scarp faces with slopes between ~ 5° to 29° and an estimated age
of less than 1 billion years (Banks et al., 2012; Williams et al., 2013).

The Lee-Lincoln scarp ( 20.27° N, 30.56° E ) has a length of ~14 km and is
located ~13 km from a relocated moonquake epicenter by Watters et al. (2019)
(Table 1). The fault dip angle 6 is taken as 30° and the depth is assumed to be 1
km, based on the estimations made by Banks et al. (2012). The seismic potential
of the Lee-Lincoln is estimated with the relationship of Wells and Coppersmith
(1994) given by

MUY =508 +1.16 - log(SRL) 3)

where SRL is the Source Rupture Length of the observed trace fault. This model
was developed with empirical data from faults on Earth and due to the absence in the
literature of a similar relationship between lobate scarps and moment magnitudes,
this paper assumes that the model of Wells and Coppersmith (1994) is applicable
in the lunar context. The use of this relation for lobate scarps has also been
suggested by Kumar et al. (2016). By replacing SRL with 14 km in Eq. (3), a



maximum moment magnitude for the Lee-Lincoln scarp of ML = 6.4 is obtained.
Therefore, the hazard calculation is performed taking this value as the magnitude’s
upper limit M, = M{;L.

1

Fig. 1. Lunar Reconnaissance Orbiter Wide Angle Camera (LROC WAC). A.) Mosaic is looking
down at the Taurus-Littrow Valley area. The area enclosed by the red box is the selected study zone
(~ 860 km?). SM = South Massiff, NM = North Massif, SH = Sculptured Hills. The arrow indicates
the Apollo 17 landing site, and the asterisk shows the epicenter of the moonquake relocated by
Watters et al. (2019). North is up. [NASA/GSFC/Arizona State University]. B.) Lee-Lincoln scarp
in the Taurus-Littrow Valley (LROC NAC image frame M104318871LE) [NASA/GSFC/Arizona
State University].

The seismic source (Lee-Lincoln Scarp) is modeled as a linear fault. In the
PSHA methodology, seismic events are considered equally likely to occur any-
where on the fault (Kramer, 1996). With this assumption, one can then describe
the spatial uncertainty of the source by employing a source-to-site distance (r)
probability distribution. In this study, the distance parameter is taken as the epi-
central distance and the probability distribution is constructed using a histogram.
The process consisted of selecting 10 distance bins and then dividing the source
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into 100 equal segments to make a more accurate calculation of the distribution.
Lastly, the epicentral distance from the site to the midpoint of each fault segment
is measured and assigned to the corresponding bin in which it is located.

Fig. 2 shows the probability distribution of the epicentral distance P(R=r) to a
point corresponding to the Apollo 17 landing site, which is taken as a reference.
It is noted that the probabilities associated with the 10 distance bins considered
in the calculation sum up to 1. The probability is 0 when distances outside of
the range (Fig. 2) are evaluated because the lower and upper limits of this range
represent the minimum r,,;,, and maximum r,,,, epicentral distances from the site
to the seismic source. For this case, the evaluated distances are in the range of 5.8
to 15.6 km.
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Fig. 2. Source-to-site probability distribution of the Lee-Lincoln fault scarp. Apollo 17 landing
site coordinates: 20.19° N, 30.77 °E.

2.3. Calculation of seismicity parameters

The seismicity parameters are used to describe the relationship between the
frequency of occurrence of moonquakes and their magnitudes. This relationship is
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incorporated into the calculation of the seismic hazard using a probability density
function (PDF) of the magnitude distribution (Eq. (6)), obtained from the doubly
truncated Gutenberg—Richter Recurrence Law (GR Law) (Gutenberg and Richter,
1944) of Eq. (4)

N(m = M) = Ny, - exp(=B(m — M.)) 4

where N is the cumulative number of events with a magnitude m equal to or greater
than the evaluated magnitude M (M,,), B is defined as 8 = b - In(10), where b (b
value) is a coefficient that represents the proportion of small magnitude events to
those of large magnitudes, Ny, is the cumulative number of events with moment
magnitude greater than the minimum magnitude of completeness M, (Kramer,
1996). M. is estimated using the method proposed by Wiemer and Wyss (2000).
The method consists of first, calculating the seismicity parameters of the GR Law
(i.e., a and b values) with the use of a maximum likelihood estimation (Eq. (8))
based on events with magnitude equal to or greater than M;, for i covering the entire
magnitude range of the seismic catalog of Table 1. Next, a synthetic distribution
of magnitudes (GR Law) is computed for every set of a, b and M; values. Then,
the goodness-of-fit (R) between the observed cumulative number of events (B;)
and the predicted values (S;) is calculated as

M;
i Bi
In this study, the value of M, corresponds to the one that generates a goodness-
of-fit value R of 90%. The obtained M. was 3.1; thus, when the M. is 3.1,
the synthetic distribution can describe 90% or more of the frequency-magnitude

distribution. M,,,, is the maximum magnitude defined in Section 2.2.
The PDF of the magnitude distribution of Eq. (4) is defined as

exp(=B(m — M.)
1- exp(_ﬁ(Mmax - MC)) .
This PDF considers a continuous random value of m. However, for computa-

tional purposes, it is convenient to treat m as a discrete variable; thus, Eq. (6) is
incorporated in the calculation of the seismic hazard (Eq. (1)) as

S)

> Mmax B, S,
R(a.b.M) =100 — [ZM 7

fu(m) =B (6)

P(M =m) = Fyy(m+ AM) — Fy;(m) (7)

where F); is obtained by integrating fjs (m) (Baker, 2013) and AM is the magnitude
bin taken as 0.1.
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The b value is estimated using the maximum likelihood (MLE) method (Aki,
1965), with b defined as

logo(exp)

b= —
M- (M. -4

(8)

where M is the mean magnitude of the events in the range of M. < m < M,,q,.
The standard error of b is estimated from Shi and Bolt (1982) as

>Ne (M; — )*
_ L h2 . i=1
op =230 b \/ NV, =) 9)

where N, is the number of events and /i is the sampling average of the magnitudes.

To take this uncertainty into the seismic hazard model, the resulting values of b
and b + 0, are used to define three different branches of the logic tree of this study
(Fig. 6), assigning a lower weight to b + 0. The resulting values and weights are
shown in Table 2.

Table 2. Values of parameter b and assigned weights for logic tree branches.

b=1.04 b+op,=125 b—o0,=0.83
0.7 0.15 0.15

Assigned
weight

Using the three calculated values for b in Ec. (7), the probability distributions
in Fig. 3 are obtained.
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Fig. 3. Magnitude probability distribution of shallow moonquakes.

2.4. Selection of ground motion prediction equations

GMPE:s allow the evaluation of the effects that events with all possible com-
binations of m and r have in the study zone (Gupta, 2002). These effects are
expressed in terms of the predicted mean value of a selected IM. The selected IM
parameters for this study are the peak ground acceleration (PGA) and the spectral
acceleration (5% damped pseudo-acceleration, PSA) at spectral periods T up to
3 s for horizontal components of shaking. These parameters can describe the
amplitude of the ground motion and are widely used in seismic engineering and
structural response analysis. The predicted IM serves as input to Eq. (1) for the
computation of seismic hazard as

Inx — InIM
P(IM>x|m,r)=1—(D(&) (10)
OinIM
where P(IM > x | m,r) is the probability that IM exceeds a certain value x for a
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given m and r, ® is the standard normal cumulative distribution function, In x is
the natural logarithm of the evaluated value x, In IM is the natural logarithm of the
mean predicted IM parameter and oy, v 1S the standard deviation of In IM.

The recorded shallow moonquakes do not provide sufficient events to develop
a GMPE based on experimental data. Thus, at least two options to address the lack
of the seismic information are available in the literature: a.) developing a model
from synthetic accelerograms (Schleicher et al., 2020), or b.) using traditional
GMPEs that meet specific applicability criteria. The first option is beyond the
scope of this work; therefore, the traditional GMPEs models shown in Table 3 are
selected and included in the analysis.

Table 3. List and abbreviations of the selected GMPEs.

Reference to GMPE Abbreviation
Bommer et al. (2007) BO-07
Akkar and Bommer (2010) AKK-10
Atkinson and Boore (2011) AB-11
Zalachoris and Rathje (2019) ZR-19
Abrahamson et al. (2014) ASK-14

The selection criteria for the GMPEs include their applicability in the estab-
lished ranges of m, r and 7. Furthermore, considering that basaltic layers underlie
the Taurus-Littrow Valley (Sollberger et al., 2016; Schmitt et al., 2017), GMPEs
that have been applied in areas with basaltic soil in previous Earth seismic hazard
studies were selected. The scope of this work is limited to selecting models avail-
able in the literature that are considered appropriate for this case study, recognizing
that future refinements of the hazard model will require the development of proper
GMPEs for the Moon.

The ASK-14 model can be used for all ranges of m and T considered in the
analysis; thus, this model is assigned to an individual branch of the logic tree
(Fig. 6). On the other hand, the BO-07, AKK-10, AB-11 and ZR-19 models are
only valid for certain ranges of m and 7. A model is needed that covers the full
range of these parameters. Therefore, the four models are merged into one model
denominated G3-Model, so that the final response satisfies the entire proposed m
and T ranges.

The model’s integration in the G3-Model consisted of assigning weights to
each GMPE according to their applicability ranges, following the same concept
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of a logic tree configuration (the models are mutually exclusive and collectively
exhaustive). When more than one model is available for an applicability range, it is
decided to assign equal weights to each one, considering that it is not certain how
well the respective model describes the actual propagation of the seismic waves
in the corresponding ranges. The adopted weights and applicability ranges for the
construction of the G3-Model are shown in Table 4. Additionally, Appendix A
presents the equations of all GMPEs used in this work, with the definition of their
parameters and applicability ranges.

Table 4. Magnitude and spectral period ranges for the G3-Model assemble. The assigned weights
are shown in parentheses.

. Spectral period T (s)
Magnitude M, 0-0.05 0.05:05 053
BO-07 (0.5)
335 ZRA9()  pio0s 2RO
rsss ZR-19 (0.5) ];(12-(1); ((llg’)) ZR-19 (0.5)
AB-110S) 45\ AB-1105)
s AKK-10 (0.5) 131?1;?170(2{2) AKK-10 (0.5)
AB-1105) .55 AB-11005)

The final weights assigned to the G3-Model and ASK-14 models in the logic
tree of the analysis (Fig. 6) are calculated following the methodology proposed by
Wang and Lin (2021). It allows the definition of the weights assigned to different
logic tree attenuation models as probabilities, instead of subjective values of each
model’s degree of certainty or degree of belief. This new methodology follows a
Bayesian approach and is expressed as

P (1) = nPr (7,7,) x Pr(a | mi) (11
i Pr' (i) X Pr(a | ;)

where 77 is the natural logarithm of PGA predicted from the probability distribution

of the i-th GMPE, « is the actual PGA observation of the site of interest, Pr’ (n;)

denotes the preassigned probability to the i-th model and Pr” (7;) is its posterior

probability updated with the observed PGA. The term Pr (« | 1;) is the probability

that the observed PGA (i.e., @) will occur given the n; prediction of the i-th model.
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Because the observed PGA values of the moonquakes were obtained for dis-
tances greater than those of applicability of the GMPEs (>500 km), in this work
is decided to use synthetic observed values of PGA, calculated by Mohanty et al.
(2020), which are generated for ranges of 0-50 km and 0-100 km. For the cal-
culation of model weights with Eq. (11), four observed (synthetic a) values were
considered, which correspond to the PGA of a magnitude 4.0 (M,,) moonquake
with epicentral distances of 5, 10, 20, and 30 km, respectively. Fig. 4 shows
the PGA as a function of epicentral distance for the synthetic model and the two
selected attenuation models.

0.9 T T T T T T T

Mohanty
0.8 G3-Model |
ASK-14

PGA (cm-s2)
e}
e~

0 5 10 15 20 25 30 35 40
Epicentral distance (km)

Fig. 4. Variation of PGA of 4.0 (M,,) moonquake with epicentral distances of the selected GMPEs
and synthetic values from Mohanty et al. (2020).

Without any substantial evidence to support the applicability of the models
ASK-14 and G3-Model, the probability Pr’ (n;) for each model is considered to be
0.5 before the Bayesian updating. The probabilities Pr (@ | ;) obtained for the G3-
Model and ASK-14 models were 0.0150 and 0.0068, respectively. Therefore, the
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respective updated probabilities (Pr” (7;)) of both models are 0.6883 and 0.3117,
which are assigned as the weights to the logic tree branches of the analysis (Fig. 6).

The response spectra for a M,,=4 event with an epicentral distance of 10 km
for both the ASK-14 and G3-Model are shown in Fig. 5 for illustrative purposes.
Note that the response of the G3-Model is less smooth than the output of ASK-14
due to the incorporation of the different models in its construction.
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Fig. 5. Response spectra for a M,,=4 moonquake at an epicentral distance of 10 km.

In addition to the magnitude and distance, GMPEs require input parameters that
describe the site conditions and fault mechanisms. The seismic source parameters
are taken based on the characterization of the Lee-Lincoln scarp in Section 2.2.
Moreover, the correction of the source-to-site distances is performed according
to the required input of each GMPE. The average shear-wave velocity at 30 m
below the surface is taken as 90 m-s~!, estimated from the seismic velocity model
developed by Sollberger et al. (2016).
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2.5. Seismic hazard calculation

The seismic hazard is computed using Eq. (1) for an established x range, and
it is performed for each branch path of the logic tree (Fig. 6). Since three b values
and two GMPEs are included in the logic tree, the result for a single IM consists of
six hazard curves that are combined into a single output by performing a weighted
average. The assigned weights for each b value and GMPE model obtained in
Section 2.3 are shown below their value and model name. The final weights of
each hazard curve before the combination are calculated by multiplying all the
established weights along with the components of the branches (Bommer et al.,
2005). From the resulting hazard curves, it is possible to read the level of ground
motion for a given annual rate of occurrence. They are also used to construct the
UHS, CMS and the calculation of the seismic deaggregation (Baker, 2013, 2011).

b value GMPE F inal weight
: G3-Model
b;=1.04 < lo.6883 @
_ +
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—0.047
: 03117 :
: : +
: G3-Model :
b3=0.83 < lo.6883 | (o103
- : +
0.15 : ASK-14 S
: 03117 : '
1.0

Fig. 6. The formulated logic tree used in the PSHA.
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3. Results

3.1. Seismic hazard curves and PGA variation

The Apollo 17 landing site ( 20.19° N,30.76° E ) is taken as a reference site
to perform the seismic hazard calculations. The hazard curves obtained for this
site are shown in Fig. 7. A deterministic value of PGA associated with a specific
return period 7,, which inverse value is the annual rate of occurrence A, is used
to describe the seismic hazard level at a specific site. The 7, is a time interval of
an event for which the probability of occurrence is uniformly distributed in that
period. Because there is no confidence in the occurrence of seismic events in
terms of the 7, the probability of exceedance p of a ground motion in n years is
incorporated into the PSHA analysis. The 7, is calculated with Eq. (12) as

1

L= (1-p)

Long-term habitat design should meet specific performance objectives for dif-
ferent hazard levels in the structural design. The structural response to different
seismic demands will determine the appropriate return periods for the design, con-
sidering that lunar structures will have different design requirements than those
on Earth. In this study, to demonstrate the use of the return period in the PSHA
methodology, a probability of exceedance of 10% in 50 years is selected. By
replacing these two values in Eq. (12), a 7, of 475 years is obtained. The PGA
associated with this hazard level is obtained by reading the acceleration corre-
sponding to the annual rate of occurrence A=1/T, from Fig. 7.

T, 12)
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Fig.7. Seismic hazard curves for PGA and PSA at different periods. The marked point corresponds
to the deterministic value of PGA with 7,=475 years (1=0.0021).

To explore the PGA variation with a 7, of 475 years in the study zone, the
seismic hazard calculation described in Section 2.5 is performed every 0.25°. The
results are interpolated to obtain the PGA at intermediate points, as shown in the
seismic hazard map (Fig. 8). From this map, it can be seen how the PGA varies
as a function of the epicentral distance. Three contour lines corresponding to
ground accelerations of 100, 170 and 250 cm-s~> are highlighted to observe the
PGA variation. The maximum acceleration obtained at the center of the fault is

approximately 280 cm-s~2.
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Fig. 8. Seismic hazard map of the study zone in terms of PGA with T,.= 475 years.
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approximately 30.32 km.

3.2. Seismic hazard deaggregation

1° is

The seismic hazard curves (Fig. 7) showed the expected accelerations for the
effect of all possible combinations of seismic event magnitudes and epicentral
distances. However, it is of interest to know which events are likely to cause a
certain level of hazard that are not possible to observe directly from the hazard
curves (Gupta, 2002). Hence, the deaggregation of the seismic hazard as a function
of the magnitude and distance is carried out. To calculate the relative contribution
of these pairs, Eq. (1) is solved for a hazard level determined by a specific annual
rate of occurrence as a function of the magnitude and distance of interest (Baker,
2013). This value is then divided by the total hazard to obtain the percentage
contribution of m and r, as

AIM > x,M =m,R =7r)

P(M=m,R=r|IM>x) = AIM > x)
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Fig. 9 is obtained by calculating Eq. (13) for all possible combinations of m
and r for a hazard level with PGA with 7, = 475 years. The mean values of
m, r and € obtained from the deaggregation of Fig. 9 are 4.68 M,,, 7.8 km and
5.5, respectively. € measures the difference between the PGA associated with the
deaggregation and the mean value predicted by the GMPEs (uppsa(M, R, T)).
For a given magnitude (M = m) and distance (R = r), € is calculated as

InPSA(T) — M,R, T
O-ﬂlnPSA(T)
where o, psa(r) 1 the standard deviation of uy, psa(r). If the spectral period T is

0's, then InPSA(0 s) = PGA.
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Fig. 9. Seismic hazard deaggregation for PGA with T, = 475 years (Ground acceleration > 151.9
cm-s~2). Study site: Apollo 17 landing site.

The events that contribute the most to the seismic hazard at the reference
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site (10.7% of contribution) have magnitudes between 4.15 and 4.45 M,, and
epicentral distances from 5.3 to 6.4 km. Thus, a design moonquake to analyze
the seismic response at this site using the evaluated hazard level should comply
with the mentioned m and r characteristics. Additionally, the deaggregation of
Fig. 10 is performed for a spectral acceleration (Sa) at T = 0.2 s with T,= 475
years. The results are used in the construction of the CMS for further calculations.
The evaluated spectral period T corresponds to the natural vibration period of
a hypothetical lunar structure modeled as a dynamic single-degree-of freedom
(SDOF) system. The mean values of m, r and & obtained from the deaggregation
of Fig. 10 are 4.63 M,,, 8.40 km and 6.9, respectively.
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Fig. 10. Seismic hazard deaggregation for 0.2 s Sa with 7,, = 475 years (Ground Acceleration
> 297.9 cm-s~2). Study site: Apollo 17 landing site.
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3.3. Uniform hazard spectrum (UHS)

A UHS is a spectrum whose abscissas have the same probability of being ex-
ceeded. The procedure to build this spectrum consists of choosing an annual target
rate of occurrence. Then, for each hazard curve, the acceleration amplitude cor-
responding to that rate is picked (Baker, 2013). Fig. 11 shows the obtained UHSs
for the occurrence rates of 0.0021, 0.0004 and 0.0002. These values correspond
to return periods of 475, 2500, and 5000 years, respectively. Depending on the
established performance requirements, one can select the appropriate spectrum for
a specific structural analysis. Also, ground motions that match a UHS in Fig. 11
can be selected or scaled to be used as inputs for dynamic analysis of a lunar
structure.

800 T T T T T

T, = 5000 years

T, = 2500 years
700 - T, = 475 years | |

600 .

500

I
(=]
o

Spectral acceleration (cm-s—2)
=

0 0.5 1 1.5 2 2.5 3
Spectral period (s)

Fig. 11. Uniform hazard spectra for different 7, at the referenced site.

3.4. Conditional Mean Spectrum (CMS)

The CMS can be used as an alternative to the UHS. The response of the CMS
is conditioned on the occurrence of a target spectral acceleration value Sa(7*) at
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a specific period of interest 7" (Baker, 2011). This period is usually taken as the
fundamental vibration period of a structure assumed as an SDOF system. The
construction of the CMS uses the results of deaggregation for a specific Sa(7™)
when it is computed for a range of periods 7;, using Eq. (15)

MinSa(T)|nSa(r*) = Minsa (M, R, T;) + p (T1, T*) & (T*) Onsa (1) (15)

where M and R are the m and r mean values obtained from the deaggregation
results of a target T* and 7,. The terms pis, (M, R, T;) and oy, (T;) are the
mean values and standard deviation of the natural logarithm of Sa evaluated in 7;,
respectively, and p (7;, T*) is a correlation coefficient (Baker, 2011). The CMS in
Fig. 12 are computed for the M, R and & values obtained from the seismic hazard
deaggregation in Fig. 10.
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Fig. 12. Conditional Mean Spectrum and Uniform Hazard Spectrum at the reference site with
T,=475 years. Sa(0.2 s)=297.9 cm-s2, T*=0.2 s, mean(R,M,&)=4.63 M,,, 8.40 km, 6.9.

Different types of lunar habitats have been proposed in the literature, including
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inflatable, 3D-printed and underground constructions (Ruess et al., 2006). A
structure with a fundamental vibration period equal to 7*=0.2 s (same used for the
CMS example in Fig. 12) may correspond to a typical lunar habitat. For a seismic
response analysis of this hypothetical structure, either one could use the UHS or
the CMS spectrum depicted in Fig. 12. Also, a mean response spectrum can be
used, like those shown in Fig. 5, but must be evaluated at the m and r of interest
for a specific period range (Baker, 2011).

The target spectrum selection to be used in a seismic analysis will depend
on different factors, including the structure characteristics, the seismicity of the
studied region and the probability level associated with the target Sa(7*) (Baker,
2011). Another critical factor to consider for this selection is the value of &,
since it determines the shape of the CMS. For instance, the case presented in
Fig. 12, ¢ takes a positive value in the CMS, producing lower amplitudes than the
UHS spectrum. Negative € values may occur for other hazard environments or a
different 7, resulting in a CMS spectrum greater than the UHS (Baker, 2007).

4. Conclusions

A calculation of the Moon’s seismic hazard at the Taurus-Littrow Valley is
performed using the PSHA methodology. This work highlights the importance of
characterizing the expected ground accelerations on the Moon’s surface caused by
shallow seismic activity through hazard curves, deaggregation scenarios and re-
sponse spectra (UHS and CMS). These results show that probable seismic activity
of the Lee-Lincoln lobate scarp represents a potential hazard to future structures
in the selected study zone. Thus, similar lobate scarps near to future settlement
locations should be identified and characterized to evaluate their implications on
the seismic performance of the envisioned structures and ensure their resilience
and safety.

The presented results are preliminary since the limited available data prevent
a better understanding of the lunar seismic nature. In this aspect, one of the
significant limitations is the absence of GMPEs that realistically represents the
lunar environment. The development of these models was considered beyond the
scope of this work and is identified as future research, which can be done once
better quality seismic data are recorded in a longer time window. Therefore, it
is recommended that future missions in the upcoming lunar explorations focus
on collecting reliable seismic and geologic data (Haviland et al., 2021) to reduce
uncertainties and refine the hazard models. Collecting more data using modern
sensors will allow for the development of Moon-only GMPE and seismic fault
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models that consider the unique characteristics of the lunar seismic environment,
such as the absence of liquid water in the ground, heterogeneity of the lunar crust,
and the long duration of moonquakes.
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Appendix A. Ground Prediction Equations
I Bommer-07

* Equation:
log,((PSA(T)) =

b1 + byMy, + b3M2 + (by + bsMy,) log , /R?b + b3+ f(S,F)

e Parameters:

R, = Joyner—Boore distance.
by, by, b3, by, bs, bg = Regression coefficients.
f(S, F) = Site and faulting style function.

* Applicability:
Magnitude: 3.0-7.6 M,,.

Distance: <100 km.
Spectral period: 0-0.5 s.

I Akkar-10

* Equation:

log(PSA(T)) =
b1+ boM + bsM? + (b + bsM) log /Rjz.b + bg+

b7Ss+ bgSa + boFyn + bioFr + €0
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* Parameters:
R, = Joyner—Boore distance.
M = Moment magnitude.
bl, b2, b3, b4, b5, b6, b7, bg, bg, blO = Regression coefficients.
Fy, Fr = Flag variables for style of faulting.
Ss, Sa = Flag variables for soil type.
£ = Number of standard deviations above or below the mean value of
log(PSA).
o = Standard deviation.

* Applicability:
Magnitude: 5-7.6 M,,
Distance (R,,p): <100 km
Spectral period: 0-3.0 s

11 AB-11

* Equation:
Y =YF
log F =
max (0, 3.89 — 0.67M) — max(0,2.93 — 0.51M) log(Rj, + 10)
Y is the predicted amplitude shown below:
InY = FM(M) + FD(RJ'b, M) + FS(Vggo, Rjp, M) + 0T
* Parameters:
M = Moment magnitude.
Y = Ground motion intensity (PSA).
R}, = Joyner—Boore distance.
Fj; = Magnitude scaling function.
Fp = Distance function.
Fg = Site amplification function.
& = Number of standard deviations above or below the mean value of
log(PSA).
o = Standard deviation.

* Applicability:
Magnitude: 5-8 M,,.
Distance (Rjp): <200 km.
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Spectral period: 0-10 s.

IV ZR-19

* Equation:
IM =F - IMyai5
InF = Cadj + Fy+ Fp+ Fyg
IMpy 415 1s the ground motion defined as:
IOgIMHA15 =co+ciM+ 6‘2]\42 +C3 IOgR
* Parameters:

IM = Ground motion intensity (PSA).

C.aj = Adjustment factor as a function of the structural period.
Fj; = Magnitude scaling factor.

Fr = Distance scaling factor.

Fs = Site effects scaling factor.

M = Moment magnitude.

co, €1, €2, c3= Regression coeflicients.

R= Effective point-source distance.

» Applicability:
Magnitude: 3.0-5.8 M,,.
Distance (hypocentral): <500 km.
Spectral period:0-10 s.

V ASK-14
* Equation:
InPSA(g) =

fi+Frvfi+ Fnfs+ Fasfii+ fs + Faw fa + fo+
flO + Regional(Vs30, Rrup )

* Scaling functions:
f1 (M, Rep ), f4(Rjb, Rewp » Ry, Ryo, W, dip, Zror, M),
f5(Sat1s0, Vizo), fo(Ztor ), f1(M), fa(M),
S10(Z1.0, Vi30), f11(CR;p).
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e Parameters:

M = Moment magnitude.
CR;j, = Centroid R .
R ;»= Joyner-Boore distance.
R,,,= Rupture distance.
R,= Horizontal distance from top edge of rupture.
R 0= Horizontal distance from the end of the rupture measured parallel
to strike.
Zror= Depth to top of rupture.
Fry=Flag for reverse faulting.
Fx = Flag for normal faulting.
Fas= Flag for aftershocks.
Vi30= Shear-wave velocity over the top 30 m.
Z,= Depth to Vs=1.0 km-s~! at the site.
Say130= Median PGA for Vs30=1180 m-s~".
Fpw=Flag for hanging wall sites.
Dip = Fault dip in degrees.
W = Down-dip rupture width (km).
» Applicability:
Magnitude: 3.0-8.5 M,,.

Distance (R;;): 0-300 km.
Spectral period:0-10 s.
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