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Introduction: A defining characteristic of deep 

moonquakes is their tendency to occur with monthly 
(tidal) periodicity, prompting previous studies to infer 
that they are related to the buildup and release of tidal 
stress within the Moon [1–5]. In studies of tidal forc-
ing, a key constraint is the focal mechanism: the fault 
parameters (strike, dip, and slip angles) describing the 
type of failure moonquakes represent. Knowledge of 
the failure plane allows us to resolve the tidal stress 
into its shear and normal components and evaluate the 
state of stress at the observed moonquake occurrence 
times. 

The quality of the lunar seismic data and the lim-
ited source/receiver geometries of the Apollo seismic 
network prohibit the determination of deep moonquake 
fault parameters using first-motion polarities, as is 
typically done in terrestrial seismology [6]. Without 
being able to resolve tidal stress into shear and normal 
components on a known failure plane, we can examine 
only gross qualities of the tidal stress tensor (such as 
principal stress directions or maximum shear stress) 
with respect to moonquake occurrence, so we cannot 
fully address the role of tidal stress in moonquake gen-
eration (using, for example, a Coulomb stress criterion 
as has been used to describe some types of earthquake 
failure [7]). 

Approach: We will examine the extent to which 
shear (S) and compression (P) wave amplitude ratios 
can constrain moonquake fault geometry by determin-
ing whether, for a given cluster, there exists a focal 
mechanism that can produce a radiation pattern consis-
tent with the amplitudes measured by the Apollo in-
struments (Figure 1). Amplitudes are read in the ray 
coordinate frame, directly from seismograms for which 
the P and S arrivals are clearly identifiable on all long-
period channels of the four Apollo stations. We apply 
an empirical station correction to account for site ef-
fects at the four Apollo stations, and the differences 
between P- and S-wave attenuation in the lunar interior 
[8]. 

Instead of focusing on the best fitting solution only, 
we formulate the inverse problem using a falsification 
criterion: all source orientations that do not reproduce 
the observed S/P amplitude ratios within an error mar-
gin derived from the uncertainty of the amplitude read-
ings are rejected. All others are accepted as possible 
solutions. The inversion is carried out using an exhaus-
tive grid search on a regular grid with predefined step 
size,  encompassing  all possible combinations of strike 

Figure 1: For an arbitrary focal mechanism, the P and 
S amplitudes from a known moonquake cluster are 
projected on a sphere (top) and can be estimated at the 
Apollo station locations. These estimates are compared 
to the amplitudes read from actual Apollo seismograms 
(bottom). 
 
 
(relative to North), dip (relative to vertical), and slip 
(direction of fault motion between strike and dip). To 
assess the sensitivity of the inversion to the uncertainty 
of the lunar interior structure, we will carry out re-
peated inversions with different velocity structures 
[e.g. 9-11].  

Our data set consists of a total of 106 events from 
25 deep moonquake clusters [12]. The largest contribu-
tion of 37 events originates from the most active clus-
ter, A001, while other clusters are represented by one 
to nine events.  

Results: Since the definition of a cluster implies 
that all events share the same source orientation, a 
comparison of the inversion results of all events from 
one cluster reduces ambiguities in the inversion. Using 
the method outlined above, we were able to reduce the 
fault plane parameter space for a given cluster on aver-
age by half (Figure 2).  
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Figure 2: Least-squares misfit between observed and 
calculated amplitudes on a regular grid of fault orienta-
tions (dip ranging from 0 – 90° and strike ranging from  
0 – 360°) for a single A6 event (top) and the result 
averaged over all useable events from the A6 source 
region (bottom). The accepted regions (green) are se-
lected by highlighting fault orientations which predict 
amplitudes within 2σ of the measured values. 
 

 
Once we obtain a suite of fault parameters for a 

given source, we can attempt to further constrain the 
focal mechanism by including analyses of tidal 
stresses. In an earlier study [13], we used the occur-
rence times of individual events from a given moon-
quake cluster to evaluate the tidal shear and normal 
stresses similarly resolved onto failure planes de-
scribed by a regular grid of fault parameters. We im-
posed the failure criterion that a linear combination of 
shear and normal stress that best approximated a con-
stant value indicated the most likely fault orientation. 
Combining the results of this grid search with our am-
plitude analysis further constrains the most likely focal 
mechanism for our set of clusters (Figure 3). 

Future work: With the best-fit focal mechanism in 
hand for each cluster, we can create synthetic seismo-
grams using a reflectivity approach [14], for compari-
son with the Apollo seismograms. This will possibly 
allow us to predict the times and amplitudes of re-
flected seismic phases from the Moon’s deep layers, 
placing further constrains on the structure of the lunar 
interior. 
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Figure 3: (top) Variance in the tidal stress at A6 
moonquake times mapped onto all possible fault plane 
orientations. The values are scaled so that the mini-
mum variance is equal to one and the colorbar covers 
the range from minimum to twice the minimum (alter-
natively, the “half-width”). (bottom) Polar projection 
of the focal sphere showing mechanisms that are com-
patible with both the amplitude ratio and tidal stress 
constraints. Dip ranges from 0° (vertical) in the center 
to 90° (horizontal) at the rim. The white regions are 
those mechanisms that are excluded by the amplitude 
analysis (outside the 2σ accepted regions) and the 
color bar again shows the scaled variance values. Blue 
regions represent the most likely fault orientations. In 
this case, A6 is likely represented either by a horizon-
tal plane, or a plane that strikes ~25°E of North and 
dips ~50° from vertical. 
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