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Introduction: Lunar basalt volcanism, deep 

moonquakes, and heterogeneities in volatile concentra-
tion (water) in the lunar mantle are distinct features of 
the Moon. They occur in different spatial and temporal 
domains. The goal of this study is to explore the possi-
ble relationship between them.  

Mare basalts. Mare basalt volcanism occurred 
around 3.8 Ga ago and lasted for more than 1 Ga. Mare 
basalt volcanism is probably the most important vol-
canic and tectonic event in the lunar geological history 
after the formation of the lunar anorthositic crust that 
resulted from solidification of the lunar magma ocean 
[1]. Two characteristics of mare basalt volcanism are 
important for understanding the origin of the volcan-
ism. The first is its hemispherically asymmetric distri-
bution, that is, the volcanism predominantly occurred 
on the nearside of the Moon (Fig. 1) [2]. The second is 
that the distribution of rare earth elements of bare ba-
salts is complementary to that of the anorthositic crust, 
suggesting that mare basalts were derived from remelt-
ing the melt residue that crystallized contemporane-
ously with the anorthositic crust [3]. There is also evi-
dence that indicates a deep source region of mare ba-
salts, possibly at ~500 km depth [4].         

Deep Moonquakes. Moonquakes recorded by seis-
mometers deployed in Apollo missions in 1970s 
display a couple of important characteristics. First, 
they mostly occur at large depths (~800 km) as clusters 
and on the nearside of the Moon (Fig. 1) [5-10]. They 
are correlated with mare basalt distribution [5], as re-
cently quantified [11]. Second, the deep moonquakes 
show correlations with Earth-Moon tides [12-14]. Al-
though it is possible that the occurrence of moon-
quakes in the nearside is partially attributed to the un-
even distribution of the limited number of seismome-
ters (i.e., all of the four seismometers were on the near-
side) [8], a cluster of moonquakes, A33, from the far-
side were detected from the seismometers [8-10], indi-
cating the capability of the seismometers in locating 
moonquakes from the farside.  

Volatiles and water. Recent spacecraft studies of 
lunar surfaces [15-17] and laboratory analyses lunar 
rock samples [18] suggest that the Moon contains sig-
nificant amount of water at its surface and in the lunar 
interiors. The water has significant effects on both 
elastic and viscous deformation of rocks [19,20]. 
Therefore, the discovery of significant amount of water 
in the interior of the Moon has implications for the 

early evolution of the Moon and as well as recent lunar 
tectonic activities such as moonquakes. 
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Fig. 1. The surface distribution of FeO on the (A) near-
side and (B) farside of the Moon [2]. High concentra-
tion of FeO is indicative of mare basalts. Deep moon-
quakes are also plotted as symbols [10]. 
 

Previous Studies and Outstanding Questions: To 
account for the chemical characteristics and the hemi-
spheric asymmetry of mare basalt volcanism, a number 
of studies have considered lunar mantle dynamics that 
may lead to hemispherically asymmetric structure in 
melt residue materials that are remelted due to tem-
perature anomalies [21-23]. In one of the models [22], 
the remelting of the melt residue materials was sug-
gested to be caused by dynamically developed upwel-
lings in one hemisphere. While such models lead to 
hemispherically asymmetric distributions of not only 
surface volcanism but also the mantle interior struc-
ture, these studies did not explore time evolution of 
lunar mantle structure from the early lunar history 
(~3.8 Ga ago when the mare basalt volcanism oc-
curred) to the present-day.  

Moonquakes are poorly understood. Tidal deforma-
tion models have been formulated to explain the char-
acteristics of some moonquakes [11-14]. These tidal 
deformation models often assume elastic parameters 
that vary only in the radial direction with no lateral 
variability which enable simple analytic solution ap-
proaches. However, three features of moonquakes pre-
sent challenges to simple tidal models. First, moon-
quakes occur in highly localized regions and form 
clusters [10], while predicted tidal deformation tends 
to be of long-wavelength and smoothly varying. Sec-
ond, tidal deformation is always symmetric, but moon-
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quakes clearly show much higher concentration on the 
nearside than on the farside. Third, tidal stress tends to 
be small in magnitude, and it is unclear whether tidal 
stress is large enough to cause moonquakes at large 
depths [10]. Frohlich and Nakamura [10] recently sug-
gested that fluids may play an important role in caus-
ing moonquakes in dynamic interaction with tidal 
stresses. However, to test this idea is beyond the cur-
rent tidal deformation models.  
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Fig. 2. Tidal stress at a depth of 1000 km from 3-
dimensional tidal deformation model calculations with  
a) shear modulus on nearside in a 10ox60o region is 
reduced by 50% and b) increased by 50%. Notice 
that stress is enhanced with reduced shear modulus on 
the nearside. 
 

A New Hypothesis:  I propose a new hypothesis 
for lunar mantle structure evolution and its control on 
moonquake occurrence in interaction with tidal defor-
mation. I also outline strategies to test this hypothesis 
and present preliminary results. I hypothesize that ac-
companying the mare basalt volcanism, the lunar man-
tle temperature, volatiles and fluids develop globally 
asymmetric distributions such that the nearside of the 
Moon has acquired a higher temperature and higher 
concentration of volatiles. Such distributions have been 
maintained throughout the lunar geological history to 
the present-day and are responsible for the high con-
centration of clusters of moonquakes on the nearside of 
the Moon as the asymmetric mantle structure interacts 
with the tidal forces. 

To test this hypothesis, I have formulated prelimi-
nary tidal deformation models that differ from previous 
models in incorporating realistic three-dimension elas-
tic parameters to account for the possible effects of 
fluids and volatiles. I use three-dimension viscoelastic 
finite element code CitcomSVE that was developed to 
study earth’s post-glacial rebound [24,25]. The new 
models capable to include rapid variations in elastic 
parameters caused by fluids enable determinations of 
tidal stress variations over small length-scales that are 
comparable with those of moonquake clusters. Pre-
liminary results (Fig. 2) show that three-dimension 
elastic parameters may influence tidal stress and stress 
rate significantly. Particularly, regions with reduced 
elastic parameters (e.g., shear modulus) show en-
hanced stresses, thus having implications for deep 
moonquakes.   
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