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We come from stardust,
One and all compelled to strive,
To understand the universe
Or a grain of sand...
Our consciousness expands,
We're in its thrall
Slaves of our quest to know it all,
Fail constantly,
Yet grow beyond myopic expectations
surprised by wondrous revelations
Totally unforeseen...

- P. R. Reindler




ABSTRACT

A self-gravitating, elastic, spherical thick shell model is used to derive the
present state of the lateral variations of density and stress within the lunar interior. The
model is allowed to deform under the load of an initial surface topography, and internal
density perturbations such that the resulting deformed body gives rise to the observed
surface topography and gravity specified by the spherical harmonics of degree and order
up to n = 70. Effects of model parameters on the density and stress distribution within
the Moon are reviewed and optimal choices are made concerning these parameters, with
the chosen model displaying density perturbations and stresses strongly concentrated in
the upper 300 km. Density perturbations are generally 200 kg/m’ within the crustal
layers, with peaks of up to +400 kg/m’. These perturbations diminish quickly with
depth, becoming less than +80 kg/m® by 150 km depth, and generally less than +5 kg/m?
by 300 km depth. The major stress differences associated with the mascon basins are

found in the upper mantle reaching maximums of 6-8 MPa at about 150 km depth. The

’ iﬁfrdd-rnf%nn nF a ?“,rﬁa_"y r’nnlfo’n ‘,Iayell:ﬂin the upper ma‘mtl‘c increases the stresses in.the .
koverlyin’;‘g‘ strata siéhifiéahtly; The Stresses ’fojr thlS typé df Irho’deAl‘ féaéh values abo‘ve 10-
MPa beneath the major mascon basins, between the base of the crust to the top of the
partially molten layer, at 180 km depth. This model could be interpreted as representing
the lunar interior soon after mascon formation, some 3 Gya. A moderate correlation
between the soft layer model stress distribution and shallow moonquake epicenters
exists, with the majority of the moonquake epicenters being in proximity to regions of 5-
10 MPa in the models. This correlation suggests that the lunar lithosphere has been
strong enough to support and sustain large remnant stresses over the majority of lunar

history.



RESUME

Ce mémoire présente un modele de la Lune sous la forme d’un corps sphérique,
élastique et gravitationnel. Le modéle est utilisé pour déterminer I’état actuel des
variations de densité et de pression a ’intérieur de la Lune. Le modele peut se déformer,
sous I’effet d’une topographie initiale et d’une variation interne de densité, de telle sorte
que le résultat peut expliquer la topographie et gravité observées sous forme
d’harmoniques sphériques jusqu'ci l'ordre n = 70. L’effet des parametres du modéle sur
la densité et la variation de pression a I'intérieur de la Lune est examiné et le choix des
valeurs optimales de ces paramétres est justifié. Le modele choisi montre que les
variations de densité et de pression sont fortement concentrées dans les premiers 300
km sous la surface lunaire. Les variations de densité sont généralement de 200 kg/m’ a
Pintérieur de la croiite avec des maxima pouvant atteindre +400 kg/m’. Ces variations
diminuent cependant rapidement avec la profondeur. Elles atteignent +80 kg/m® a 150

km de profondeur et sont généralement inférieures a +5 kg/m* a une profondeur de 300

km. Les variations importantes de pression associées aux mascons lunaires se trouvent

dans le mra‘ﬁté’aku”s‘upérri‘e’dr’ et peﬁveﬁt atteiﬁdré a 6-8 M’Pa’ eﬁtre 150 et 300 kih de
profondeur. L’introduction d’une couche a rigidité réduite dans le manteau supérieur
augmente de facon significative les contraintes sur les couches situées immédiatement
au-dessus. Les contraintes générées par ce type de modéle peuvent atteindre des valeurs
supérieures & 10 MPa sous les mascons lunaires, entre la base de la crofite et la couche a
rigidité réduite, a 180 km de profondeur. Ce modele peut €tre interprété comme
représentant I’intérieur de la Lune peu de temps aprés la formation des mascons, soit il y
a environ trois milliards d’années. 1l existe une faible corrélation entre les pressions

associées au modele avec couche a rigidité réduite et I’emplacement des tremblements

il



de Lune. La majorité des tremblements de Lune sont en effet situés 2 proximité des
régions ol les contraintes sont élevées, soit de ’ordre de 5 a 10 MPa. Cette corrélation
suggére que la lithosphére lunaire a été suffisamment forte pour supporter des

contraintes élevées durant une grande partie de 1’histoire géologique de la Lune.
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1. INTRODUCTION

One of the great accomplishments of the Apollo missions was the
implementation of a seismic network on the Moon. The seismic stations established a
rudimentary seismic network and demonstrated that seismic activity is still plentiful on
the Moon, indicating that the lunar interior is presently not in a state of complete
isostatic equilibrium, but rather is still supporting and releasing anomalous stresses.
Deep moonquakes at depths of 800-1000 km were discovered and found to be the most
frequent of lunar seismic events (Goins et al. 1981b; Goins et al. 1981c; Lammlein et al.
1974; Meissner et al. 1973). These moonquakes were found to have a cyclical
periodicity, and have since been directly related to tidal forces in the Earth-Moon system
(Cheng and Toksoz 1978; Lammlein ef al. 1974; Minshull and Goultry 1988; Toksoz et
al. 1977). It was the discovery of much shallower moonquakes that first suggested the

presence of significantly larger stresses than those of the deep events, within the upper

regions of the Moon. These shallow moonquakes, or High Frequency Teleseismic

| (HFT ) éventé (Nékéinufa et dl; ‘1974)’ are less freciuént, ’but‘c‘ohvyekrsély mofé eﬁergétié,
dominating the seismic energy release of the Moon. The stress drops associated with
these events vary significantly with estimates in the range of 1-10 MPa, and several
events being potentially much larger (>100 MPa) (Binder and Oberst 1985; Goins et al.
1981b). In comparison, stress drops’ of about 0.01 MPa are associated with the deeper,
tidally induced events (Goins ef al. 1981b). The origin of the shallow moonquakes has
not been determined, however, they are far too energetic to be associated with the same

tidal forces which generate the deeper moonquakes (Lammlein 1977). These events are



concentrated in the upper mantle (Lammlein 1977; Nakamura et al. 1974, 1977), and
may be evidence of internal alteration or response due to a multitude of large impacts
which initially bombarded the lunar surface. The HFT events attest to the fact that there
may still be anomalous density anomalies and stresses in the upper mantle from early
lunar history due to such events as surface bombardment, magmatic activity, and
external volcanic activity in the form of surface loading of mare basalts.

The long term support of density perturbations, and resulting stresses within the
lunar interior are not surprising since the interior cooled quickly early in its history
(Spohn et al. 2001). Surface impacts caused a wide range of alteration and, unlike the
Earth’s crust, the Moon's crust has never been generally resurfaced, or experienced any
global scale tectonic activity. However, large impacts on the Moon have undergone a
variety of changes; flood basalts have filled the largest near side basins, smaller craters
show signs of isostatic compensation through central crater uplift, doming, and cracking,

and yet other craters show evidence of major degradation and alteration due to

_subsequent impacts (Baldwin 1971; Reindler and Arkani-Hamed 2001; Wieczorek and

Phjliips 1999) The mare ’baséltu fill‘edkhear sidewbaéins have lji)rn‘g; \beén known to 4Ik1ave
large mass concentrations, or mascons (Muller and Sjogren 1968), associated with them.
For several mascon basins the excess mass concentration possibly consists of a super-
isostatic load, hydrodynamically emplaced after impact. The crust and mantle were
fluidized by the initial impact shock wave, after which the mantle over-rebounded
beyond a state of full compensation and may have undergone rapid cooling, essentially
freezing the mantle plug overshoot in placé (Neumann et al. 1996; Spudis 1993;

Wieczorek and Phillips 1999). Mare basalts were subsequently introduced at the



surface, giving rise to the presently observed mascon signature. In comparison, the even
larger South Pole-Aitken basin (hereafter referred to as SPA basin) has been shown to be
in a state of near complete isostatic compensation (Arkani-Hamed, 1998; Neumann et al.
1996; Zuber et al. 1994). In the present context, the term basin will be reserved for the
mascon basins and the SPA basin. Other non-filled craters on the Moon have been
shown to have a wide range of compensation states, demonstrating that no single global
compensation mechanism was present (Reindler and Arkani-Hamed, 2001; Smith et al.
1997). These different features suggest a variety of impacts on the Moon and a complex
nature of response by the lunar interior to the impacts, implying that many density
perturbations, deformations, and stresses have been internally supported since the initial
formation of these surface features.

Using the latest topography and gravity data, a new global evaluation of stress
within the Moon is now possible to a previously unattainable degree. A new analysis of

density perturbations and stresses within the Moon can provide a better understanding of

lunar internal processes, of the Moon's internal structure, of the stresses associated with
the shallow moonquakes, and of their concentration and distribution within the upper
mantle. To begin, a historical review of past work on the problem of surface loading,
support mechanisms, and stresses within the lunar lithosphere in terms of thin and thick
shell modeling will be presented. Based on this, the application of thick shell theory is
justified for the Moon and a preferred model is presented. The effects of many variable
parameters within the thick shell model are discussed and applied, demonstrating the
strengths and weaknesées of the model. Based on these results, stresses in the upper

mantle, possibly associated with moonquakes, are investigated both in terms of global



location and magnitude. Finally, the overall results are discussed along with their

implications and the inherent setbacks of this type of modeling.

2. PAST WORK ON LITHOSPHERIC MODELING

Stresses due to the surface loading of a planetary body, and specifically the
Moon, have been extensively modeled (e.g. Arkani-Hamed 1973a,b, 1998; Banerdt et al.
1982; Banerdt 1986; Comer ¢er al. 1985; Conel and Holstrom 1968; Janes and Melosh
1990; Kuckes 1977; Longman 1962, 1963; Melosh 1978; Phillips and Lambeck 1980;
Pullan and Lambeck 1981; Schultz and Zuber 1994; Solomon an Head 1979, 1980;
Turcotte et al. 1981; Willeman and Turcotte 1982). Pioneering work on surface loading
of the Moon associated with the newly discovered mascon basins began with the
application of initial data provided by the first lunar orbiters (e.g. Conel and Holstrom

1968; O'Keefe 1968; Sjogren 1977). Basic elastic half-space models were presented and

described the mascons as high density circular discs, approximating the basaltic load
w1th1nthe kbélysiVnshov’erlyri'n’g’ a Crﬁétal yl)a;er’ of lower dens1ty Thesemodels Were Va‘ble“:’ to
describe the anomalous gravity signatures observed from the orbiters. = From such
models, stresses of 3-5 MPa were found to be associated with the mascon basins, over
depfhs of several hundred kilometers. These results suggested that less than 10 MPa
deviatoric stress was required to support the mascon basins (Conel and Holstrom 1968;
O'Keefe 1968). Later attempts at calculating internal stresses proved to be more refined
due to both the application of new data, as well as the implementation of more advanced

and dynamical models. The most common applications of surface loading of the lunar



lithosphere have been the thin shell and thick shell models, used to determine the
stresses associated with the major basins as well as the elastic lithospheric thickness
required to support them. The elastic lithosphere is the part of the crust and upper
mantle which is capable of elastically supporting surface loads, without viscously

deforming over geological time.

2.1 Flexure Models (Thin plate / Thin shell)

The most frequent applications for the mascon-loading problem on the Moon
have been flexure models of a thin elastic lithosphere. In these models, the lithosphere is
approximated as a plate or shell, supporting an applied surface load through flexure,
while overlying an inviscid fluid interior (Brotchie 1971; Kraus 1967). These type of
models are based on four initial postulates, namely that 1) the plate or shell is thin in

relation to the radius of curvature, or horizontal dimensions of the load, 2) the

deflections of the plate or shell are small, 3) the transverse normal stress to the surface is

” neghglble, and‘éy‘l)' thé héﬁhals t(\)k the su?fécér afe ;’)’rékser:\’/led and“ undergo nochange 1n
length during deformation (Kraus 1967). The first assumption is the most essential to
thin plate or shell theory, with all other assumptions only being applicable given the
validity of this first assumption. To be sufficiently thin, the shell must generally be less
than one tenth of the planetary radius (Janes and Melosh 1990; Kraus, 1967). The
application of the second assumption results in a model which is linear and elastic (i.e., a
Hookean solid), and the third assumption, that the normal stress is zero, is reasonable in

accordance with the first assumption; namely, that the load considered is large enough



and not too highly concentrated in comparison to the shell thickness. Finally, the fourth
assumption states that all strain components in the direction of the normal to the
reference surface vanish, and thus following Hooke's law so do all the associated
shearing stress components as well (Kraus 1967).

The majority of models for the problem of lithospheric stresses and strength on
the Moon are based on flexure theory. The first models of the lunar lithosphere using
this theory were of an elastic thin plate overlying a non-viscous interior (e.g. Kuckes
1977; Solomon and Head 1979, 1980). These thin plate models suggested an elastic
lithosphere of 25 to 100 km thick, and corresponding stresses of 40-100 MPa, with the
largest stresses associated with the thinnest lithosphere. The elastic plate model of
Solomon and Head (1980) gave relatively thin lithospheric thicknesses of 25-75 km soon
after major basin formation, 3.6-3.8 b.y. ago, increasing to about 100 km during the
period of 3.6-3.0 b.y. ago. More elaborate models, employing a viscoelastic plete

overlying a Newtonian fluid substratum, were also used to study surface loading (Pullan

_and Lambeck 1981). Their model produced stress differences of 20-60 MPa for surface

“ loéds dpp‘fdxifrkiatiﬁgkthe mascons over lithospherie s"hells of 25 'km, 50 km, anleO km

thickneSs, with the largest stresses once again being associated with the thinnest
lithosphere. However, Pullan and Lambeck (1981) showed tﬁat any estimation of
lithospheric thickness using the thin plate method must be considered as an effective
elastic thickness, and that the actual lithospheric thickness would actually be larger. As
well, they found that models With‘ variable thickness plates lead to further
underestimation of the lithospheric thickness, leading them to believe that the

lithospheric thicknesses previously suggested (e.g. Solomon and Head 1980) were



underestimated. Thus, thin plate theory may not be a good representation of deformation
or of stress, in the case of the Moon, since the lithosphere may have been too thick for
the thin plate model assumptions to be applicable, even during major mascon basin
volcanism, around 3.6-3.8 Ga. The results from these thin plate models may have
inherent problems with the assumptions, when applied to the Moon, resulting in an
underestimation of the lithospheric thickness. This implies that the lunar lithospheric
thickness, at the end of mascon formation, may have been larger than 100 km in
thickness.

Thin shell models were also developed for the application’ to planetary surface
loading. Support of planetary topography through membrane stresses compared to
flexural stresses within planetary lithospheres was also reviewed (Janes and Melosh
1990; Turcotte ef al. 1981; Willemann and Turcotte 1981). These models assumed thin
planetary lithospheres with long wavelength surface loads which could be supported by

membrane stresses. The results demonstrated that for smaller wavelength loads the

surface loads were supported completely by flexure of the thin shell. Applying the
model to the Earth, Mars and Moon, Turcotte ef al, (1981) obtained lithospheric
thicknesses of 1000, 175, and 19 km, respcctively, leading the authors to conclude that
membrane streéses are relevant in the support of stresses on the surface of the Moon and
Mars, but not for the Earth. For the Moon, they showed that membrane stresses within
such a thin lithosphere can support the surface topography spherical harmonics up to n =
17, thus suggesting that long wavelength features are not supported through flexure, for
smaller planetary bodies. Membrane support of long wavelength features increases with

decreased planetary radius and increased lithospheric thickness, thus justifying the



lithospheric support mechanisms for the Moon and Mars, but discounting it as a major
support on the Earth. These results further question the use of thin shell modeling in the
case of the Moon, since, as stated, long wavelength loads are not flexurally supported
and short wavelength loads do not satisfy the postulates for thin shell modeling, being
too small in comparison to the thickness of the shell. More recent applications of the
classical thin shell model to the Moon, using the most recent data, have been undertaken
(e.g. Arkani-Hamed, 1998). However, despite the superior data available at‘ present, the
general results of both elastic and viscoelastic models still suggest an elastic lithosphere
of only 20 to 50 km, for sufficient support of the mascon basins (Arkani-Hamed, 1998).
Alternative models to thin plate and thin shell modeling have beeﬁ proposed, due
to the drawbacks of their initial assumptions and applicability on the Moon. One
alternative model involves an axisymmetric gaussian surface load which is applied to a
thick elastic plate overlying an inviscid fluid (Janes and Melosh 1990; Melosh 1978;

Schultz and Zuber 1994). These models focus on the surface tectonic expressions of

lithosnheric stresses as a means of justifying the modeled lithosphere. The models
suggest tht tectonic features are essentally a function of lithospheric thickness: loads
on thin lithospheres are supported by buoyancy forces from beneath, and loads on thick
lithospheres are supported by the distribution of stress throughout the layer (Melosh
1978; Schultz and Zuber 1994). Thus, the lack of major tectonic features on the Moon
strongly supports the idea of a thicker lithosphere of over 50 km, particularly at the time
of mare emplacement. Melosh (1978) also noted that in the case of the Moon, his model
results were generally in good agreement with those of the thin plate theory. Janes and

Melosh (1990) further demonstrated distinct tectonic features for narrow loads on thick



lithospheres, and wide loads on thin lithospheres using another alternative model to thin
shell plate theory, and under appropriate conditions their results reproduced similar
results to thin shell and thin plate models. However, model results based on the use of
tectonic features to constrain the lithospheric thickness should only be taken into
consideration with other supporting evidence, due to the lack of evident tectonic features

on the lunar surface.

2.2 Thick Shell Models

Thick shell theory has been successfully applied in many various formulations to
the Earth (Arkani-Hamed 1970; Kaula 1963; Longman 1962, 1963), and subsequently
was applied to the Moon (Arkani-Hamed 1973a,b). Despite the success of the Earth
models, relatively few thick shell models have been applied to the Moon. Arkani-

Hamed (1973a,b) first applied thick shell theory, investigating the distribution of density

and stress within the Moon. In the first paper (Arkani-Hamed 1973a), the density
perturbations giving rise to the observed gravity field were fully constrained fo within
the top crustal layer (of 50 km). He considered an entirely rigid Moon as well as one
with a "soft" layer of reduced rigidity in the upper mantle, representing a region of
partial melt. These variations were introduced to represent two end-member
accretionary models of the Moon, either an entirely solid or partially molten Moon after
accretion, The results showed larger stresses associated with the soft layer models; in
some cases over 10 MPa beneath several of the mascon basins and below the crust.

These stresses were concluded as too high, thus leading the author to suggest that the



entire Moon had been solid since the time of the formation of the mascon basins,
supporting the cold accretionary theory for the origin of the Moon. In a second paper
(1973b) Arkani-Hamed used the same model and allowed for density variations
throughout the entire Moon, as well as applying newer gravity data. The results were
relatively consistent with the first: 1) the lunar interior contains lateral density variations
of roughly 250 kg/m® within the crust, diminishing quickly with depth, and becoming
negligible below 300 km depth. 2) Stresses of 7-10 MPa have been supported in the
upper 400 km of the Moon ever since the end of mare volcanism. Neither study
(Arkani-Hamed 1973a,b) applied the effect of topography, which was not available at
the time. This was addressed in the second paper by approximating the topographic
effects by a suggested factor of 1.3 for the density variations. The author thus concluded
that the lunar interior has most likely supported up to 10 MPa of stress over the past 3.3
billion years, and has not had a molten layer within its upper mantle since this time.

Several aspects of this model must be noted. The first is that the thick shell

deel presumes that the Moon is no longer dynamically active; i.e., it is essentially a
"";i‘ead"hyl\ylléor’l mokd’él.‘ Theféfore, fhe rééulfs caﬁ be iﬁterpretéél as béing répfesehtéti\}é; fo
a first order approximation, of the Moon soon after the period of major internal and
surface alteration, roughly 3 billion years ago. Following the period of peak surface
mare volcanism (3.8-3.6 Ga), the Moon has only been moderately volcanically active
with significantly reduced volcanism during the Eratosthenian (3.2-1.1. Ga) epoch
(Wilhelms 1987), ending by the beginning of the Copernican epoch (1.1 Ga) (Wilhelms
1987), by which point it appears that the Moon became entirely inactive (Manga and

Arkani-Hamed 1991; Schultz and Spudis 1983; Spohn et al. 2001; Taylor 1982;

10



Wilhelms 1987). Returning to the thick shell model of Arkani-Hamed, the Meon was
essentially approximated as a crust overlying a homogeneous mantle, with average
density and average seismic parameters used throughout the interior and no application
of a core, due to the lack of any evidence of specific internal structure. While it is
known that the lunar interior is very uniform due to its high moment of inertia féctor of
0.3932 (Konopliv et al. 1998), distinct mantle regions as well as a small core have been
proposed (Hood 1986; Hood et al. 1999; Khan et al. 2000; Konopliv et al. 1998;
Nakamura 1983). The gravitational potential model available at the time was also very
unrefined, significantly overestimating the density perturbations and stresses in the
model (Kermani and Arkani-Hamed 1974; Phillips and Lambeck 1980). The lack of
topographic effects further resulted in a somewhat incomplete representation of the
stresses within the Moon. Despite these drawbacks, the results demonstrated the
applicability of such models for first order approximations of densities and stresses

within the lunar interior, and their depths. However, the overall conclusion of Arkani-

. Hamed (1973a), that the Moon has been completely solid since 3.3 Ga, may not be
warranted | Thlsconclusmn \’/>’vas amvedatunder the assumpuon that stresses of e\}er 10
MPa within the lunar lithosphere, associated with the paftially molten mantle models,
were too large to be supported over geological time. The seismic energy release
associated with the shallow moonquakes ’(Binder and Oberst 1985; Goins er al. 1981b;
Nakamura et al. 1979) has since suggested that large remnant stresses within the upper

300 km of the Moon may, in fact, still be present.

11



2.3 Summary of the Previous Models

Thus, several comparisons between the thin and thick shell models can be made.
A major difference between the two models is that since the thin shell model cannot
internally deform or contain perturbations, it solely responds by flexure. The
fundamental assumption that there is no deformation within the shell, and that only the
lithospheric shell can support the load, is in direct contrast with thick shell modeling,
which allows for perturbations and deformations throughout all parts of the model. On
the Moon, the thin shell model is generally applied to the surface loading of a basaltic
load on a thin elastic layer, before any significant growth of the lithosphere. In this
manner, thin shell modeling is applied to approximate stresses and displacements due to
the support of the largest mascon basins, and their surface basaltic loads, at the time of,
and soon after emplacement. This 1s different from thick shell theory, which models the

cold, dead Moon, long after the period of lunar volcanism and activity ceased.

Therefore, thin and thick shell modeling can be regarded as two end members of
lithospheric support models, when applied o the Moon.
The evolution and growth of the Moon's lithosphere was likely an accelerated
one when corﬁpared to the other terrestrial planets, due to the Moon's smaller size.
Lunar volcanism likely began very early in its history, as seen by older ragions
displaying pre-Imbrian volcanism (Wilhelms 1987; Yingst and Head 1997; YingSt and
Head 1999), distinct from the later volcanic events which filled the major basins.
Cryptomare, mare material thét has been later covered by ejecta but is still at the surface,

is believed to be present in many craters (Head 1993; Head and Wilson 1992). It is

12



presumed that the majority of lunar volcanism, particularly flows associated with the
major mascon basins, primarily occurred during the Lower and Upper Imbrian epoehs,
spanning some 650 million years, from 3.85-3.2 billion years ago, and that since this
time, volcanic activity has been greatly reduced, and the Moon has been completely
inactive over the past billion years (Manga and Arkanl-Hamed 1991; Schultz and Spudis
1983; Spohn et al. 2001; Taylor 1982; Wilhelms 1987). A recent thermal evolution
model (Spohn et al. 2001) produced an early thermal lithosphere that grew quickly, and
may have been as thick as 250 km after only a billion years of evolution, with an elastic
component of up to 150 km thick. The thermal lithosphere represents all of the crust and
mantle that is too cold and stiff to engage in mantle convection. Other results further
support a thick elastic lithosphere, being up to 200-300 km by the end of mascon
formation some 3 Ga, along with associated stresses of roughly 10 MPa (Phillips and
Lambeck 1980). Stresses as high as 100 MPa are generated by flexure models (Kuckes

1977) associated with very thin lithospheres (25 km) and are unnecessarily large,

euggestmg that the use of a th1cker hthosphere is a more appronnate apnrox;lmauon

| Therefore models usmg thm elastlc plates and shells for support of sllrface loads: |
on the Moon generally suggest elastic layers which are thinner than the actual lunar
elastic lithosphere. Thin shell results suggest elastic layers on the order of 20-100 km,
for the period of mascon formation and mare emplacement (3.2-3.8 Ga). Due kto the
smaller size of the Moon and the effects of relatively large surface features, thin shell
modeling may not be appropriate for a current stress analysis due to the inherent model
assumptions and as a result may be greatly underestimating the lithospheric thickness

(Kraus 1967; Pullan and Lambeck 1981; Zhong and Zuber 2000). Deformation, stress,

13



or density variations deep within the interior of the Moon are also not considered in
elastic shell theory. Thus, using a thick shell model, I determine the present density and
stress distribution for a solid Moon model. 1 also consider the introduction of a soft
layer below roughly 200 km depth, as a first order approximation of the distribution of
density and stress soon after the completion of extensive volcanic activity, at 3 Ga.
Hence, a re-evaluation of the internal density distribution and stress state of the Moon is
undertaken in this thesis using thick shell theory, adopting the latest seismic, gravity, and
topography data. Based on the above historical data, the effect of lithospheric thickness

will also be reviewed, and put into context with the viability of the different models.

3. RECENT DATA

The acquisition of new topography and gravity data from the Clementine

(Lemoine et al. 1997; Nozette et al. 1994; Smith et al. 1997; Zuber et al. 1994) and

kassé‘sksﬁle’nyf of luhar models both feaSible rand ﬁiore aécuratev thah had Been pré\}i;juély
possible. As well, modeling of the lunar interior derived from the complete seismic data
set has provided newer models of internal structure (Khan et al. 2000; Khan and
Mosegaard 2001; Nakamura 1983). Previously, the coverage of the gravitational
potential and topography data was sparse, limited to the tracks of the Apollo mission
orbiters on the lunar near side. Apollo era topography measurements were concentrated

in an equatorial band of roughly 126 degrees latitude, and were characterized by an

absolute radial accuracy of only 400 meters (Kaula et al. 1974). The Clementine
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mission mapped the topography of the Moon to a previously unattainable precision, with
a radial error of less than 100-130 meters, with almost uniform coverage over %80
degrees latitude and an inter-track spacing of roughly 60 km (Smith ez al. 1997). The
corresponding topographic spherical harmonic representation has been expanded up to
and including n = 90 (Neumann, personal communication). The gravitational potential
of the Moon has also been drastically refined by line-of-sight tracking of both the
Clementine and Lunar Prospector missions and is a vast improvement over the earlier
potential models (see Konopliv ef al. 2001). However, although the gravity model for
the near side and limb regions has been refined and improved, there are still no direct
gravitational measurements for the lunar far side, leaving the far side region with the
lowest resolution in the global gravity field model. This zone of lower gravity resolution
is centered on the far side, with a region of roughly 60 degrees in radius (Konopliv et al.
2001). Given these constraints, the most recent lunar gravitational potential spherical

harmonic model has been expanded up to and including degree n = 150 (Konopliv,

‘ther mbst ‘accﬁryate‘ énd e)’(’ter‘l“siwvev dé&é fdr ény pianétary gody bthér thaﬁ Eaﬁh. | Thé
spherical harmonic model of the lunar topography is described by real data up to n = 66
(Neumann, personal communication), beyond which the model is extrapolated. This,
along with the reduced gravity field for the lunar far side, has lead us to adopt the
maximum degree of n = 70 for the topography and gravity spherical harmonics. The
spherical harmonic expansions of the topography and free air anomaly maps used in this
study, for n = 3-70, are shown in Fig.1l. The expansions exclude the coefficients up to n

= 3, because the gravitational potential is defined with respect to the center of mass and
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FIG. 1. Global maps of the spherical harmonic expansions of a) the topography, and b)
the free air anomaly. The expansions have been made for degrees up to and including, n
= 70. The free air anomaly map over the central far side shows the effects of lower
resolution in this region. The South Pole-Aitken basin (1) is the largest crater on the
Moon, but has a subdued free air anomaly due to it being almost completely
compensated. The most predominant free air anomaly highs are associated with the

major mascon basinsk: Imbrium (2), Serenitatis (3), Nectaris (4), Crisium (5), Smythii (6),

Humorum (7), Orientale (8), Grimaldi (9). As well, other craters show mascon—like
négative nngs of low free air ahomaly, with central highs, such as Méhdel-Rdeérg (10)

and Humboldtianum (11).



d | Lunar Topography, N;3-70

90 S /\\\\&\4\\\ s 7
6
5

60
4
0 3
2 30 3

0

g 1
T 0 0
§ -1
5 -2
-30 2
| * -4
-60 L +
& 6
90 L —7

0 30 60 ’90 ’120 150 180 U 210 240 270 300 330 360 Km
' East Longitude (degrees)

o} “Lunar Free AirAno,mal"y' N=3-70

Latitude (degrees)

120 150 180 210 240 270 300 330 360 Mgals
East Longitude (degrees)



does not have the n = 1 coefficients, while the lunar rotation and possible motion of its
rotation axis may contribute to the n = 2 coefficients (Lambeck and Pullan 1980; Melosh
1975).

A recent reevaluation of the complete seismic data from the Apollo seismic
network has also provided a new seismic velocity model for the lunar interior (Khan et
al. 2000; Khan and Mosegaard 2001). Although it is based on the same data set as the
earlier Nakamura seismic model (1983) (hereafter referred to as the Nakamura model), it
provides a different seismic velocity profile for the Moon. Models previous to the
Nakamura model did not incorporate the full set of seismic data from the Moon (e.g.
Goins et al. 1981c; Nakamura et al. 1976; Toksoz et al. 1974). Only the recent Khan et
al. (2000) model, and the Nakamura (1983) model make use of the entire seismic data
set. Khan et al. (2000) proposed a new seismic profile based on a Monte Carlo
probability model, whereas Khan and Mosegaard (2001) proposed a shear wave velocity
profile for the deeper lunar interior based on a Monte Carlo inversion Qf lunar spheroidal

free nsc1llat10ns ThlS study also prov1ded a rough dens1ty proflle for the lunar interior.

Comblmng the seismic models of Khan et al (2000) and Khan and Mosegaard (2001)” -

generates a new, complete seismic model (hereafter referred to as the Khan model). The
discrepancies between the Nakamura and Khan models are quite apparent. A thinner
crust of 45 km is proposed in the Khan model,V and is on the order of 10-15 km thinner
than has previously been suggested (Goins et al. 1981¢c; Nakamura 1983; Neumann et al.
1996). The Khan model also has noticeably higher velocities for both compressional
and shear waves in the deeper lunar interior, below 500 km depth, resulting in a

significant variation of the rigidity and Lamé parameter, specifically in the deeper
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interior (Fig. 2). The effects of this different model on the density perturbations and
stresses within the Moon will be discussed in section 5.6. I used the Nakamura model
for the initial, nominal model runs, although a later comparison of the two seismic
models is made. Therefore, we review both seismic models that make use of the

complete seismic data sets available from the lunar seismic network.
4. APPLYING THE THICK SHELL MODEL

The arguments, in section 2, for the use of thick shell modeling ask opposed to
thin shell modeling in the particular case of the Moon lead to the following conclusions.
Thin shell models approximate the lunar lithosphere as a very thin shell overlying an
inviscid interior. This layer is assumed to be homogeneous and internally non-
deformable. The layer can support surface loading by membrane stresses if the load is

large enough, or by flexure for smaller loads. In cases where the lithospheric shell

thickness is not thin, i.e. greater than approximately one tenth of the planetary radius or
onetenth of the horlzontal load d1mensmns,the thmshell model cannotbe accurately
applied (Banerdt et al. 1982; Brotchie 1971; Kraus 1967; Zhong and Zuber 2000). The
normal stresses, assumed to be zero for thin shell models, may also be very important
since deformations and stresses associated with isostatic compensation within the lunar
interior must also be considered and thus modeling flexure of the lithosphere alone is
inadequate. Thin shell models do not allow for stresses extending into the deeper
regions of the Moon, due to the assumption of a non-viscous fluid below the lithosphere.

In the present study the entire range of surface features is investigated and the full
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FIG. 2. Seismic model comparison between the nominal Nakamura (solid) model and
the Khan model (dashed) for the a) density b) shear modulus and ¢) Lamé parameter.
The two models are similar at shallow depths, but become quite different below 500 km
depth. This is due to the poorly constrained inversion of seismic data at depth for the
Moon. The core of the Khan model has a very small density contrast at the core/mantle
boundary, leading to more displacements and stresses at depth. The larger rigidity of the

Khan model over the Nakamura model in the deeper interior (roughly double) is capable

. of supporting more stress for long wavelength features overlying it.
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spectrum of spherical harmonics, n = 3-70, is used within the formulation of the thick
shell model to determine the density perturbations and stresses throughout the entire
Moon. Therefore, the present day distribution of density and stress can be determined as
well as a first order approximation of the density variations and stresses within the Moon
at the end of the period of major lunar volcanism, at 3 Ga, assuming that the lunar

topography and gravity have not significantly changed since.

4.1 The Thick Shell Model

Similar to models which were first successfully applied to the Earth (e.g. Arkani-
Hamed 1970; Kaula 1963; Longman 1962, 1963) and later to the Moon and other planets
(e.g. Arkani-Hamed 1973a,b; Banerdt et al. 1982) we use a thick shell model to derive
the deformations, density anomalies, and stresses within a spherically symmetric Moon.

The thick shell model makes several initial assumptions: 1) the Moon is a spherically

svmmem'c andk self—gravitating body, 2) no rotational motion is considered, 3) the model
contéins a iinéarly eléétic, ‘isotropic intefior, 4) theelastlc moduh Snly {/ary rad’i;cilly’,’ 5)
the stresses are regarded as purely hydrostatic, with no thermal stresses considered, and
6) the model has density perturbations introduced into it and is allowed to deform by
means of dilatation and displacement to a state of equilibrium. The density perturbations
are determined using the gravity and topography that are known on the (presently
observed) deformed surface. The resultant model is regarded as a dead Moon model
representing the internal distribution of density and stress within the Moon at a time

when all surface and internal activity has ceased. In this manner, the model can be
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applied for the present state of the Moon, as well as approximating the Moon soon after
the cessation of major volcanic activity since which time it is assumed that no significant
alteration of the surface representation of gravity or topography has occurred.

The equilibrium equations and their incorporation into the matrix equation
governing the deformations within the Moon are described in detail by Arkani-Hamed
(1973b) and will not be reviewed here so as not to burden the text. The derived equation
is a first order ordinary differential matrix equation dependent on the spherical harmonic
degree, n, and order, m, the radius, r,k as well as other physical parameters such as the

Lamé parameter, 4 , the shear modulus, & , and the density, p , and is represented in

concise form by the introduction of dependent variables comprising the Y vector
components (Alterman 1959) as:

g—?nm(r) M. (7) - You (7) + Do () (1)

where the Y vector is composed of the physically relevant variables y, (radial

dlsplacement) y2 (radlal stress) Vs (tangentlal d1sp1acement) V4 (tangentlal stress) Vs

' (grav1tat10nal perturbatlon) and Vs (gradlent of potentlal minus contnbutlon of radlal '

displacement). The ﬁ matrix is a 6 x 6 matrix dependant on the physical properties of

the initially undeformed lunar model, and the D vector contains the density
perturbations within the model, which are to be determined. Equation (1) is solved

numerically with the application of the relevant boundary and model conditions, as
described below, giving rise to the solution vector, Y, and the density perturbations

contained in D.
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4.2 Boundary and Model Conditions

Equation (1) is subject to several boundary conditions, but the boundary
conditions alone are insufficient to fully solve for the density perturbations within the
model. Without any further constraints, the non-unique solution of the density
perturbations within the lunar interior giving rise to the surface gravity field leaves the
problem underdetermined. Therefore, two other model conditions are introduced.
Imposing these two extra constraints allows the density perturbations to be uniquely
determined, and the distribution of stress within the model to be solved. The four
relevant boundary conditions are presented, followed by the two added model
constraints.

The boundary conditions which are relevant to the current problem are: 1) The
regularity of the solutioh at the center of the Moon, 2) the stress free condition at the

surface of the deformed Moon, 3) the Dirichlet condition for the gravitational potential

at the surface, and 4) the Neumann condition for the gravitational potential at the
surface. The first condition applies to the matrix M, which has dependencies of 1/r and
1/ r?, and thus is undefined near the center of the Moon. To avoid this problem the

solution vector, ?, is expanded by a Taylor series at a small distance, r, , from the
center of the Moon (called the central sphere), as is described by Arkani-Hamed (1973a).

The second condition makes use of the topography data and leads to the following
conditions for y, and y, in the Y vector, on the initially undeformed surface (r = a):
y2 = _-pcgohnm (2)

¥e =0 3)
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where p, is the average crustal density, g, is the observed surface gravity, and %, is the

spherical harmonic coefficient of topography for degree, n, and order, m. Equation (2)
states that the radial stress at the surface (r=a) is equal to the negative stress associated
with the observed topography, so that after deformation the total resultant stress at the
deformed surface will be zero, while equation (3) states that the tangential stress on the
surface, before and after deformation, is negligible, since it is assumed that the major
stress component is the radial one.‘ The third boundary condition applies to y;, and
requires that the variations in the gravitational potential must lead to a model which
satisfies the observed gravitational potential data,

y; =60, C))
where J @, are the perturbations in the observed gravitational potential for different

harmonic degrees, n. The last boundary condition is essentially the continuity of the
gravitational potential derivative, the gravity. In terms of y; and ys , this condition can be

written as

e =_(n+1)y5 R SRR T
a

where, as stated before, y, is the gradient of the potential minus the contribution of radial
displacement.

However, as mentioned above, these conditions alone are not sufficient to solve
the equations and obtain the density perturbations and stresses; as is, this model is
underdetermined. Therefore, two other constraints are introduced into the model; the
minimization of the shear-strain energy and the minimization of the mass perturbations

within the entire volume of the Moon, as has previously been done (Arkani-Hamed
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1970, 1973b; Kaula 1963). The first constraint arises from the assumption that the
Moon as a whole evolves toward a state of minimum stress; the resulting density
perturbations and stresses represent a lower bound on possible model solutions. In terms

of vectors and matrices, the shear-strain equation can be written as (Arkani-Hamed

1970):
E, = 47rfu rdr YT P Y (6)
0

where p is the rigidity, a is the surface radius. The vector Y is similar to Y but without

the ys and ys terms. The matrix F is a 4 x 4 matrix, similar to ﬁ and is also dependant
on the physical properties of the lunar model, as is described in detail by Arkani-Hamed
(1970, 1973b). However, the density perturbations in the resulting model have an
oscillatory nature, oscillating back and forth from positive to negative values or vice
versa along the radius. To reduce the oscillatory nature of the density perturbations, the

amplitude of the mass perturbations, v, , defined as (Arkani-Hamed 1973b)

o

Yz| 22:‘]/"1 pri,nm :

is also minimized, where #; is the thickness of the i* layer and Ap, . are the density

perturbatioh coefficients within that layer. However, as a result of applying this
constraint, the overall shear-strain energy of the model increases; when the shear-strain
energy is fully minimized the mass oscillations are larger, and when the mass
oscillations are fully minimized the total shear-strain energy is greatly increased.
Therefore, a critical balance between the two constraints is required. To obtain a proper

balance between the constraints a weighted proportion of the mass oscillation
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minimization is applied. The weighting factor, W,,, is applied to reduce the effect of the
mass oscillation minimization in relation to the more important shear-strain
minimization. The effect of varying this weighting factor is reviewed in section 5.2, and

an appropriate balance between the two constraints is presented.

4.3 The Internal Model of the Moon

For a numerical solution, the interior of the initially undeformed Moon is divided
into a finite number of spherically symmetric layers within each of which the seismic
parameters and initial ’densities are considered constant. The nominal internal Moon
model contains 54 equal-thickness layers, each being 30 km thick, extending from the
central sphere radius, 7, =118 km, to the surface, a = 1738 km. The justification of the
layering choices will come with the discussion of layering effects on the model, in

section 5.3. The seismic profile of Nakamura (1983) is used for determining the Lamé

constant and rigidity associated with each layer. The density profile for the Moon is
\aken from the thermodynamic models of Kuskov (1997) and Kuskov and Kronrod
(1998) which are also based on Nakamura's seismic model. The specific characteristics
of the nominal internal Moon model are shown in table 1. The model contains a core of
358 km, in close agreement with the generally proposed radius of a lunar core (Hood
1986; Hood et al. 1999; Konopliv et al. 1998; Kuskov and Kronrod 1998). The core is
modeled as a pseudo-liquid by reducing the rigidity of the core by a factor of 10° and the
Lamé constant by 50% compared to the overlying mantle (see table 1). The average

crustal thickness is taken to be 60 km (Goins e al. 1981c; Nakamura 1983; Neumann et
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TABLE 1. The nominal model used for representing the internal structure of the
undeformed Moon. This model contains a core of 358 km in radius, a 390 km lower
mantle, a 480 km middle mantle, and a 450 km upper mantle. The crust is comprised of

an upper less dense layer, and a lower more dense layer, and is 60 km in thickness.




Table 1 - Internal Moon Model

Radjius

Density Lamé Shear Gravity
Region (km) (kg/m’) (10%kg/ms? | (10" kg/ms?) (m/s?)
118 ‘ 0.2111
Core 6400 4.27 7.39 x 10°

358 0.6404

Lower Mantle 3420 8.54 7.39
748 0.7833

Middle Mantle 3400 8.49 7.35
1228 1.1939

Upper Mantle 3370 6.58 6.09
1438 1.3816

Upper Mantle 3320 6.50 6.69
1678 1.5918

Lower Crust 3050 4.52 4.54
1708 1.6117

Upper Crust 2900 2.99 297
1738 1.6283




al. 1996; Wieczorek and Phillips 1998), and is divided into two 30 km layers,
representing a mid-crustal discontinuity in the range of 20 to 30 km (Simmons et al.
1973; Wieczorek and Phillips 1997, 1998). The major internal discontinuities within the
model are within 10 km of the proposed seismic discontinuities of the Nakamura (1983)
model. Although Nakamufa (1983) stated that the discontinuities may, in fact, only
represent gradual changes instead of sharp discontinuities, for simplicity the
discontinuities are left as proposed by the initial model. The gravity is calculated at the
boundary between each layer and is linearly extrapolated throughout the layer during
computation. The model layers need to be thin enough to validate the assumption of
constant seismic parameters and linear gravity within each layer, yet thick enough to
avoid a large concentration of density perturbations among the uppermost layers (see

section 5.3).

4.4 The Numerical Solution

| A fuli sdlution 0f “the km“atrixk ewquatkion,‘wkith the applicatién of kall of the :réleilaht
boundary and model constraints is given by Arkani-Hamed (1973b). Solving the
ordinary differential matrix equation (1) is done by applying the method of matricants

(Gantmacher 1959), resulting in the equation,
Y, =Q(ry;r) - Y(r) +T(r;51) - X(r,) ®)

where E(r0 ;r,) and F(rj ;r.) are the matricant propagators for the boundary effects and

the internal source effects of the j’h layer on layer, i, of the internal Moon model, and are

described in detail in the appendix. The vector X(rj) contains the density perturbations
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for the j’h layer, and the VectorY(rO) is the expansion of the solution vector over the

central sphere, at radius 7, (Arkani-Hamed, 1973a). The Moon model contains layers
with constant internal parameters of the initial density, Lamé parameter, and shear
modulus. The radius and gravity at the base and top of each layer are inputed, and are
then interpolated throughout the layer for calculation purposes. The spherical harmonic
coefficients of the density perturbations throughout each layer are determined by solving
the above matricant equation, by the method of generalized least squares with the
introduction of Lagrangian multipliers (see Arkani-Hamed, 1973b). From the solution
of the density perturbations, the solution for all of the Y vector components are
determined.

The method for calculating maximum stress differences follows that defined by
Arkani-Hamed (1973a,b). Briefly, the maximum stress difference (maximum shear

stress) associated with a point is given by (Sokolnikoff 1956):

S=lt, -1,|/2 9

- where 7, and 1, are the maximum and minimum principal stresses, which are roots of the

cubic equation:
0 -0,1* +0,-6, =0 (10)
where the coefficients ;, 6, and 6; are stress invariants, defined by Arkani-Hamed

(1973a,b). These stress invariants are related to the Y vector through

=i

T=R-'Y (11)

where T is the vector of elements comprising the stress invariants, and R is dependent

on the physical properties of the lunar model (see Arkani-Hamed 1973a). The stresses
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are always positive, since they are calculated as the absolute difference between the
maximum and minimum principal stresses, and are determined at the base of each model
layer, with the top of the surface layer having no stress due to the non-stress boundary

condition.

5. MODEL RESULTS

5.1 Nowminal Model Results

First, the results associated with the nominal model are presented, followed by
results for a wide range of varied parameters including the effect of the weighting factor,
W., the effect of variable layering, the effect of the core characteristics, the effect of a
soft layer within the mantle, and the effect of a different seismic model. In all models,

the penetration of different density perturbation coefficients is limited to distinct depths

and regions within the Moon. This is done to avoid fictitious density perturbations at
depth due to shallower features, and to isolate the effects of particular lunar features.
For example, the harmonics dominated by the mascon basins, n = 7-20 (see Fig. 3), will
not penetrate to the core mantle boundary, since the soufce region for the mascons does
not extend to those depths. The deepest source region, and thus the deepest zone of
effect for density perturbations associated with the mascon basins, is a depth of roughly
500 km (Alley and Parmentier 1998; Heiken er al. 1991; Manga and Arkani-Hamed
1991; Taylor 1982; Wieczorek and Phillips 2000). Therefore, the harmonics are

grouped for three different ranges; 1) the low harmonics of n = 3-7, extending through
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FIG. 3. Profile of topography and free air anomaly for two representative mascon basins
(Serenitatis and Crisium). The mascon basins dominate the spherical harmonics starting
at n = 3-9 to n = 3-20, after which the major characteristics of the basins have generally
been established. Green lines denote the representation for n = 3-7, for which little of
the mascon characteristics are present. Blue lines denote the representation for n = 3-20,
at which point the majority of the mascon characteristics are present. Red lines denote

the use of the full spectrum of coefficients (n = 3-70).
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the entire mantle down to the core/mantle boundary, 2) the major basin harmonics, of n
= 8-20, extending to a maximum depth of 510 km, and 3) the high harmonics, of n = 21-
70, extending to a maximum depth of 210 km. For the nominal model, a specific
weighting factor for each harmonic range has been designated, and is listed in table 2.
The justification of these choices will come with further discussion of the effect of
weighting factor in section 5.3.

The distribution of density perturbations generated within the nominal model is
presented for the near surface crustal layers (Fig. 4), and in the upper mantlé at depths of
150 km and 300 km (Fig.5). Figures 4 and 5 demonstrate how the density perturbations
responsible for the observed gravity field are strongly concentrated in the upper 150 km.
Note the different scales used in these figures. The largest density variations are located
within the upper crustal layer (0-30 km depth), with the majority of the variations being
less than 200 kg/m’. Several specific areas have density perturbations of up to +400

kg/m®, namely the mascon basins, the SPA basin, and the far side highlands. The

variations in the lower crust (30-60 km depth) are more subdued, with almost all of them
being Tess than +100 kg/r, with the same high density regions showing peaks of
generally +200 kg/ny’. Several of the mascon basins were probably in a state of over
comperisation before the time of mare fill, and still have not relaxed the
overcompensating mass (Neumann ef al. 1996; Spudis 1993; Wieczorek and Phillips
1999). ’Similarly, the SPA basin and the central far side highlands have been shown to
have undergone substantial compensation, demonstrated by prominent mantle upwelling

beneath the SPA basin and a crustal root descending into the mantle beneath the

highlands (Arkani-Hamed 1998; Neumann et al. 1996; Zuber et al. 1994). Thus, the
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TABLE 2. The choice of weighting factor for the nominal model over the different
representative spherical harmonic groups. The large weighting factor over the higher
harmonics allows for more reduced oscillations of mass perturbations, while keeping the

total shear-strain energy at a near minimum.




Table 2 - Optimal Weighting Factors

Spherical Harmonics

Weighting Factor, W,,

=37 1.0x10°
7=8-20 5.0x10°
7 =2170 1.0x10°




FIG. 4. The density perturbations generated by the nominal model within the a) upper
and b) lower crust. The density perturbations range from generally +200 kg/m® for the
majority of the lunar upper crust, with the SPA basin (1), the far side highlands (2), and
several of the mascon craters (3) showing perturbations as high as +400 kg/m’. Several
mascon-like craters show similar high density plugs, such as Mendel-Rydberg (4),
Humboldtianum (5), Moscoviense (6), and Freundlich-Sharonov (7). These large

density variations are due to the compensating mantle plug, or crustal root beneath these

larger features. The density perturbations are reduced in the lower crust, with strong

peaks still associated wit the largest features.
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FIG. 5. The density perturbations generated by the nominal model within the upper
mantle at depths of a) 120-150 km and b) 270-300 km. The density perturbations are
less than +80 kg/m® by 150 km depth, with the major peaks being associated with the
SPA basin, far side highlands, and mascon basins, as noted in Fig. 4. At 300 km depth
the density perturbations have reduced to less than +5 kg/m’ everywhere, except for a
few areas associated with the large features mentioned above. The transition of density

anomalies associated with these features, from positive to negative for the SPA and

mascon basins, and from negative to_positive beneath the far side highlands,
demonstrates the oscillations seen in the density perturbation solution, even under the

influence of the mass oscillation minimization condition.
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mantle response beneath the major mascon basins and the SPA basin is being
represented by the model as a strong positive anomalous density in the crustal layers,
whereas for the far side highlands the model represents the crustal root as a large,
negative, anomalous density variation within the crustal layers. Therefore, other large
positive density anomalies in the crust may be representative of regions of major mantle
upwelling, and significant compensation. This is evident for the mascon basins, but can
be seen as well with some of the smaller, recently proposed (e.g. Arkani-Hamed 1998;
Konopliv er al. 2001; Reindler and Arkani-Hamed, 2001; Zuber et al. 1994) mascon-like
craters such as Mende]-Rydbefg, Humboldtianum, and Moscoviense (see Fig. 4). At
120-150 km depth all density variations have reduced to less than +80 kg/m® and by 300
km depth the Moon has negligible density perturbations, being less than +5 kg/m’.
Several of the mascon basins, as well as the SPA basin, have negative density anomalies
of as much as -5 kg/m’ associated with them at depths of 300-500 km, being directly due

to the oscillatory nature of the modeled density perturbations. In a similar manner,

_positive anomalies of +5 kg/m’ are associated with the far side highlands surrounding the
SPA basm, further reveahng oscﬂlatory effects Of | the densn:y anomahes Wlthmthe
model for the longer wavelength features. The constraint of minimizing the mass
perturbation oscillations has reduced this consequence but, as is seen, still leaves some
remnant effects, but these are relatively negligible. The weighting factor used for this
minimization, and the effect it has on the model, is further discussed in the next section.
The density perturbations further decay with depth, and essentially disappear by the
upper/middle mantle boundary, at 510 km depth. It must also be noted that most of the

larger density perturbations are located on the far side, in the area of poorest gravity
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coverage (Konopliv ef al. 2001). Lesser gravity coverage can lead to a serious
overestimation of density perturbations and stresses (Kermani and Arkani-Hamed 1974,
Phillips and Lambeck 1980). Considering that the continuity of the potential data is an
essential boundary condition of the model solution, this region may be expected to
display anomalous features. Overall, the majority of the crustal areas show variations of
less than +200 kg/m’, representing the vast range of compensation which occurs within
the crust, at the upper/lower crustal boundary, and more importantly at the boundary
between crust and mantle. |

The internal stress distribution within this nominal model shows large stresses
within the crust associated with the high density perturbations. However, stresses within
this model extend to much greater depths, generally corresponding with the locations of
the major mascon basins. Fig. 6 displays the global stress distribution within the crustal
layers. The largest stresses in the crust are associated with the SPA basin and the

surrounding far side highlands, with certain areas reaching stresses of 6-8 MPa. The

near side mascon basins are slightly more subdued, but distinct rings of stress outline
them, generally Wlth stresses of 4-6 MPa Several drstlnct craters | (Korolev,
Hertzsprung, Mendel-Rydberg, and Humboldtianum) show this same distinctly mascon-
like ring stress configuration. At the base of the crust the stresses are significantly
reduced, and by 150 km depth (Fig. 7) the large stresses associated with the SPA basin
and the far side highlands are essentially‘ gone. At this depth the strong representations
of the major mascon basins along with several mascon-like craters begin to dominate.
The stresses are 6-8 MPa beneath all of the mascon basins and evident mascon-like

craters at 150 km depth, reducing to 4-6 MPa at 300 km for only the largest mascon
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FIG. 6. The stress distribution generated by the nominal model at the base of the a)
upper and b) lower crust. In the upper crust stresses reach 6-8 MPa in specific areas
associated with the SPA basin (1) and the lunar highlands (2). Stresses outside these
areas do not generally exceed 4 MPa in the upper crust. In the lower crust, the peak
stresses associated with the SPA basin and far side highlands reduce significantly down
to below 6 MPa, and stresses in ring structures associated with several of the mascon

basins and a few mascon-like craters (such as Mendel-Rydberg and Humboldtianum)

‘become more prominent, being on the order of 4-6 MPa
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FIG. 7. The streés distribution generated by the nominal model in the upper mantle at
depths of a) 150 km and b) 300 km. At 150 km depth the strong stresses associated with
- the SPA basin and the far side highlands has disappeared. From 150 km to 300 km
depth the stress distribution is dominated by the mascon basins (1), with stresses of 6-8
MPa at 150 km depth and 4-6 MPa by 300 km depth. Several mascon-like craters such
as Mendel-Rydberg (2), Humboltianum (3), Moscoviense (4), Freundlich-Sharonov (5),

Coulomb-Sarton (6), and Hertzsprung (7) have large stresses beneath them at 150 km

depth, but by 300 km the stress has significantly reduced.
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basins. Below this depth the stresses diminish quickly, and by 500 km depth only small
remnant stresses of less than 3 MPa associated with Imbrium and Serenitatis remain.
Individual stress profiles beneath several of the well known mascoﬁ basins, as well as for
some of the largest recently discovered mascon-like craters (Konopliv ef al. 2001;
Reindler and Arkani-Hamed, 2001) are shown in Fig. 8 and 9, respectively. These
mascOIi craters/basins represent the major non-isostatic features on the Moon, and hence
the main loads on the lunar interior. The observed mass concentrations are generally a
combination of emplaced mare material, and the super-isostatic response of the mantle to
the initial basin forming event. In some cases, hydrodynamical uplift of the mantle
occurred almost instanteously, due‘ to the shock waves and ﬂuidization of the crust at
impact. The subsequent rapid cooling of the crust probably "froze" the super-isostatic
configuration of the crust and mantle leaving a large excess mass (Neumann ef al. 1996;
Spudis 1993; Taylor 1982; Wieczorek and Phillips 1999). The results presented here

suggest that for a fully elastic lunar interior, capable of rigidly supporting the non-

isogtatic loads of the mascon basins, large (> 5 MPa) stresses do not extend beyond 500
ki depth. Serenitatis, Crisium, Humorum, and Orientale have the largest magnitude
stresses among the mascon basins, reaching highs of 6-8 MPa in this solid Moon model,
at depths of Iess than 200 km.

Many different parameters have been considered, and optimal choices regarding
these parameters have been made to produce this nominal model. This model provides
the best possible present day representation of the Moon, however, many variations exist
for the model parameters. The modeled density perturbations and stresses vary under

the influence of these parameters, which in some cases may greatly affect the resulting
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FIG. 8. The stress distribution with depth beneath Serenitatis (27°, 20%), Smythii (-2°,
87%), Humorum (-24°, 321°), and Orientale (-19°, 266°). The profiles are taken along a
longitudinal west-to-east line, crossing the basin center. The latitudinal center of each
basin is kept constant for the profiles. It is clearly shown that for even the largest of the
mascon basins, the anomalous stresses are concentrated in the upper 300 km, and do not

extend beyond 500 km depth.
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FIG. 9. The stress distribution with depth in the upper 500 km beneath several mascon-
like craters: Mendel-Rydberg (-50°, 266°), Humboldtianum (58°, 84°), Moscoviense
(26°, 147°), and Coulomb-Sarton (52°, 237%). The profiles are taken along a longitudinal
west-to-east line, crossing the crater center. The latitudinal center of each basin is kept
constant for the profiles. These craters have strong stresses beneath supporting their

surface loads. Their stresses generally do not extend below 300 km depth.
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distribution of density and stress. The next sections present further investigations on the
response of the thick shell model, and the effects of a wide range of parameter

variations.

5.2 Effect of the Weighting Factor

The choice of weighting factor is crucial for the overall model solution to
maintain a proper balance between the two minimization constraints; namely, the
minimization of total shear-strain energy and the minimization of radial oscillations of
the mass perturbations. As mentioned, the shear-strain minimization is applied because
of the non-unique solution of density perturbations within the Moon which give rise to
the observed gravity field. The minimization assumes that the entire lunar body evolves
toward a state of minimum total energy. However, as has been previously noted

(Arkani—Hamed 1973b), the density perturbations generated in such a model tend to

oscillate at depth within the Moon model. This was shown to be the case (in the last
secﬁdh) béneéﬁh Etfle mascon basinS, the‘ SPA basm, ana thé kfar sidé hlghlands, for thew
nominal choice of weighting factor. Fig. 10 demonstrates the effect of varying the mass
oscillation minimization weighting factor on the density perturbations directly beneath
the Serentitatis basin. The minimization of the mass perturbation oscillations reduces
the oscillatory characteristic of the density perturbations. However, as a consequence of
this minimization, the total shear-strain energy for the model increases. The optimal
solution lies in an adequate weighting of the minimization conditions. In the present

model the minimization of the shear-strain energy is held constant, isolating the balance
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FIG. 10. The effect of increased weighting factor, W,, , on the density distribution below
Serenitatis basin. The dashed line denotes the results for a model with no minimization
of mass perturbation oscillations (W=0.0). All density perturbations for these basins
are concentrated in the upper 500 km. The oscillation of the density perturbations from
positive to negative are significantly reduced with the increase in weighting factor. The

effect of increasing the weighting factor is seen to reduce after a value of W, = 0.01, and

by Wy = 0.1, the maximum reduction has occurred
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of mass oscillations and total energy to the weighting factor, W, associated with the
minimization of the mass oscillations. The objective is to obtain the largest possible W,
for which the total shear-strain energy remains a near minimum.

To determine the largest possible weighting factor, W,, the relative energy
associated with increasing spherical harmonic is compared. Fig. 11 shows the total
shear-strain energy, as a function of W, for different ranges of degree, n, starting at n =
3, and going up to n =3-70. The shear-strain energy for each degree is normalized by the
W,=0 energy for the lowest harmonic considered (n=3). The region of shear-strain
energy increase begins at a weighting factor of 10?, and by 10" the energy has already
essentially reached a maximum within the model. Therefore, the range of 10° to 10" is
the best range of W, for appropriately maintaining an overall near minimum shear-strain
energy as well as obtaining a relatively large minimization of the mass perturbation
oscillations. However, the shear-strain energy associated with the Moon is dominated

by the low harmonics, with more energy gained over the harmonics of degree, n = 3-10,

ihan” Qverﬂthe’degiee‘s, n.= 10-70, implying that the nlininlization of shearjstraiii energy
Bééoméé leés imiibitaht ovjel~ the higlier degreeharmomcs ’:"Iu‘hiis,’ atlylowerﬁW’,’,, 1s used fér
the low harmonics, n = 3-7, while W, is ihcreased for higher harmonics, thus allowing an
overall reduction of shear-strain energy, while further minimizing the mass oscillations
in the upper lunar regions. The chosen weighting factors are listed in table 2, and are
associated with the previously determined groupings for the major harmonic divisions.
The variation of weighting factor over harmonic intervals provides a different overall
energy profile. Fig. 12 displays the total shear-strain energy, again normalized to the

W,=0 energy for the lowest harmonic considered (n=3), for different constant weighting
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FIG. 11. The effect on the total normalized shear-strain energy associated with
cumulative harmonic degrees for variations of the weighting factor, Wy, . The total
energies have been normalized to the energy for n=3, and Wy, = 0. The total shear-strain
energy remains a minimum for Wy, < 0.001. For 0.001 < W, < 0.1 the energy is in a
state of transition, increasing rapidly for increased Wy,, and by Wy, = 1.0, the total shear-

strain energy has reached a maximum. The majority of the total energy for Wy, is

associated with the low harmonics (n < 20).
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FIG. 12. The total normalized shear-strain energy associated with different constant Wy,
values, and the proposed nominal model. The total energies have been normalized to the
energy for n=3, and Wy, = 0. The model with Wy, = 0.0001 displays almost no energy
gain over the Wy, =0.0 model. A small relative increase is also seen with the Wy, =
0.001 model. However, the use of Wy, = 0.01 generates a large increase of total shear-

strain energy. The nominal model generates only slightly larger total energy, and allows

for the use of Wy, = 0,01 over the higher harmonics (n > 20).
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factors. The solid lines denote constant weighting factors, the Wy=0 line shows the
minimum shear-strain energy possible for the present model, and the dashed line shows
the energy for the choice of optimal weighting factors over the different harmonic
divisions. Although the energy associated with the choice of weighting factors is
slightly higher than that for the constant weighting factor of 1x107, the weighting factor
is in fact 5 times larger over the mascon basin harmonics (n = 8-20), and 10 times larger
over the higher harmonics (n = 21-70). Thus, this choice leads to a greater overall
reduction in mass oscillations, at the sacrifice of only a small relative increase in the
total shear-strain energy. Therefore, applying a variable weighting factor allows for a
significantly lower total energy, while more efficiently reducing the mass oscillations,
particularly in the upper 500 km where the mass oscillations are most concentrated (see

Fig. 10).

5.3 Effect of layer variations

Thepreferred model contams 54 layers of 30km thlckness The 30 km layers
were chosen from a wide range of considered models, including models with layers of
20, 25, 30, 50 and 60 km. Due to the boundary condition imposing the continuity of the
modeled gravity with the observed gravity field, density perturbations in the model tend
to be concentrated in the uppermost layers. As a result, thinner layers (hence more total
layers) generate stronger density perturbations in the uppermost regions of the model.
Conversely, thicker layers result in lower density perturbations, since the perturbaﬁons

are basically dispersed throughout the entire thickness of the layers. For example, a
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model with layers chosen to be larger than 30 km thick, say twice as thick, will result in
smaller density perturbations over a single crustal layer (of 60 km thickness), in
comparison to the perturbations found in a thinner upper crustal layer, but will be larger
than the density perturbations within a thinner lower crustal layer. Conversely, for the
validity of the assumption of constant layer parameters (Lamé parameter, shear
modulus,and density), sufficiently small layers must be used.

Another way to see the effects of layering is in a spectral domain representation.
Fig. 13 displays the power spectrum of the density perturbation coefficients within the
uppermost layers, for different variations of layering near the surface of the Moon. The
power spectrum, &, , displays the power associated with a set of spherical harmonic

coefficients for independent harmonic degrees, n, and is determined by the equation
g, =Y 4p,,)" (12)
m=0

In Fig. 13a the lower degree coefficients display the strong effect of layering variations,

while the power spectra shows a white noise characteristic for the higher degree

" coefficients. The low degree density perturbation coefficients for the thin layer model
have larger power, while the thick crustal model has lower power associated with its
spectrum. The thin layer model has reduced amplitudes for its density coefficients in the
lower crustal layers, balancing the larger perturbations in the thin near surface layers.
Layer variations can have a major influence on the density and stress distribution,
particularly within the near surface layers. Another model with layers decreasing in
thickness, starting from 150 km depth and getting thinner toward the surface was also
applied (Fig. 13b). The layers were reduced by 5 km increments every second layer,

starting from 30 km layers at 150 km depth, and resulting in 10 km layers at the surface.
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FIG. 13. The power spectrum for the density perturbation coefficients for models with
a) thicker and thinner even layers, and b) uneven thin layering. The spectrum in (a)
displays how the power is evenly distributed for all even layering models. However, for
the thin layer model the higher power of the coefficients results in larger density
perturbations in the upper 15 km layer than is seen in the 30 km layer, or the 60 km
layer. As well, it can be seen that the power distribution takes on a white noise

characteristic after about n = 15-20. Alternating layer thickness (b) results in increased

_power, and density perturbations, over the harmonics of up to n = 25-30. The power

associétekdkwith the ’thinrnest layefsiis véry lafge in the surface layér‘ kﬁpper 10’kmk), but’is
less than the 30 km model by the base of the upper crustal layer (20-30 km). Therefore,

constant layering is preferred over variable layer thicknesses.
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The density perturbations for the reducing—layer model have more power within the
thinner surface layer of 10 km, as compared to the nominal model surface layer of 30
km. However, looking at the average power over all 3 upper crustal layers for the
incremental model (upper 30 km), the density perturbations for degrees n < 20 have
more power compared to the nominal 30 km layer model (Fig. 13b). Therefore, variable
layering seems to generate artificially increased density distributions, particularly among
the lower harmonics. To avoid this artificial increase in density perturbations, the
nominal model has constant thickness layering.

Finding a model with acceptable layering for the Moon is highly arbitrary;
however, the nominal choice represents the best determinable balance of all potential
layering models. At present, layers of less than 30 km have no structural basis within
the Moon, particularly in the upper 150 km, where the majority of the density
perturbations are concentrated (see section 5.1). The crust does appear to have a distinct

seismic boundary at 20-30 km depth, but only a minor density boundary (Kuskov and

- Kronrod 1998; Simmonsﬂ et al. 1973;,Nakamura 1983; Wieczorek and Phillips 1997,
15985. Choosmg30km layers zﬁsb resultsm a model which khaél iéyér 1nterfaces w1th1n
10 km of all proposed structural boundaries (e.g. Nakamura 1983). Variable thickness
layering, as in the reducing thickness model, can further distort the magnitudes of the
density anomalies, and is to be avoided. Therefore, constant layering was adopted
throughout the Moon model. The 30 km layers are thick enough to avoid over-stacking
of density pertilrbations and stresses within the upper crust, yet thin enough to allow for

a more refined and precise view of the distributions within the Moon. Thus, 30 km
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layers are the best compromise for layering, given the present knowledge of the lunar

interior.
5.4 Effect of Core Parameters

Another parameter of the lunar model that can vary is the representation of the
lunar core. The presence of a Iunar core has not been definitively confirmed, however
there is enough evidence to strongly suggest its existence (e.g. Hood 1986; Hood et al.
1999; Konopliv et al. 1998; Kuskov and Kronrod 1998). The size of a core is limited by
geophysical evidence limiting the end-member models to consist of either a slightly
larger iron-sulfur core of roughly 400-500 km radius or a smaller, purely iron core of
around 300 km radius (Khan and Mosegaard 2001; Konopliv et al. 1998; Kuskov and
Kronrod 1998). As well, dynamical evidenee from laser ranging data suggests a fluid

metallic core of 300-375 km (Williams er al. 1999). A 358 km liquid core of

, inte;mediate cqmposition between pure iron (8100 kg/m’) and iron-sulfur (4700 kg/m’)
| Was apphedfor Vthe normnal model, based onthebest estlmatefor a cefe kradieys’and
composition based on cofnpositional models of the Moon (Hood et al. 1999; Konopliv et
al. 1998; Kuskov and Kronrod 1998). A liquid core on the Moon may be the
consequence of a rapid thermal evolution of the upper parts of the Moon, characterized
by the growth of a large insulating thermal lithosphere early in its evolution (Spohn et al.
2001). As a result heat transport to the surface was greatly reduced, and the interior of
the Moon could not cool efficiently. The rate of heat dissipation from the Moon's core

became very small, and almost constant, after only about one billion years of lunar
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evolution, due to the insulating effect of the large lithosphere (Spohn et al. 2001). This
implies that the core is still very hot and most likely liquid, particularly for the case of an
iron-sulfur core, which would stay molten longer, due to its lower liquidus temperature
than that of a pure iron core.

To remain consistent with the geophysical constraints a slightly smaller core for
the pure Fe model (298 km), and a slightly larger core for the Fe-S model (418 km) are
applied. The density perturbations associated with these two end-member liquid core
models were determined, and displayed only very marginal differences from the nominal
model. Only the largest, long wavelength features (n=3-7) are allowed to penetrate
down to the core/mantle boundary, and even these features show no significant effects
due to different core models at the surface. This is due to the fact that the maximum
range of the density perturbations is only about 500 km, as was seen for the nominal
model. Hence, core effects beyond 1000 km depth have essentially no surface

ramifications. As well, the density contrast between the core compositions and the

’ oVeﬂving ,mantle _are quite large  (~1300-4700 ,kkg/’m3), not allowing for much
‘dispiace’merﬁt’ and compensatlon at thlsboundary The dlfferences | 1n thestress
distributions between the same compositional core models and the nominal model are
equally minute. One other characteristic of the lunar core to be considered is the
possibility of an éntirely solid core. Due to the higher solidus of iron, a solid core model
for the Moon will be applied with a pure Fe or high Fe composition. The nominal model
was applied with a solid core of the same intermediate composition, with the Lamé
parameter and shear modulus (rigidity) of the core set to be equal to that of the lower

mantle. Yet again, the results for this core variation showed no significant change in the
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density perturbations and stress distribution throughout the upper mantle and crust. One
difference between the solid and liquid core models is expected in the region directly
overlying the core/mantle boundary. The stresses for the solid core model should be
reduced in this area, since the underlying solid core can support more of the stress. This
is, in fact, the case, however the stress differences are so small at this depth within the
Moon (<1 MPa) that the overall stress variations in this region are negligible, regardless
of a solid or liquid core.

The major characteristics of the core, whether it is pure Fe or Fe-S in
composition, or whether it is solid or liquid, appear to have no significant effect on the
density and stress and distributions within the outer regions of the Moon. The stresses
associated with the two compositional models vary by less than 0.1 MPa from the
nominal model within the crust and become essentially indistinguishable by 300 km.
The possibility of an entirely solid core has an equally minor effect on the overall results

of the model, and is not considered a major model variable. The small effect on the

modeled ,density and stress ,dism'bution of djfferent core mgdels kis akdirerct result of the
reiétivéiy srﬁall 'coAr’é’ in comparlson tko‘ fhe la.fge lﬁhél'r’ manﬂé.z ’Tkhe core cbmpfiseé;ohly
1-4 % of the total mass and comprises less than 2% of the total volume of the Moon, and
hence is too small to be a major factor in the support and compensation of even the

longest wavelength surface features.
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5.5 Effect of a Soft Mantle

The nominal model assumes an entirely solid mantle, and does not take any
partial melting within the mantle into account. This was done to obtain an initial first
order interpretation of the present distribution of density and stress within the Moon.
Another model parameter to be introduced which may have a significant effect on the
density and stress distribution is the incorporation of a soft region in the upper mantle.

The incorporation of such a soft layer can be used to approximate the distribution of
density and stress within the Moon for a time when partial melting within the upper
mantle played a major role in planetary processes, and in the support of surface loads
and stresses within the upper regions of the Moon. The upper mantle below the elastic
lithosphere of the Moon was still a major region of partial melting, even after the period
of extensive lunar volcanism had ended, roughly 3.0-3.2 billion years ago (Spohn et al.

2001; Taylor 1982; Wieczorek and Phillips 2000). As modeled here, the partially

motten or soft region is not capable of supportmg stress over geologrcal time, and hence

the overlymg shell of such a soft regron will have to support more stress with no support‘
coming from beneath (Arkani-Hamed 1973a,b).

As discussed in section 2, the lunar elastic lithosphere has been modeled
extensively, and has been suggested by thin shell modeling to have been about 100 km
thick following the period of the major mare forming events (Kuckes 1977; Pullan and
Lambeck 1981; Solomon and Head 1980), while other models (Phillips and Lambeck
1980; Spohn et al. 2001) have suggested an even larger (200-300 km) lithosphere. In the

current model, an elastic thickness of 210 km is examined, with the soft, partial melting
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layer extending beneath the lithosphere to 510 km depth. The thickness of the model
lithosphere was chosen to approximate the thickness of the lunar lithosphere after
extensive lithospheric thickening following the strongest period of lunar volcanism, at
roughly 3 billion years ago. The nominal model is applied with this partially molten
region, that is approximated by reducing its rigidity by a factor of 10° for the specified
depth range. The variations of density perturbations from the nominal model for a soft
layer model, within the upper crust and above the partial melt layer at 150-180 km depth,
are shown in Fig. 14. The general density variations in the crust are essentially the same
as the density variations observed with the nominal model (Fig. 4), being generally less
than +20 kg/m’ with peaks reaching up to about £60 kg/m’. In the upper mantle,
however, the variations do not diminish rapidly, remaining as high as +60 kg/m’ from
the nominal model. The density anomalies in association with the mascon basins, have
strong negative anomalies of up to -50 kg/m®. This is another representation of the

oscillations within the density perturbations. Instead of being distributed more slowly

and evenly through the deeper parts of the Moon, the soft layer has the effect of

cdﬁééntrating t’he‘ ‘hé’gative dehsify i)éﬁurbafions ’éibo‘ve the soft léyér,’beheath tfle major
mascon basins. The variations of stress for the soft model from the nominal model
within the middle of the crust, and at 180 km depth are shown in Fig. 15. The stresses in
the crust are only moderately affected by the soft mantle layer, showing differences of at
most +1-2 MPa from those seen in the nominal model (Fig. 6). The largest stresses in
the crust are once again associated with the SPA basin, and the surrounding far side
highlands. The most significant effect of the soft layer is seen in the stress at 180 km

depth. The stresses are strongly increased by as much as 4-6 MPa, in comparison to the
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FIG. 14. The variations of density perturbations from the nominal model for the a) crust
(0-30 km) and b) upper mantle (180-210), due to the introduction of a soft layer in the
upper mantle extending from 210 to 510 km depth. These maps are created by
subtracting the nominal map from the soft layer maps. The density variations in the
upper crust are relatively small, being generally no more than +20 kg/m’ with peaks as
high as +60 kg/m’. The density anomalies remain strong at 180-210 km depth. The

large negative anomalous density perturbations below the major basins at this depth

represent the oscillations in the density perturbations, which have been concentrated just

| abof)é the sbft layér bou’ndary.k
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nominal model, in the regions beneath the mascon basins (Fig. 7). The stresses in the
soft layer model reach highs of 10-12 MPa near the Serenitatis and Crisium basins.
Large areas of increased stress beyond 4-6 MPa greater than in the nominal model are
apparent, extending between several of the near side mascon basins (Imbrium,
Serenitatis, Nectaris, Cristum, and Smythii). The stresses previously seen extending to
beyond 200 km depth for the nominal model are now concentrated in the layers directly
overlying the beginning of the soft layer, resulting in the higher stresses displayed in Fig.
15. This effect appears to be generally limited fo the mascon basins, with several of the
larger mascon-like craters (Humboldtianum, Mendel-Rydberg, Moscoviense,
Freundlich-Sharonov) not showing any noticeably concentration of stresses at 180 km
depth. Comparing the stress profiles for the mascon basins (Fig. 16) and several of the
mascon-like craters (Fig. 17) demonstrates the effect of the soft layer on different types
of craters. The major super-isostatic load of the mascon basins is supported by stresses

concentrated just above the boundary between the lithosphere and the soft layer. In the

case of the slightly smaller mascon-like craters, the surface loads are more easily
| supported w1th1n the hthosphere 1tself, ’thus’rai}(;):iding a cdﬁncentfétﬁik(’)n:of stress atthe base k
of the lithosphere.

Thus, a soft layer has bkeen applied based on the most reliable model of lunar
evolution and the most likely scenario of mascon basin support. The model incorporates
a 300 km thick soft layer extending from the upper mantle, at 210 km, to the beginning
of the middle mantle at 510 km. The introduction of such a layer appears to have only a
minor effect on the density and stress distribution within the crust, but has a larggr effect

near the boundary between lithosphere and soft layer. The presence of such a layer

41



FIG. 15. The variations of stress from the nominal model generated in the a) crust (30
km) and b) upper mantle (180 km) by a model with a soft layer at 210-510 km depth.
These maps are created by subtracting the nominal map from the soft layer maps. The
stresses in the crust are less affected by the introduction of a soft layer, being generally
less than +2 MPa. Just above the soft layer, however, the stresses greatly increase from
the nominal model, with increases of 2-8 MPa associated with the major mascon basin

regions. The mascon basins are the major features affected by the introduction of the

__soft layer. with comparatively small stress increases associated with the SPA basin and

the far sidekhig’hlarkld fegioh.
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FIG. 16. The stress distribution with depth beneath Serenitatis (27°, 20°), Smythii (-2°,
87°), Humorum (-24°, 321°), and Orientale (-19°, 266°) for the soft layer model. The
profiles are taken along a longitudinal west-to-east line, crossing the basin center. The
latitudinal center of each basin is kept constant for the profiles. The stresses associated
with the largest basins are concentrated and loaded just above the soft layer, reaching

highs of 9-13 MPa. The soft layer comprises the whole region below 210 km depth, and

supports no stress.
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FIG. 17. The stress distribution with depth in the upper 500 km for the soft layer model
beneath several mascon-like craters: Mendel-Rydberg (-50°, 266°), Humboldtianum
(58°, 84°), Moscoviense (26°, 147°), and Coulomb-Sar[on (52°, 237°). The profiles are
taken along a longitudinal west-to-east line, crossing the crater center. The latitudinal
center of each basin is kept constant for the profiles. The stresses associated with these
craters are well preserved in the upper mantle, and do not éxtend below 210 km. The

introduction of a soft layer has little effect on the stress distribution for the mascon-like

. craters
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appears to most significantly influence the mascon basins, suggesting that the lunar
lithosphere was able to support stresses of 10-12 MPa, soon after the completion of
mascon formation, roughly 3 billion years ago. The increase in stress in the lithosphere
is directly due fo the reduced rigidity in the soft layer region, removing any support of
overlying density variations within these layers, thus leaving the overlying shell to
support all surface features and loads. The lack of stresses at 180 km depth beneath the
SPA basin and the lunar highlands suggests that thése features may be almost completely
compensated within the upper regioﬁs of this Moon model. The modeled stresses near
the mascon basins at 180 km depth are the largest stresses associated with any of the
variable parameter models, and are on the order and depth of those associated with the
shallow moonquakes (Goins et al. 1981b). It is proposed that a stress distribution such
as the one displayed here may have been "frozen" into the Moon after the time of
decreased volcanic activity. In this way, these remnant stresses within the lunar interior

may be currently playing a key role in the seismic activity on the Moon. A correlation

~ between the shallow moonquake epicenters and the maximum lithospheric stresses will
berewewed mtheneXt Secuon B S g S A D

It has also been proposed that, at present, there may currently exist a small
amount of partial melt and near liquidus temperatures below 1000 km depth, thus
explaining the high attenuation zone at such depths and providing a pooling region for
stresses released by tidal forces in the form of deep focus moonquakes (Goins et al.
1981c; Nakamura 1983; Nakamura et al. 1974; Khan et al. 2000). A model with a
partial melt layer at 1000 km depth was run, and generated only minor increases in stress

in the overlying rigid middle mantle, being less than 1 MPa. However, the stress drops
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associated with the deep focus moonquakes are very small, estimated at only about
0.01MPa. Stresses this small could be generated by tidal forces in a region of slightly
larger stresses overlying a soft layer at depth, but they could also be generated by other
smaller internal compositional or structural variations, and the implementation of a soft
layer at depth is not essential for the proper representation of a stress field energetic

enough to generate the deep focus moonquakes.
5.6 Effect of a Different Seismic Model

As mentioned in section 3, a new model of the internal seismic velocity structure
of the Moon was recently presented. The results of the two most recent seismic models
of the Moon (Khan er al. 2000; Khan and Mosegaard, 2001) have been used to generate
an alternative seismic profile, designated the Khan model, to the Nakamura (1983)

model. The higher wave velocities of the Khan model at depth increases the Lamé

parameter and shear modulus (rigidity) within the Moon significantly (see Fig. 2). The
iﬁcréé;éed r1g1d1ty partlcularly 1n the deeperreglons of the Moon, results m kI;IOI‘e supp01;tw
of long wavelength features at depth, resulting in lower density perturbations in the
upper parts of the Moon. However, due to the depth of the major variations between the
seismic models, the density variations within the crust of the Khan model or only
moderately subdued, being generally +20 kg/m® less than the nominal model. The
density perturbations diminish more slowly with depth as compared to the nominal
model, leading to model variations of less than +5 kg/m’ by 120-150 km depth. Similar

to the Nakamura model, beyond 300 km depth the perturbations are essentially
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negligible. The stress differences between the two seismic models within the crust and
upper mantle are also very consistent, differing by less than +0.5 MPa. , both models
having highs of 6-8 MPa in the crust below the SPA basin and at 150 km depth below
the major mascon basins. The stresses at 150 depth are smaller for the Khan model
beneath all of the mascon basins, while the stresses associated with the SPA basin are
moderately larger than those of the nominal model (Fig. 7). The reduced stresses
associated with the mascon basins in the Khan model are a direct result of the reduced
density perturbations due to the more rigid deeper interior of this model. Smaller density
perturbations result in less overlying load, in turn generating smaller overall stresses at
depth.

For a full comparison of the Nakamura and Khan seismic models we also applied
a soft layer in the upper mantle of the Khan model. The resulting Khan soft layer model
obtains larger stresses associated with the mascon basins, with stresses being larger by 1-

2 MPa. Besides the mascon basins, the lack of other stress variations between the Khan

que] apd the nqminal m’odel is due to the relatively well constrained and consistent .
‘uﬁﬁef mantle ’stfruyétﬁré of ”thé nMokon. Theﬂgmﬁcant dlfferences betﬁ&één ’thé’ two ’4
seismic models are their representation of the deep interior, which is only a factor for the
largest surface features. The Khan model obtains larger stresses in the deeper regions as
well, particularly in the layers near the core/mantle boundary. Stress differences in this
area reach up to about 1 MPa. This is in comparison to the much lower stresses (~0.3
MPa) for the nominal Nakamura model in the same region. The moderate density
contrast at the core/mantle boundary in the Khan model, with a core of only 200 kg/m3

difference from the overlying mantle layer, as well as the gradual increase of density in
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the lower mantle, allows for more displacements and hence more stress to accumulate in
the layers of the lower mantle.

The application of the Khan seismic model has been reviewed, and is shown to
produce a different distribution of density and stress in comparison to the Nakamura
model. The Khan model obtains smaller density variations, particularly within the
crustal layers, in the case of an entirely rigid body model. This is due to the much higher
rigidity of the Khan model as well as the relatively small contrast between core and
mantle densities, which further facilitates compensation of long wavelength features at
the core/mantle boundary. Stresses in the rigid mantle Khan model are also more
subdued being about 0.5 MPa less than the nominal model beneath the mascon basin
regions, due to the reduced overlying density perturbations. In the application of a
partially molten layer, the variations between the two seismic models is only moderately
significant with respect to the regions associated with the mascon basins. The soft layer

removes the deeper support of these features, and the lower rigidity associated with the

Khan mndel in the upper 500 km generates larger stresses for the mascon basins.
Therefore applylng ’a ’new seismic rnodel is mﬂuentral on the everall d1strrb’1"1t10nv of
density perturbations and stresses within the Moon, particularly for the largest surface
features, due te the inconsistencies of the seismic models over their deeper interiors,

beyond 500 km depth.
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6. SHALLOW MOONQUAKES

The results from the previous section demonstrate several different scenarios for
the distribution of stress within the Moon. The nominal Moon model displays stress
differences of generally 4-8 MPa associated with the mascon basins in the upper mantle,
above 300 km. Parameters such as model layering and core parameters can have a
moderate effect on the stress distribution, but overall the stresses within the uppermost
parts of the Moon remain in the same range. The soft layer model increases stresses in
the layers directly overlying the reduced rigidity region, with stresses in certain areas
being over 10 MPa. This model may be representative of stresses built up in the lunar
lithosphere after the cessation of major lunar volcanism and at a time when the Moon
became relatively cool and dead. Current day shallow seismic activity is believed to
generally involve stress drops on the order of 0.2-16 MPa, with several distinct high

energy shallow events having stress drops of over 20-100 MPa (Binder and Oberst 1985;

Goins et al. 1981b). In this section, a further investigation into a possible spatial
c:/éi;réklatibnﬂbétkvs;/keeryl’ ’tihe“réhalibkw ﬁklookn:’unai(Aesk and hlgh sktresshf;:’gibr‘ls: w1th1nmy fhokdéls’
will be undertaken.
Shallow moonquakes have been surprising to seismologists ever since their
| discovery in the early 1970's (Nakamura et al. 1974) due to their large magnitudes of up
to 5 on the Richter scale (G()ins et al. 1981c) and their concentration in the upper 300
km of the Moon, but below the crust (Goins et al. 1981c; Lammlein 1977; Nakamura et
al. 1974, 1979); These events are intriguing since essentially all large seismic events on

the Earth are associated with plate tectonic activity. A study by Shirley (1986)
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suggested a possible correlation between shallow moonquakes and shallow Earthquakes.
Although the author was unable to propose a direct origin for the shallow moonquakes, it
was suggested that the correlation between Earth and Moon quakes could demonstrate a
triggering tidal effect between the two bodies. One problem with correlating shallow
moonquake epicenters and modeled stresses is that the moonquake epicenters are not
well constrained, and may be off by several degrees (Nakamura et al. 1979; Shirley
1986). The distribution of shallow moonquake epicenters and Apollo seismic stations
overlying the stress distribution for the soft layer seismic models at 180 km depth is
shown in Fig. 18. The majority of the shallow moonquake activity is in a region of
elevated stress, displaying a moderate consistency between the stress models and the
observed seismic events. The maximum stresses within three degrees of the moonquake
epicenters and their respective depths for the Nakamura and Khan models are listed in
table 3. Also listed in the table are the 26 positively located shallow moonquakes (of 28

total events), their location, estimated stress drops and estimated magnitudes.

. Fnr’ hnth the Nakamura and Khan models, 7 of 26 moonmiake epicenters have
Strésées 1n tﬁéif s;irrbuﬁdiﬁg fegidhs of 5 MPa ér rﬁbré.' Of the aepths assocwted w1th
the maximum stresses for the moonquake epicenters, 8 are consistent with 13 source
depths estimated by Khan et al. (2000). The modeled stress differences in this study are
generally consistent, within 2-3 MPa, of the minimum stress drops estimated by Binder
and Oberst (1985), with 18 of the 26 epicenters for the (nominal) Nakamura model, and
17 of 26 for the Khan model showing consistent stresses. The regions of high stress
associated with the shallow moonquakes may represent source regions, which have been

supported and have prevailed in the lunar lithosphere for over 3 billion years. The
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FIG. 18. Global distribution of measured moonquake epicenters (white circles with
black dots) overlying both the nominal soft layer model as well as the Khan soft layer
model at 180 km depth. The distribution demonstrates the general proximity of shallow
moonquakes to the high stress areas, near Imbrium and Serenitatis. Some shallow
moonquakes are completely isolated from high model stresses. The lack of measured
moonquakes on the lunar far side is possibly due to the close, near side location of all the

seismic stations. The proximity of all the seismic stations effects the inversion of

seismic data, and reduces the precision of the determination of moonquake epicenters as



a  Nakamura Soft Model (180 km)

«©
D@

W ()]
() (e

Latitude (degrees)
o

0 30 60 90 120 150 180 210 240 270 300 330 360 MPa
‘ ‘East Longitude (degrees)

Khan Soft Model (180 km)

60

Latitude (degrées)

90 120 150 180 210 240 270 300 330 360 MPa
East Longitude (degrees) :

30 60



TABLE 3. Dates, locations, magnitudes, depths, proposed stress drops, and modeled
stresses and depths associated with the 26 positively located shallow moonquake events.
The magnitudes (M) are approximately a value of 1 lower than Richter scale magnitudes
(Nakamura et al. 1979). The first stress and depth columns are associated with the
Nakamura model (Nak), and the second two columns with the Khan model (Khan).
Both the Nakamura and Khan models generate stresses which are greater than those

estimated for the moonquake stress drops for 16 of the 26 shallow moonquakes. The

depths of maximum modeled stress are only moderately con31stent W1th those proposed

by Khan ot al (2000) with only 6 of 13 depths belng in relat1ve agreement



TABLE 3 - Shallow Moonquake Stresses

Stress (Nak) (Khan)
# Date'” Lat*® | Long®™ | M® | Depth® | Drop® | Stress | Depth | Stress | Depth
1 04-17-71 48.0 35.0 28 | 75x21 | >100 3.8 60 3.6 90
2 05-20-71 42.0 336.0 2.0 | 4846 | >10 99 120 03 120
3 01-01-72 54.0 101.0 | 1.9 | 173%55 | >6 2.7 120 2.6 120
4 09-17-72 12.0 46.0 1.0 - >1 6.1 150 5.6 150
5 12-06-72 51.0 45.0 1.4 >1 28 90 2.7 90
6 12-09-72 -20.0 2800 | 1.2 >0.5 4.7 90 4.5 90
7 02-08-73 33.0 35.0 0.8 - >0.2 8.0 180 70 180
8 03-13-73 -83.1 2210 | 32 | 49435 | >110 3.0 60 2.9 60
9 06-20-73 6.0 2045 | 22 | 115£23 | 516 4.0 90 3.7 90
10 | 10-01-73 -37.0 3310 | 1.1 - >0.8 3.4 180 3.2 180
11| 02-23-74 | 360 | 3440 | 07 - >0.2 101 180 | 102 | 180
12 | 03-27-74 -48.0 2540 | 16 - >0.7 53 | 30 53 30
13 | 04-19-74 -37.0 42.0 0.9 - >0.5 23 60 2.2 60
14 | 07-11-74 14.8 98.0 2.7 | 13341 | >40 3.9 90 3.6 90
15 | 01-03-75 24.9 2476 | 32 | 75¢16 | 200 27 60 2.4 30
16 | 01-12-75 75.0 40.0 1.7 | 102+26 | >5 2.4 30 2.4 30
17 | 01-13-75 2.0 3090 | 1.1 - ) 29 90 2.7 90
18 | 02-13-75 -15.2 3396 | 14 | 130£70 | >3 2.8 120 2.6 120
19 | 05-07-75 -49.0 3150 | 13 - >2 3.5 60 33 60
20 | 05-27-75 3.0 3020 | 14 - >2 2.6 60 25 30
J2r 11075 | 80 [ 640 [ 18 | 7319 |57 | 37 | 30 | 3.7 | 30
12271 010476 | 453 | 304 | 1.8 | 8839 | >4 64 | 180 | 5.7 180
23 | 01-12-76 38.0 44.0 1.1 - >1 3.4 180 | 3.0 180
24 | 03-06-76 48.9 3359 | 23 | 74£27 | 20 96 | 180 8.6 180
25 | 03-08-76 -16.1 3484 | 1.8 | 120£24 | 59 2.7 90 2.5 30
26 | 05-16-76 77.0 3500 | 1.5 >3 2.9 180 2.9 180

! Binder and OBerst (1985)

% Nakamura et al. (1979)

3 Goins et al. (1981¢)
4 Khan er al. (2000)




largest modeled stress drops of 20-100 MPa suggested for the most energetic shallow
moonquakes (Binder and Oberst 1985; Goins et al. 1981b) may represent anomalous
stresses within the lunar lithosphere. They may have been supported in the lunar
lithospheré at a time when it was thinner, evidenced by the relatively shallow depths for
these higher energy moonquakes, all of them being estimated to be shallower than 133
km depth (Khan et al. 2000).

The seismic energy released by the Moon is dominated by the shallow
moonquakes, which are much more energetic than the deep focus moonquakes (Goins et
al. 1981b). Although the presented models, in general, do not generate stresses far
greater than 10 MPa, the majority of the shallow moonquakes are well represented. The
estimations of stress release for the lunar moonquakes are relatively consistent with the
results presented here, with the exception of several large stress drop (> 20 MPa)
shallow moonquakes. The soft layer models presented in this study are generally

consistent with present day seismic observations, further supporting the validity of the

-89 lager assumptions, and suggesting that the present day selsimio events are assoiated

; w1th étrééses W’hich’ha‘v’e’ ybﬂeen kri‘gidly éuppéﬁéd ’l’)y lyunar’lithoks’[ﬂ)heré, and ihtéridf f’ork’the’
past 3 billion years. As well, it should be noted that the use of the shear-strain
minimization in the present models results in proposed stress distributions which
represent the lower bound on stresses within the Moon, and thus the actual stresses could

be significantly larger.
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7. SUMMARY AND CONCLUSIONS

A thick shell model has been adopted to represent the internal distribution of
density and stress variations within the Moon. This model is more accurate than
previous thick shell models (Arkani-Hamed 1973a,b) due to the incorporation of the
topography, as well as the further refinement of the topography and gravity models
(Konopliv et al. 1998; Smith et al. 1997). The model presented here also utilizes a more
accurately modeled lunar interior, as well as applying thinner layering. The thick shell
model of Arkani-Hamed (1973b) resulted in density perturbations of roughly 250 kg/m’
in a 50 km thick crustal layer as a result of using only the low degree harmonics, of up to
n=13. The density variations in the current model are generally less than 200 kg/m’,
with certain areas peaking to as high as +400 kg/m’, in the upper 30 km of the nominal
solid Moon model. The anomalies reduce to less than £100 kg/m’ in the lower crust (30-

60 km depth), with peaks of generally +200 kg/m’. The peaks associated with SPA

- basin and the far side highlands are representative of compensation of these features both .

at the upper/lower crustal boundary, as well as at the more predominant crust/mantle
boundary. The reduced resolution of the gravity data for the central far side (Konopliv
et al. 2001) may also have a considerable effect on thé strong far side anomalies. The
density perturbations are concentrated in the upper 150 km, with variations of less than
15 kg/m® prevailing at 300 km depth. High stress differences within the crust generally
correspond with the areas of large density anomalies, and reach highs of 6-8 MPa.
These stresses are similar to the maximum stresses of 7-10 MPa determined by Arkani-

Hamed (1973b). In the deeper regions stresses due to surface loads of the mascon basins
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are the only remaining high stress regions, again reaching 6-8 MPa at 150 km, and 4-6
MPa at 300 km depth. This nominal model represents a simple state of the Moon; one
where the entire lunar mantle is capable of supporting stress. This may be good
approximation of the present state of the Moon. A soft layer was introduced into the
upper mantle representing, to a first order, the distribution of density and stress after the
period of major lunar volcanism. It is presumed that the surface representation of the
tongraphy and gravity has not significantly changed since this time, allowing for this
representation. The associated stress field for the soft layer model is more consistent
with the location and stress drops associated with the present day shallow moonquakes
than the entirely rigid Moon model. The stresses associated with the mascon basins in
the soft layer model reach highs of 10-12 MPa at 150-180 km depth. Thus, it is
proposed that the stresses associated with the soft layer model represent a distribution of
stress which was essentially frozen into the upper mantle and is being released by the

triggering effect of the present day Earth-Moon tidal forces (Shirley 1986). The

§i gnificgntly higher,visc@ity, ,of .the,Man ,’(Lefftz‘ and :L’eg‘:qsw 199’3) ’aylyso supports the e
ideé thakt“the”irrlt’erib’r may havé ’supp"ortécki such/ énorhalous s‘tre”suses: for Sjéveral billiéh
years.

The effect of other model parameters on the density and stress distribution within
the Moon has been reviewed and shown to also have significant effects. The near
surface density dependence on the choice of weighting factor, Wy, can have a significant
effect on the modeled distributions of density and stress. The nominal choice of
weighting factor varies over three distinct spherical harmonic intervals. This was done

to retain a minimum total shear-strain energy, while more effectively reducing
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oscillations of the mass perturbations in the upper regions of the Moon. However, due to
the relationship of the density perturbations and the shear-strain energy, any choice of
weighting factor has significant i:radeoffs. In the current application the shear-strain
minimization is regarded as the stronger constraint, and when stringently applied, the
shear-strain energy constraint results in a model representing the lower bounds of
density and stress within the Moon. The effect of layering can also greatly effect the
calculated distribution of density. The use of overly thin layers results in the
concentration of density perturbations in the uppermost layers, due to the surface gravity
boundary condition. To avoid these effects, even thickness layers of 30 km were chosen
based on physical evidence of boundaries within current seismic structure models of the
Moon. The choice of core parameters proves to be less of an influence on the overall
model results.  Although there is a small difference between the end-member
compositional models for the core, the effect is negligible in comparison to the effects of

the weighting factor and layer variations. The application of a solid or liquid core model

has equally neghglble effect on the dlstnbutlon of den51ty and stress than do the dlfferent

composmonal core models The lack of major effects of core parameters on densny’
perturbations in the outer regions of the Moon results from the lunar interior which is
predominately composed of mantle, with the core comprising only a few percent of the
overall volume of the Moon. The longest wavelength features (n = 3-7) are allowed to
penetrate to the core/mantle boundary, but the huge thickness of the mantle along with
the large density contrast between mantle and core (Ap = 1300-4700 kg/m’) result in

very little compensation of the long wavelengths at this depth. The features most likely
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to show affects of core variations, surface features such as the SPA basin and Mare
Procellarum, show very minor responses.

A different seismic model was applied and directly compared with the nominal
model. The newer Khan model has several distinctly different characteristics over the
Nakamura model, highlighted by being much more rigid at depths beyond 500 km,
allowing this model to support larger features at depth. However, the results show only
moderately smaller density perturbations and stresses within the lunar crust for the Khan
model, as a result of the more rigid deep interior. The stresses for the Khan model with
a soft layer become larger at 180 km depth, than in the Nakamura model by up to 2 MPa.
The inclusion of the soft layer removes the support of the rigid deeper interior for the
Khan model, since no shear stresses can be supported through the soft layer. However,
the overall distribution of density and stress within each model is comparable.

Shallow moonquake epicenters seem to be roughly concentrated near the major

lunar basins. This is in agreement with our stress distribution, which shows the strongest

stresses within the upper mantle being associated with the largest lunar basins. For most
of the near sidke,’féyn‘lkode'rétei:/ Aco’rrele{tikt’)ri exisfs /bét’v’\k/eén kthé’mo'o’nkquakke epri‘cer;téyrs"an:d
high stresses within the presented soft layer models. No shallow moonquakes have been
observed on the near side, southeast region, or on the central far side region in
association with either the far side highlands or the SPA basin. It has been proposed that
shallow moonquakes occur on the far side, but have not been detected by the seismic
network due to the limitations of the close, near side implementation of the seismic
stations (Goins et al. 1981b). The lack of moonquakes on the near side, southeast area is

more unclear; it may be due to tectonics, propogation effects, or perhaps just chance
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(Goins ez al. 1981b). The results presented here suggest that below the crust the stresses
on the far side and in the southeast region of the near side are significantly smaller than
near the larger, mare filled regions. The near side has a region of concentrated stress
near Imbrium, extending to mare Smythii, and is in close proxirrﬁty to the majority of the
shallow moonquake events. The smaller stresses associated with the central far side may
be sufficient to generate smaller far side quakes, gauging from the stress drops
associated with the smaller shallow moonquakes (Binder and Oberst 1985; Goins et al.
1981b), but direct evidence of such activity is not available. A better correlation
between the modeled stresses and the shallow moonquakes may not be evident due to
inherent model assumptions regarding the lunar interior, the uncertainties associated
with the moonquake epicenters, or to the uncertainties associated with the calculation of
stress drops for the moonquakes. It appears from my results that stresses within the
Moon, at present or since the end of mascon formation, have certainly not exceeded 12-

14 MPa in magnitude. Even if this is taken as a lower limit for the internal stresses, due

to the shear-strain energy minimization, stress drops on the order of those calculated for

* the largest shallow moonquakes, about 20-100 MPa, cannot be resolved by my models.
Due to the shallow nature of these large moonquakes (Khan et al. 2000; Nakamura ef al.
1979) it is possible that these stress drops represent remnant stresses built up at a time
when the lunar lithosphere was thinner, and the stresses were greater, such as modeled
by thin éhell models (Kuckes 1977; Solomon and Head 1979, 1980).

Future work on lunar seismicity could greatly improve the internal modeling of
the Moon, and in turn greatly improve results of modeling similar to mine. The results

presented for the upper 210 km of a soft layer model, strongly support the idea of a
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thick elastic lithosphere at the end of mascon forming events, suggesting that such a
rapidly growing lithosphere sustained and essentially froze remnant stresses. These
stresses, supported by the inherent rigidity of such a cold and thick Iithosphere as well as
the high Viécosity interior, may have been sustained for billions of years, being released
gradually by tidal triggering within the uppermost regions of the Moon. The rapidly
cooling and growing lithosphere played an integral part in insulating the interior and
hampering heat transfer from the core (Spohn et al. 2001). Thus, for all models
considered, stresses did not exceed 12 MPa, suggesting that at present, this may

represent the current threshold strength of the lunar interior.
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8. APPENDIX

Solving the first order ordinary differential matrix equation (1), involves the use of the
method of matricants (Gantmacher 1959). We start with the original equation in a

slightly different form than on page 19:

Y-M-Y=D (A-1)

NN

To begin, the solution of an ordinary differential equation such as equation (A-1)

requires a matrix, U, such that:

-

:-[%"Y“—ﬁ?}:%(ﬁ-?) (A-2)

Trying a typical form for U:

=1

U=e (A-3)
-~ And plugging this back into (A-2) gives -
&Y FY]-4 7Y
dr dr
LA I PR 4R
dr r dr
and therefore,

d — e = p—

ZA=-M = A=-[M@a (A-4)

dr
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Thus going back to (A-1),

4

— U.Y)-T.D (A-5)

and applying the solution to this standard differential equation gives:

Y =U"(r)- Uﬁ(r) D(t)ds + —C—} (A-6)
Now, noting that: a) ﬁ(rﬂ) = _f
b)Y, =Y(,)

Where the radius, r,, represents the radius of the central sphere. The implementation of

these substitutions gives:

Y(n=U0"(n-Y(r,)+ T (). fﬁ(t) D (A7)

o

e

N(’)w,r blugging baék inﬁ(r) H=e‘ o finally gives’:n -

o jﬁ(s)ds . jﬁ(s)ds r —j-ﬁ(s)ds .
Y=e*  Y()+e*  -Jer D@
. jﬁ(s)ds i r j.ﬁ(s)ds .
OR Y(n=e* Yo)+[e Do (A-8)

7o
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Now, defining the Matricants as:

— j.ﬁ(s)ds
For boundary effects Q(r,;r)=e"
— jﬁ(s)ds
For source effects I't;r)y=e
Therefore, the final result is,
Y(r) = Qi) Y(r,)+ [Ttr) - D(t)de (A-9)

This is the matricant solution of the matrix equation (A-1).

" "Now, if the solution is réquired for a domain of N layers such'that M and Dcaribe =

assumed constant within each layer, i, the following results:
A prumenne N ——
~ jM(s)ds =YM,§, : &,=r-r,
r, j=1

and

SMs, N

= Z Ms,
Quin=e " =]]e™

Fry=er =]

In a multi-layered media, with layers from j=1 to N, the final equation for the " layer is:

j k=1\ j=k

N = _ N N = .
Y =[] .Y, )+2{Her5f ]-Dké'k (A-10)
=1

where the first matricant propogates the boundary effects of each layer, and the second

matricant propogates the source effects for each layer.
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