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Abstract

An impact on the lunar nearside can potentially
explain several aspects of the lunar dichotomy,
including differences in crustal thickness, the lateral
extent of the lunar lowlands and a high concentration
of thorium and other incompatible elements
(KREEP) in the Procellarum KREEP Terrane (PKT)
on the lunar nearside. We employ a multi-step
modeling approach to simulate the compositional
evolution of the lunar interior and explore, which
aspects of the lunar dichotomy can be explained by a
giant impact on the lunar nearside.

1. Introduction

The Moon is characterized by a global asymmetry
comprising distinct differences in crust thickness,
crater density, surface compositions and heat flow
between the lunar nearside and farside [1, 2, 3]. The
lunar farside is covered by an old, heavily cratered
anorthositic crust, while the Ilunar nearside is
dominated by mare basalts. Recent GRAIL data [4]
indicate a dichotomy in crustal thickness with up to
60 km on the lunar farside and about 25km in the
Procellarum region on the lunar nearside. Heat flow
measurements indicate an increased heat flow in the
Procellarum region [5] that coincides with high
amounts of Fe, Ti, Th and KREEP [2]. Multiple
models have been proposed to explain different
aspects of the lunar dichotomy, including asymmetric
crystallization of the lunar crust [6] and asymmetries
in mantle convection [7]. In this study we explore,
which aspects of the lunar dichotomy can be
explained by a giant impact and subsequent partial
melting of the mantle on the lunar nearside.

2. Model
1.1 Impact

We use iSALE [8] to model the impact of a projectile
with a diameter of 780 km on he nearside of the

Moon with an impact velocity of 6.4 kms™. The
projectile was assumed to be differentiated into a FeS
core and a silicate mantle from a bulk H chondritic
composition. The lunar mantle and crust constituting
the target were assumed to have formed by fractional
crystallization of a global lunar magma ocean (LMO)
with main oxide contents as proposed by [9]. We
modeled LMO crystallization with alphaMELTS [10,
11,12], assuming that all crystallizing plagioclase
floats to the surface to form an anorthositic crust and
the remaining mantle cumulate was mixed by solid
state convection. It has been shown that dense, Ti-
rich, ilmenite bearing cumulates (IBC) can be
partially entrained in the deeper mantle, resulting in
elevated IBC concentrations both at the core mantle
boundary and at the base of the crust [13]. We used
this distribution of IBC in the mantle after convective
overturn to calculate the composition of the lunar
mantle. The mantle temperature was assumed to be at
the solidus at the time of the giant impact.

1.1 Partial melting

For each material considered in the impact model we
assumed specific solidus and liquidus functions and
determined the compositions of partial melts at
different degrees of melting using alphaMELTS [10,
11,12] and experimental data for FeS and anorthosite
compositions. Using this information, we calculated
the degree of melting and the respective composition
of the partial melts in different regions of the lunar
mantle depending on the local post impact
temperature. We assumed that above a minimum
degree of melting of 3% the partial melts could
migrate to the surface and form a melt pool. The
composition and volume of this melt pool was
calculated by mixing the compositions of all partial
melts. In order to determine the thickness of the
secondary plagioclase floatation crust formed by melt
pool solidification and the composition of the newly
formed upper mantle, we modeled the fractional
crystallization of the melt pool using alphaMELTS
[10, 11,12].



3. Results and Discussion

Assuming that the partial melts rise radially to the
surface and form a melt pool of homogeneous
thickness, the melt pool has a radius of ~1600km and
a depth of ~80km. The dimension of the melt pool is
consistent with size of the mare basalt region [14].
The thickness of the secondary crust crystallizing
from the melt pool is in the order of 20 km, which is
consistent with the average crust thickness of about
25 km in the Procellarum region inferred from
GRAIL data [4]. The post impact melting process
leads to a local enrichment of heat producing
radioactive isotopes of Th, U and K. Compared to
the upper mantle at the lunar farside, the Th
concentrations at the impact site are elevated by a
factor of about 2.5 in the upper 80km of the mantle.
This local Th enrichment is about 6 times lower than
the one assumed by [15] to explain the different
durations of volcanic activity on the lunar nearside
and farside. The Th content of the melt pool strongly
depends on the composition of the mantle at the time
of the impact, which in turn depends on the current
distribution of KREEP bearing IBC material in the
lunar mantle. Thus a different timing of the impact
with respect to the onset of IBC crystallization and
entrainment might lead to differences in the melt
pool composition and thus the distribution of
radiogenic heat sources.

4. Conclusions

A large impact on the Procellarum region at the lunar
nearside can reproduce several aspects of the lunar
dichotomy including the extent and crustal thickness
of the nearside lowlands and the presence of a local
enrichment of the uppermost mantle below the
impact site. However, the modeled degree of
enrichment is probably too low to explain the
different durations of volcanic activity on the lunar
nearside and farside. Thus, further refinement of the
model is required to obtain results that are
quantitatively consistent with the distribution and
formation ages of mare basalts.

Acknowledgements

We gratefully acknowledge the developers of iSALE,
including Gareth Collins, Kai Wiinnemann, Dirk
Elbeshausen, Boris Ivanov and Jay Melosh. This
work  was funded by  the Deutsche
Forschungsgemeinschaft (SFB-TRR 170, C4).

References

[1] Zuber, M. T., Smith, D. E., Lemoine, F. G. &
Neumann, G. A.: The shape and internal structure of the
moon from the Clementine mission. Science 266, 1839—
1843, 1994. [2] Lawrence, D. J. Global elemental maps of
the moon: the Lunar Prospector gamma-ray spectrometer.
Science 281, 1484-1489, 1998. [3] Jolliff, B. L., Gillis, J.
J., Haskin, L. A., Korotev, R. L. & Wieczorek, M. A.:
Major lunar crustal terranes: surface expressions and crust-
mantle origins. J. Geophys. Res. 105, 4197-4216, 2000. [4]
Wieczorek MA, Neumann GA, Nimmo F, Kiefer WS,
Taylor GJ, Melosh HJ, Phillips RJ, Solomon SC, Andrews-
Hanna JC, Asmar SW, Konopliv AS.: The crust of the
Moon as seen by GRAIL. Science, 1231530, 2012. [5]
Warren, P.H. and Rasmussen, K.L.. Megaregolith
insulation, internal temperatures, and bulk uranium content
of the Moon. Journal of Geophysical Research: Solid Earth,
92(B5), pp.3453-3465, 1987. [6] Wasson, J. T. and Warren,
P. H.: Contribution of the mantle to the lunar asymmetry.
Icarus 44, 752-771, 1980. [7] Loper, D. E. and Werner, C.
L.: On lunar asymmetries 1. Tilted convection and crustal
asymmetry. J. Geophys. Res. Planets 107, 131-137, 2002.
[8] Wiinnemann, K., Collins, G.S. and Melosh, H.J.: A
strain-based porosity model for wuse in hydrocode
simulations of impacts and implications for transient crater
growth in porous targets. Icarus, 180(2), pp.514-527, 2006.
[9] O'Neill, H.S.C.: The origin of the Moon and the early
history of the Earth - a chemical model. Part 1. The Moon.
Geochem. Cosmochim. Acta 55, 1135-1157, 1991. [10]
Smith PM, Asimow PD: Adiabat_1ph: a new public front-
end to the MELTS, pMELTS, and pHMELTS models.
Geochem Geophys Geosys 6:2004GC000816, 2005. [11]
Ghiorso MS, Sack RO: Chemical mass transfer in
magmatic processes IV. A revised and internally consistent
thermodynamic model for the interpolation and
extrapolation of liquid-solid equilibria in magmatic
systems at elevated temperatures and pressures. Contrib
Mineral Petrol 119:197-212, 1995. [12] Ghiorso MS,
Hirschmann MM, Reiners PW, Kress VC: The pMELTS: a
revision of MELTS for improved calculation of phase
relations and major element partitioning related to partial
melting of the mantle to 3 GPa. Geochem Geophys Geosyst
3:2001GC000217, 2002. [13] Yu et al. (2018), in prep. [14]
Jolliff BL, Gillis JJ, Haskin LA, Korotev RL, Wieczorek
MA.: Major lunar crustal terranes: Surface expressions and
crust-mantle origins. Journal of Geophysical Research:
Planets. 105(E2):4197-216., 2000. [15] Laneuville, M.,
Taylor, J. and Wieczorek, M.: Lunar Radioactive Heat
Source Distribution and Magnetic Field Generation. 49th
Lunar and Planetary Science Conference, 2018.



