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Introduction

This white paper focuses on the scientific rationale for deploying a long-lived, global network
of geophysical instruments on the surface of the Moon to understand the nature and evolution of
the lunar interior. The acquired data will allow the examination of initial planetary differentiation
processes that are preserved on the Moon. Evidence for such preservation comes from mare basalt
samples derived from source regions consistent with having been emplaced from an early lunar
magma ocean [1]. Geophysical data are critical to understanding terrestrial planet formation and
early differentiation processes, and also for understanding the collision process that generated our
unique Earth-Moon system. These geophysical observations of the Moon will yield a wealth of
Solar System-level knowledge that builds on the Apollo geophysical experiments and exploits data
from the Lunar Prospector, Kaguya, LRO, and GRAIL missions.

Over a minimum of 6 years (covering one
primary tidal cycle), new data collected will
characterize the nature and evolution of the lunar
interior using a combination of seismic, heat flow,
laser ranging, and electromagnetic sounding data.
Furthermore, these data will help to constrain the
Moon’s current electrostatic charging environment
and meteoroid impact flux, including hazard
assessment. Data from a modern geophysical
network will expand upon pioneering measurements
made by the Apollo Lunar Surface Experiments
Packages or ALSEPs (at Apollo 12, 14, 15, 16, and
17) and the two Lunokhod retroreflectors (Fig. 1). .
The ALSEPs returned essential data on the lunar Thorium (ppm)
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surface environment and the lunar interior. : :
However,  fundamental  questions  remain

Figure 1: Locations of ALSEP and
Lunokhod stations in relation to the
boundary of the PKT.

unresolved, in part because of the sensitivity of the
instruments but also because the ALSEP stations
were clustered in a small equatorial region on the

nearside of the Moon (Fig. 1). The Apollo landing sites were later discovered to straddle a
geological province that differs from the rest of the Moon by its enrichment in heat producing
elements, now referred to as the Procellarum KREEP Terrane (PKT) [2]. Unbeknownst to
researchers at the time, much of the data acquired from the ALSEP stations are now thought to be
unrepresentative of the Moon as a whole.

At the time of writing, 43 years have passed since the ALSEP stations stopped returning data
from the lunar surface. In the intervening period, a wealth of observations from later orbital
missions, new analyses of Apollo data and samples, and improved modeling techniques have
advanced our scientific understanding of the Moon, sometimes offering conflicting hypotheses for
some of the most fundamental processes that shaped the lunar interior. Taking these advances into
account, it is clear that a more nuanced view of the lunar interior drives new questions that can be
answered only by a Lunar Geophysical Network.



Summary of lunar internal structure

The Moon, like other terrestrial planets, is differentiated into a crust, mantle, and core. This
structure is a consequence of the accretion of the Moon from a circum-terrestrial impact-generated
debris disk, and its subsequent differentiation from an initial magma ocean. To first order, the
Moon’s moment of inertia is roughly approximated by that of a homogeneous sphere. However,
the modern Moon exhibits strong departures from the simple spherically symmetric stratified
interior expected at the end of magma ocean crystallization, with hemispherical heterogeneities in
crustal thickness, volcanism, magnetism, and the distribution of heat-producing elements.

Knowledge of the lunar interior stems from a long line of missions stretching back more than
50 years. Lunar Laser Ranging (LLR) has precisely monitored the Moon’s solid-body motions
since 1969, using retroreflector arrays deployed during Apollo and the Russian Luna missions.
Changes in the round-trip laser travel time provide information on the rotation of the Moon which
can be analyzed to separate orbital motion from geodynamic effects. Dissipation inferred from
LLR data provided the first evidence for a fluid core, with a radius dependent upon composition.

Electromagnetic sounding of the Moon performed during and after the Apollo program
provided broad constraints on core size, mantle composition, and interior temperature. Electrical
conductivity and mantle temperatures were constrained at the Apollo 12 site, using concurrent
surface and orbital magnetometer measurements. The observed lateral heterogeneity in electrical
conductivity is consistent with the presence of the PKT. The Lunar Prospector and Kaguya
magnetometers also detected an induced moment within the Moon, observed in Earth's
geomagnetic tail. Under the assumption that the induced field is caused by electrical currents near
the surface of a conductive metallic core, the core radius was estimated.

Seismometers were deployed on the lunar nearside at five Apollo sites, and operated
continuously at four of those sites from 1969 to 1977. Many different types of naturally occurring
seismic events were recorded, including deep, shallow, and thermal moonquakes, and meteorite
impacts. These events continue to be analyzed to produce seismic structure models. Early models
based on arrival time inversion alone were supplanted by newer models using maximum likelihood
estimates, joint seismic and pre-GRAIL gravity inversion, and free oscillations. Crustal thickness
estimates have decreased over the years as newer and more computationally intensive techniques
were applied. The newer models mostly agree that the only major discernible discontinuity in the
lunar interior is the crust-mantle boundary located at about 30 km depth. Although the small
aperture of the Apollo passive array limited initial constraints of average radial structure below
~1000 km depth, recent re-analyses have found evidence for a core from reflected phases.

The recent GRAIL mission mapped the Moon’s gravity field in extreme detail. Shallow crustal
structure is tightly constrained, but still tied to ground-truth seismic estimates at the Apollo landing
sites and hence carries the associated uncertainty. Although the GRAIL mission produced a family
of core models consistent with geodetic parameters and seismic constraints, perspectives differ on
whether a partial melt layer in the lowermost mantle is required to satisfy available constraints. A
melt layer is consistent with inversions of multiple geophysical data in combination with phase-
equilibrium computations, but not required in viscoelastic dissipation models derived from
laboratory measurements of deformation of melt-free polycrystalline olivine.



Heat flow measurements were performed on Apollo 15 and 17. Characterization of the lunar
global heat loss is important in understanding the thermal evolution of the Moon. In the crust-
mantle differentiation process, greater concentrations of radiogenic heat-producing elements (U,
Th, and K) likely ended up in the crust. It is essential to quantify the crust’s radiogenic contribution
to the heat flow released through the lunar surface, which we are able to measure, in constraining
the thermal structure of the deeper interior. Would heat production vary among the crust of
different terranes or between maria and highlands? Is there any geographic variation in the heat
flow out of the mantle? Such knowledge would also help us answer questions on the history of a
possible lunar core dynamo, by which the Moon may have generated and maintained its own global
magnetic field in the past.

Magnetism is ubiquitous in the Solar System. Both deep structure and magnetism have bearing
on the now-extinct lunar dynamo, which in turn has implications for lunar thermal history and core
state. Paleomagnetism and crustal magnetism studies can inform understanding of the dynamo,
but the precise origin of lunar magnetic anomalies is still unclear. In addition, a magnetic low has
been observed beneath the PKT, which invites questions as to the depth, history, and extent of
magnetic carriers. The full nature of the extinct lunar dynamo is unknown, and even its existence
on such a small body is surprising. Recent modeling shows that core convection driven by a single
mechanism, in particular thermochemical convection, cannot explain either the dynamo duration
or the inferred magnitude intensity of the paleofield.

The Moon’s complex present-day surface record has been driven by the time-integrated
history of its internal processes. The Lunar Geophysical Network mission will allow us to develop
a structure model for the Moon that is consistent with all observations and provides logical context
for the Moon’s early history and insight into broader terrestrial planet formation and evolution.

Limitations of existing data

Apollo Passive Seismic Experiment: These seismometers were deployed at every Apollo site
except Apollo 17 (the instrument at Apollo 11 provided data for only 21 days) [3]. A network of
four seismometers was completed in April 1972 (Fig. 1) and operated until 30 September 1977.
The experiment clearly demonstrated that the Moon exhibits seismic activity at a similar level to
that of an intraplate setting on Earth [4,5]. Multiple types of lunar seismic events were identified
and used to infer global 1D structure [6], but lunar seismograms suffer complications compared
with their terrestrial counterparts. The lunar megaregolith intensely scatters seismic energy.
Secondary phases, which contain information on deep structure such as reflections of seismic
energy from the crust-mantle (Moho) or core-mantle boundaries, are therefore masked by codas.

Heat Flow Experiment: Four heat flow measurements were made on the Moon during Apollo:
two at the Apollo 15 site and two at Apollo 17 [7]. Unfortunately, these measurements were made
in the crustal transition zones between terranes (Apollo 15) and between maria and highlands
(Apollo 17), and therefore provided an ambiguous mixed signal of these geologic provinces [8,9].

Lunar Surface Magnetometers: Static magnetometers were deployed at the Apollo 12, 15 and
16 landing sites, where data were collected until 14 June 1974 [10,11]. In addition, portable
magnetometers were employed as part of the Apollo 14 and 16 missions. These measurements
quantified the strength and direction of the remanent crustal fields at the Apollo landing sites, and




how they varied over kilometer length scales with the portable measurements. Apollo 15 and 16
also deployed orbiting magnetometers on subsatellites. For Apollo 12, concurrent measurements
with the orbiting Explorer 35 satellite enabled probing of the lunar interior using electromagnetic
induction. However, this magnetic transfer function approach was band limited by plasma effects,
such that the minimum investigation depth was a few hundred kilometers. At greater depths, the
temperature profiles inferred from the recovered electrical conductivity structure were in broad
agreement with thermal models, but significant uncertainty remained due to a combination of
measurement error and constitutive relations.

Lunar Laser Ranging (LLR) [12,13]: Retroreflectors were deployed by Apollo 11, 14, and 15
astronauts, and were also fitted to the Soviet rovers Lunokhod 1 and 2 (Luna 17 and 21 landers,
respectively; Fig. 1). There are now 50 years of increasingly accurate Earth-based laser ranges.
LLR analysis allows an evaluation of the deep lunar interior that extends to interactions at the core-
mantle boundary as well as the Moon’s deepest mantle. Dissipation at the core-mantle boundary
indicates the presence of a fluid core with a radius about 20% of the Moon [14,15], but an inner
core has not yet been independently constrained with LLR analysis, in part because the restricted
geographical extent of the existing retroreflector network limits the accuracy of lunar rotation and
tide determinations [16].

Unanswered questions on the lunar interior

Despite 50 years of Apollo data analysis and more recent orbital constraints on lunar internal
structure, we still do not have unambiguous observations of a mid-mantle discontinuity, the
mineralogy and temperature profile of the upper mantle, the nature of the lower mantle, the
presence of a partial melt layer above the outer core, or the nature of the inner core [6,17-22].
There is no consensus regarding the presence of a mid-mantle seismic discontinuity, which has
been used to suggest the lower bound of an ancient lunar magma ocean (LMO). If a discontinuity
is not present, or present but not global, the LMO model may need to be revised. If it is global, it
suggests that the Moon did not completely melt, which has implications for its thermal evolution.
Seismic data have additionally been interpreted to indicate the presence of garnet in the lower lunar
mantle [23-25]. However, the same data were also interpreted to represent an increased proportion
of Mg-rich olivine [18,26]. Such interpretations have implications for the bulk Moon composition.

Core constraints include [27] but do not require [28] the presence of a partial melt layer above
the liquid outer core, and other analyses both support [29] and discount [30] the likelihood of its
existence. The details of this deep structure are needed because they fundamentally affect the
origin, extent, and duration of the lunar dynamo and the resulting record of crustal magnetic
anomalies, including those at swirls. Over 50 years of laser ranging data have markedly contributed
to our understanding of the lunar core and mantle, but the current network is not sufficiently
distributed to provide conclusive answers regarding the size and density of the lunar core, the
presence and properties of a solid inner core, and the nature of the free nutation (analogous to the
Chandler wobble). Furthermore, new retroreflectors have been designed to provide more accurate
ranges [31,32]; using these to expand the current network on the lunar surface would substantially
improve the determination of 3D rotation and tides (and the geophysical quantities derived from
them), our understanding of the deep mantle environment, and our constraints on the



presence/absence of a solid inner core and fluid core/solid mantle boundary conditions. This
expanded and enhanced LRR network will also address fundamental physics questions [33,34].

More than 7,000 deep moonquakes were recorded by Apollo, clustered in 318 source regions
or nests, but <10 nests are undisputedly on the farside [35]. The attenuating core may prohibit
detection of seismic energy from nests that could exist on the farside. Although tides are known to
influence the occurrence times of deep moonquakes, the full mechanism remains unknown [36].
The precise locations and origin(s) of the rare shallow moonquakes are likewise unknown. They
were initially suggested to be associated with boundaries between dissimilar surface features (e.g.,
impact basin rims [37]), later attributed to the interaction of the Moon with nuggets of high-energy
particles (“strange quark matter”) originating outside the Solar System [38,39], and most recently
suggested to represent slip on tectonically active faults that underlie lobate scarps [40]. Because
these are the largest lunar seismic events, they are interesting not only scientifically but also for
exploration initiatives, as seismic shaking may have implications for any future infrastructure
supporting a sustained human presence on the Moon.

Variations in the lunar crust (mineralogy and thickness) have been difficult to constrain far
from the Apollo network sites using seismic data. Markov chain Monte Carlo algorithms have
been applied to seismic wave arrival times from artificial and meteoroid impacts to estimate crustal
thickness variations [41], but studies of this type are limited because the seismic arrivals from such
impacts are highly uncertain. New seismic constraints are needed to provide ground truth for
GRAIL’s global constraints on crustal thickness [42].

Because most of the Apollo sites are located in crustal transition zones, new geophysical data
from well inside areas of relatively uniform geology are needed to contextualize the two existing
heat flow measurement pairs [7]. Even though we now have maps of the surface abundance of
radiogenic heat-producing elements (Fig. 1), we do not know their vertical distribution through
the crustal layer. Therefore, we do not have tight constraints on the total heat generated within the
PKT crust as a whole and the heat production in the mantle beneath it. We also lack knowledge of
the base-level heat flux outside the PKT. These represent significant knowledge gaps in defining
the Moon’s global heat flow budget [8,43] and the bulk composition of the Moon in terms of
radioactive heat-producing elements [9,44].

The electrical conductivity structure of the outermost 500 km of the Moon, and its lateral
variation, is not well understood. This zone is important as it may contain a transition from upper-
mantle melt residuum to pristine lower mantle, as well as differences in crustal composition and
lithospheric thickness and heat flow associated with the primary geological provinces of the Moon.
Similarly, the deep conductivity structure of the Moon is under-constrained [45]. A tighter average
mantle conductivity profile will better constrain temperature and composition. Furthermore, very
long-period measurements could distinguish a molten silicate from an iron core.

Proposed instruments for a next generation geophyvsical network

Four primary instruments can jointly define the interior structure of the Moon, constrain its
interior and bulk composition, delineate the vertical and lateral heterogeneities within the interior
as they relate to surface features and terranes, and evaluate its current seismic and tectonic activity.



Seismometer: The recent Mars InSight mission has demonstrated that seismology continues
to serve as the key tool for assessing planetary interiors. Like the SEIS package on InSight [46], a
future Lunar Geophysical Network should carry a seismometer with a broad bandwidth, low noise
floor, and improved sensitivity over those deployed during Apollo.

Heat flow probe: The heat flow is obtained as a product of two separate measurements of the
thermal gradient and the thermal conductivity of the regolith over the depth interval penetrated by
a probe [7]. The probe should reach a depth below the influence of the diurnal and annual insolation
cycles (2 to 3 m). Sites of measurements should be distributed among the various types and
thicknesses of crust.

Magnetotelluric (MT) sounder: The MT method can greatly improve imaging of electrical
conductivity structure, as it is largely insensitive to plasma effects and can achieve higher
bandwidth and better depth resolution. MT measures both electric and magnetic fields and does
not require a reference orbiter. Constitutive relations have been much better determined since
Apollo so that, together with heat flow, composition and temperature can be robustly separated. A
combination of surface measurements and orbital reference may also improve core size constraints.

Laser retroreflector: Modern retroreflectors consist of a single corner cube, eliminating
temporal spreading of the laser pulse intrinsic to previous retroreflector arrays. The resulting
improvements in range accuracy improve accuracy of science results by factors of 3 to more than
100, depending upon the chosen parameter. These passive retroreflectors will have a lifetime that
extends to many decades, as has been the case for the Apollo retroreflector arrays [31, 32].

Supporting measurements and technology:

1. Impact flash observation: Meteoroid impacts can be localized spatially and temporally
using ground-based telescopic and orbital observations [47,48]. These impact events
provide seismic sources that can be used to constrain and refine structure models.

2. Surface plasma physics: Characterization of surface plasma properties provides context for
induced electromagnetic field analyses and improves understanding of the spatiotemporal
input processes that influence volatile transport, surface weathering, and surface charging.

3. Farside communications relay: An optimally deployed geophysical network would be
widely distributed and include one or more stations deployed on the farside. A widespread
distribution would require a communications relay satellite to deliver data back to Earth.

4. Long-lived night survival and operations: To permit continuous observations, each station
would require power and thermal systems capable of surviving the harsh extremes of the
lunar environment, for a minimum of 6 years (~76 lunations).

Relevance of a Lunar Geophysical Network to Solar System science

This white paper demonstrates that a globally distributed, long-lived geophysical network on
the Moon, with each station containing a sensitive broadband seismometer, heat flow probe,
magnetotelluric sounder, and laser retroreflector, will address many fundamental lunar science
hypotheses that remain to be tested, including the magma ocean hypothesis, the stagnant lid
hypothesis, and the early lunar dynamo hypothesis. Furthermore, the Moon provides a nearly
pristine compositional and temporal record of formation and evolution through time, which can be



extrapolated to model the evolution of other terrestrial planets. It is the only readily accessible
body to study the relationship between parent bodies and their satellites. The volatile history of the
Earth-Moon system is preserved on the Moon; electromagnetic sounding and to a lesser extent
seismology can address if the lunar interior is dry and degassed, or volatile enriched. Early crustal
evolution and the effects of giant impacts can inform models by which increasing fracture density
enables plate recycling on larger bodies. The risk to future human exploration from moonquakes
and meteoroid impacts can be addressed by long-term monitoring of the seismicity and impact
rates of the Moon. Establishing a geophysical network on the Moon is therefore critical to gain a
better understanding of lunar and inner Solar System science and facilitate future lunar exploration.
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