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Abstract The concentration of volcanic material and Heat-Producing Elements (HPE) on the lunar nearside
surface suggests an asymmetry of interior properties and thermal history between the two hemispheres.
However, the distribution of HPE beneath the surface and the processes that led to their potential enrichment on
the nearside remain poorly understood. Here, we use a 3D geodynamic model to infer the interior distribution of
HPE based on surface heat flux estimates. We explore the consequences of a putative HPE-rich unit underneath
the Procellarum region on the lateral variations of the present-day surface heat flux. Assuming a circular
geometry and 1.6 km average thickness, we explore various sizes, locations, and enrichments of the HPE-rich
unit, including the complete absence of such an anomaly, and select successful scenarios based on models that
match the Apollo heat flux measurements. Scenarios with either a homogeneous HPE distribution in the mantle
or a globally uniform HPE-rich layer lead to surface heat fluxes inconsistent with Apollo data. Conversely, a
HPE anomaly beneath the nearside, extending at least to the Apollo 15 landing site and at most encircling the
entire mare region, including Apollo 17 landing site, can match both measurements. The required Th
concentration within the anomaly ranges from 23 to 50 ppm, assuming a 1.6 km thickness. Finally, we predict
heat flux ranges of 7-12 mW/m? and 8—14 mW/m? for the upcoming Blue Ghost Mission 1 and APEX®1.0 heat
flux measurements.

Plain Language Summary The Moon shows striking differences between its near- and farside
surface: most volcanic material and heat sources (such as uranium and thorium) are found on the side facing
Earth. Such uneven distribution suggests a different interior beneath the two hemispheres, but the origin and
deeper structure of this difference remain unclear. In this study, we investigate the thermal history of the Moon
in order to explore how the distribution of heat sources affects the heat loss through the lunar surface. We focus
on the surface region called the Procellarum KREEP Terrane (PKT), known for its high concentrations of heat
sources. We model a subsurface layer rich in heat sources beneath this region and vary the layer's heat sources,
size, and position. Model results are then compared with available heat flux data. We find that globally uniform
distributions of heat sources are inconsistent with the measured Apollo heat fluxes. The same holds for a
radiogenic anomaly that does not extend at least beneath Apollo 15 landing location. Instead, the presence of a
large-scale subsurface anomaly in heat sources is required to match the available constraints. Finally, we predict
heat flow values to be measured by upcoming missions, and discuss their implications.

1. Introduction

Since the first image of the Moon's farside was taken by soviet Luna 3 spacecraft in 1959, multiple data sets have
revealed a striking asymmetry between the nearside Procellarum KREEP (Potassium, Rare-Earth Elements, and
Phosphorus) Terrane (PKT; Jolliff et al., 2000) and the surrounding feldspathic highlands. Among other data sets,
the asymmetry spans volcanic history, surface gravity, topography, and surface composition (e.g., Broquet &
Andrews-Hanna, 2024b; Hiesinger et al., 2023; Lawrence et al., 1999; Smith et al., 2010; Zuber et al., 2013).
Notably, the PKT region is characterized by its elevated surface concentrations of Th, implying corresponding
enhancements in other Heat Producing Elements (HPE; U, Th, K) through characteristic abundance ratios (S.
Taylor, 1982). Furthermore, the surface Th anomalies are believed to correlate with ejecta deposited by the
Imbrium impact, indicating that a subsurface HPE-rich reservoir potentially existed beneath Mare Imbrium at the
time of its formation (Haskin, 1998). This evidence is of crucial importance, as a HPE enrichment in the nearside
subsurface could have kept the mantle warmer throughout the evolution of the Moon, potentially explaining the
long-lasting volcanic activity in the region (Hiesinger et al., 2023; Laneuville et al., 2013; Wieczorek &
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Phillips, 2000). However, the HPE concentration, lateral extent and thickness of the subsurface reservoir remain
poorly constrained.

Measurements of surface heat flux (or heat flow density, expressed in W/m?) are sensitive to the concentration of
HPE beneath the surface, offering a way to probe the distribution of heat sources within the planetary interior. On
the Moon, the Apollo 15 and 17 missions measured local surface heat flux values of 21 + 3 and 14 + 2 mW/m? at
26°N-3.6°E and 20°N-30.8°E, respectively (Langseth et al., 1976). The two Apollo measurements were later
corrected down to 18 + 3 and 12 + 2 mW/m? to better represent regional values, accounting for lateral heat flow
focusing within thin-crust basins (Warren & Rasmussen, 1987). The heat flow focusing effect at the boundary
between maria and highlands has also been confirmed using high-resolution topography and crustal thickness in
Siegler and Smrekar (2014). We note that the revised values (18 + 3 and 12 + 2 mW/m?) should be used when the
heat flow focusing effect is neglected or not resolved; otherwise, the original measurements (21 £+ 3 and
14 + 2 mW/m?) should be used, for example, when lateral variations in crustal thickness or crustal thermo-
physical properties are considered.

More recently, remote sensing estimates reported low heat flux values of 5-6 mW/m? in permanently shadowed
regions near the lunar south pole (Paige & Siegler, 2016; Wei et al., 2023), hereafter referred to as Region 5
estimate, and up to 180 mW/m? at the Compton—Belkovich Th anomaly, near the north pole (Siegler et al., 2023).
These remote-sensing estimates come from geologically unusual sites (a permanently shadowed crater and the
strongest isolated Th anomaly) and lack uncertainty quantification, making them harder to interpret than in situ
measurements. In summary, the limited number and spatial bias of heat flux data (i.e., lack of any farside data)
complicate the interpretation of lunar interior and HPE distribution models.

Nevertheless, previous studies successfully used global thermo-chemical evolution models to find subsurface
HPE distributions that could explain Apollo heat flux data as well as other geophysical constraints (Laneuville
et al., 2013, 2018). Notably, modeling results from Laneuville et al. (2013) suggest that the Moon's prolonged
volcanic activity is best explained by an HPE-rich layer located between crust and mantle, and that the most recent
magmatic events occur in the center of the anomaly. Moreover, the models in Laneuville et al. (2018) show that
the Apollo 15 and 17 measurements, along with the Region 5 estimate, are consistent with a cylindrical subsurface
HPE-rich unit of ~1,300 km in radius, 26.4 km thickness, and enriched in Th by ~5.7 ppm.

These thickness values for the subsurface HPE anomaly seem to be in conflict with the results of magma ocean
crystallization models (e.g., Schwinger & Breuer, 2022), which predict a much thinner unit (<2 km). This thin
HPE anomaly predicted by magma ocean crystallization models is representative of the so-called urKREEP layer
that is sandwiched between the anorthositic crust and the Ilmenite Bearing Cumulate (IBC) layer (as defined in
Warren & Wasson, 1979). It is uncertain whether this urKREEP layer still exists in this form or has been mixed
with upper mantle melt and formed a thicker layer of KREEP basalt, which is then less enriched in radiogenic heat
sources, and has been suggested to be present today underneath the PKT region (Laneuville et al., 2013;
Wieczorek & Phillips, 2000). In addition, global models are tipically limited in radial resolution and are forced to
dilute the HPE enrichments in much thicker layers (e.g., a 26.4 km-thick layer of 5.7 ppm Th concentration is
equivalent to a 2 km-thick layer of ~75 ppm Th concentration).

Furthermore, in both Laneuville et al. (2013, 2018), all model parameters, including crustal thickness, are laterally
uniform except for the presence of the HPE anomaly. As a result, the geodynamic models lack a specific
orientation, and surface locations such as Apollo 15 and 17 landing sites cannot be uniquely identified beyond
their radial distance from the anomaly center. The absence of an orientation limits the ability to correlate model
results with other geophysical evidence, such as the distribution and age of mare basalts (Hiesinger et al., 2023).

Regional models can incorporate lateral variations in topography, crustal thickness, and heat sources distribution,
enabling precise localization of the heat flux measurements (e.g., Siegler & Smrekar, 2014). Their scope,
however, is restricted to limited surface areas and shallow depths (e.g., 1,500 X 2,700 km laterally and 150 km
deep in Siegler & Smrekar, 2014) and relies on assumptions about mantle contributions to surface heat flux. These
limitations hinder the ability to derive implications from regional results to global scales.

Lastly, recent studies have further constrained key parameters for thermal evolution modeling, including the
mineralogical composition of the lunar interior (Haupt et al., 2024; Schwinger & Breuer, 2022), and the Th
content of the HPE reservoir excavated by the Imbrium impact (Levin et al., 2025). These advances highlight the
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need for a new generation of global thermal evolution models that can combine lateral variability with an updated
interior structure, informed by recent petrological and geophysical evidence, as mentioned in Siegler and
Smrekar (2014), Gaffney et al. (2023), and Andrews-Hanna et al. (2023).

In this work, we expand on the work in Laneuville et al. (2013, 2018), and obtain new constraints on the Moon's
interior HPE distribution. Our model includes both spatial variability in crustal thickness and a more complex
geometry for the Th source unit. We note that this work does not aim to model the processes that may have caused
these lateral variations, but rather investigate their effect on the present-day thermal state of the Moon. Using this
model setup, we perform an extensive parameter exploration based on the constraints on Th source enrichment,
subsurface structure and bulk HPE abundance proposed by Levin et al. (2025), Schwinger and Breuer (2022),
Haupt et al. (2024), and G. Taylor and Wieczorek (2014).

Moreover, our models can be used to better interpret regional models and upcoming in situ measurements. For
instance, Firefly's Blue Ghost Mission 1 (recently landed in Mare Crisium on 02/03/2025), and Ispace's
APEX®1.0 (scheduled to land in Schrodinger crater in 2026) are both equipped with a heat flux probe and will
soon provide new in situ heat flux measurements at key locations on the lunar surface. Our best-fit models provide
testable hypotheses on the surface heat flux and subsurface thermal state at any time and location on the Moon,
including these landing sites, with strong implications for the distribution of HPE and the structure of the lunar
interior. In the following sections, we review the measurements relevant to this study (Section 2), describe our
methods (Section 3), present our main findings (Section 4), and finally discuss their implications for the evolution
of the Moon (Section 5).

2. Heat Flux Measurements and Uncertainties

Caution is required when comparing heat flux results from global geodynamical models to the Apollo heat flux
data, as the reported values depend on corrections that were applied to the data. In situ surface heat flux mea-
surements from Apollo 15 and 17, corrected for local topographic and subsurface effects, were reported by
Langseth et al. (1976), with values of 21 and 14 mW/m?, respectively. The associated uncertainties reported by
Langseth et al. (1976) are equal to £15% (i.e., £3.15 mW/m? for Apollo 15 and +2.1 mW/m? for Apollo 17), and
are primarily due to uncertainties in the estimation of thermal diffusivity. The Apollo measurements were later
revised to account for heat flow focusing at the maria—highlands boundary, which may increase surface heat flux
locally at the Apollo 15 and 17 sites by 10-15% relative to the maria average and by 20-40% relative to the
highlands average (Grott et al., 2010; Warren & Rasmussen, 1987). This effect is caused by the lower bulk
thermal conductivity, thicker crust and thicker megaregolith layer above the anorthositic highlands, which pro-
vide better insulation and favor lateral heat flow towards the maria where heat can more easily escape.

Remote sensing estimates of surface heat flux have been reported for the south polar regions (i.e., 5-6 mW/m?;
Paige & Siegler, 2016; Wei et al., 2023) and the Compton—Belkovich region (i.e., ~180 mW/m?; Siegler
et al., 2023), but without associated uncertainties. The absence of error bars, combined with the large difference
between these estimates, makes them inherently less reliable than in situ measurements. Uncertainties in remote
estimates, particularly at low flux values, mainly arise from poorly constrained parameters such as regolith
thermophysical properties and subsurface water abundance in permanently shadowed regions. Given these un-
certainties, and in particular those related to the water content in the subsurface, we cannot exclude heat flux
values as high as 12-14 mW/m? at the south pole, which prevents us from using these estimates as direct
constraints.

3. Methods
3.1. Mantle Convection

We simulate the thermal evolution of the Moon using the mantle convection code GAIA-v2 (Hiittig & Stem-
mer, 2008a; Hiittig et al., 2013) in a 3D spherical geometry (Hiittig & Stemmer, 2008b; Plesa, Hiittig, et al., 2016).
We use a structured grid with 91 radial layers, with 8 km resolution from the surface to 76 km depth, and 16 km
resolution from 76 km depth to the core—mantle boundary (i.e., 1,350 km depth). Each layer contains 40,962 cells
laterally, corresponding to ~15 X 15 km resolution at mid-mantle depth and ~30 X 30 km resolution at the
surface, for a total of ~3.73 million grid points for each simulation. Increasing the grid size to 5.8 million points,
with 4 km radial resolution from the surface to 76 km depth, and 10.5 km resolution from 76 km depth to the core—
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Table 1
Parameters Used for Initializing the Thermal Evolution Model
Symbol Description Value Unit
R, Planet radius 1,740 km
R, Core radius 390 km
D Mantle thickness (R, - R.) 1,350 km
D; Dissipation number 0.04374 [-]
E Activation energy 3 x 10° J mol™!
R Universal gas constant 8.314 Jmol™! K!
Ty Surface temperature 250 K
T. Initial core temperature 2,000 K
T, Reference temperature 1,600 K
AT Temperature variation in the mantle 1,750 K
Th/U Thorium to uranium ratio 3.7 [-]
K/U Potassium to uranium ratio 2,500 [-]
14 Activation volume 6 x 10°° m?
@ Mantle specific heat capacity 1,000 Tkeg ! K!
Cp,core Core specific heat capacity 800 Jkg ' K!

Surface gravity acceleration 1.62 m s

ke Crust thermal conductivity 1.5 W m™! K™!
kx KREEP unit thermal conductivity 1.5 Wm™! K!
k, Reference thermal conductivity (mantle) 3 Wm~! K!
Dr Reference pressure 3 GPa
% Reference depth 545 km
ar Reference thermal expansivity 2 x 107 K!
n, Reference viscosity 102! Pas
Ky Reference thermal diffusivity 8.82 x 1077 m? s~!
Py Reference density (mantle) 3,400 kg m~3
Pe Crustal density 2,500 kg m~3
Pk KREEP unit density 2,500 kg m™3
Peore Core density 7,400 kg m~3

Note. Most parameters are taken from Laneuville et al. (2013) and references therein. The rheological parameters (i.e., E and V)
are taken from Karato and Wu (1993). The Th/U and K/U ratios are taken from S. Taylor (1982).

mantle boundary yielded negligibly different results (Section S1.1 in Supporting Information S1), at the expense
of a higher computational cost.

Each model consists of a mantle overlain by a crust (average thickness ~40 km; Broquet & Andrews-
Hanna, 2024a; Wieczorek et al., 2013), and a thin HPE—rich unit (average thickness ~8 km, limited by model
resolution) located between them. In themselves, all three layers are compositionally homogeneous and char-
acterized by the parameters listed in Table 1. The concentration of HPE (i.e., 2*U, ?*°U, 2**Th, and *’K) varies
between the layers, and we account for the time-dependent internal heating due to their radioactive decay (see
Section S1.2 in Supporting Information S1 for the governing equations). Hereafter, we will use Th as a proxy for
HPE, assuming that the radiogenic elements are always related by constant Th/U and K/U ratios of 3.7 and 2,500,
respectively (S. Taylor, 1982).

The thermal evolution simulations start after the crystallization of the Lunar Magma Ocean (LMO) and proceed
until present day (~4.5 Gyr). From the resulting present-day thermal state, we calculate the surface heat flux
distribution (as a 2D map) and compare it with Apollo measurements, Region 5, and Compton-Belkovich

SANTANGELO ET AL.

4 of 16

Q2T 'S20Z '00T669TC

 wouy

852017 SUOLULIOD BAERID 2|1 [dde U} Aq peusenob a1e el VO ‘esn JO S8INJ 0} A%eig 1 8UIIUO A8|IA UO (SUORIPUOD-PUB-SULBY WY A3 | 1M AReJd U1 |UO//SHIL) SUORIPUOD PU. SIS L 83 885 *[9202/T0/ZT] U0 A%Iq1T8UIIUO ABIIM “URWeS ZYjoULRH "Q Ul UUed Wey "N-4n7T '3 WnnueZ ysid Ad 8Sy6003rSZ0Z/620T OT/10p/wod A Im'A:



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2025JE009458

estimates. For each HPE distribution tested, we simulate the full thermal evolution to avoid imposing assumptions
on the present-day mantle heat flux contribution, which can reach ~7-9 + 1.5 mW/m?. Core cooling is imple-
mented as a one-dimensional, time-dependent boundary condition at the core—mantle boundary, following
Steinbach and Yuen (1994) and Stevenson et al. (1983). Core dynamics, crystallization, and inner core growth are
not included in the model.

Finally, the mantle temperature in our model is initialized using the same method and intermediate initial tem-
perature profile of Laneuville et al. (2013). Furthermore, we tested the “hot” and “cold” profiles (variations of
+200 K in the initial temperature), which imply variations in viscosity and convection vigor during the early
evolution. As expected, the mentioned variations have negligible effects on the present-day surface heat flux at
the Apollo 15 and 17 landing sites (<1 mW/m?). We note that any initial temperature and viscosity conditions,
while important for the early evolution, will have a negligible effect on the present-day thermal state and surface
heat flux. This is due to the so-called “thermostat effect” in planetary mantles (Schubert et al., 1979).

3.2. Constant Crust and HPE-Rich Unit Thickness Setup

In the first part of this study, we adopt a simplified model setup with a laterally uniform crustal thickness and
HPE-rich unit thickness (40 and 8 km, respectively). This configuration is directly comparable to previous
thermo-chemical evolution models (Laneuville et al., 2013, 2018) and LMO crystallization studies (e.g.,
Schwinger & Breuer, 2022), making it well-suited for a first-order investigation of the lateral extent and
enrichment of a subsurface HPE anomaly. We test four initial configurations for a HPE-rich unit sandwiched
between crust and mantle. These are termed global, hemispherical, regional, and absent, respectively. In the
hemispherical and regional cases, the subsurface HPE anomaly is modeled as a cylindrical cap of radius
~2,700 km and ~1,300 km, respectively, due to the lack of constraints on its shape. For each simulation, we
compare the present-day surface heat flux distribution with the Apollo measurements, focusing on whether the
modeled anomaly can reproduce values as high as the maximum observed (Apollo 15). For this simplified setup,
we must compare the modeled heat flux with the revised Apollo values (18 + 3 mW/m?, 12 + 2 mW/m?), since
this model does not account for any heat flow focusing effects (Warren & Rasmussen, 1987).

In terms of HPE distribution, we keep the bulk silicate Moon and crustal concentrations constant throughout this
analysis. We assume Earth-like bulk silicate Moon abundances of 0.075 ppm Th following G. Taylor and
Wieczorek (2014), and references therein. Crustal concentrations are assumed equal to 0.4 ppm Th, which is
chosen as an intermediate value between the 0.05 and 0.8 ppm Th end-members obtained from sample analysis
and surface composition studies (Meyer, 2004; Jolliff et al., 2000, respectively).

First, we model a globally uniform HPE-rich layer trapped between mantle and crust, representing the outcome of
a perfectly symmetrical LMO crystallization. We refer to the global HPE-rich layer as urKREEP (defined in
Warren & Wasson, 1979). The concentration of HPE in the urKREEP layer is constrained by an LMO fractional
crystallization model that includes the equilibrium partition equation from Longhi (1980) and new Th partition
coefficients for feldspar and pigeonite from experiment GPC866 in Haupt et al. (2024). The full set of parameters
can be found in Supporting Information S1 (Section S1.3). This approach predicts concentrations of ~18.7 ppm
Th and a thickness of 1.6 km for the urKREEP layer, consistent with the estimates in Warren and Wasson (1979).
In our geodynamical model, due to the limited radial resolution of our setup (Section 3.1), the HPE are diluted in
an 8 km-thick layer, resulting in an equivalent concentration of 3.74 ppm Th.

Second, we model a scenario in which 100% of the urKREEP material overturns and homogeneously remixes into
the mantle, resulting in a concentration of ~0.055 ppm Th. Then, we investigate scenarios of urKREEP material
sequestration into a hemispherical or regional subsurface unit, varying between 0% and 100% of the urKREEP
material being concentrated in the unit. An example sketch of our simplified model setup, in case of a regional
HPE anomaly and 50% urKREEP material sequestration, is provided in Figure 1. For all scenarios, we compare
the present-day surface heat flux values with the revised Apollo measurements (18 = 3 and 12 % 2 mW/m? for
Apollo 15 and 17, respectively).

3.3. Laterally Variable Crust and HPE-Rich Unit Thickness Setup

In the second part of this study, we investigate local variations in present-day surface heat flux at the Apollo 15,
Apollo 17, and Region 5 sites by introducing lateral variations in crust and HPE-rich layer thicknesses, similar to
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the approach by Plesa, Grott, et al. (2016). We take the crustal thickness
distribution from the preferred model in Broquet and Andrews-

Farside

Hanna (2024a), which fits observed gravity and topography data and con-
siders the presence of the high-density mare units, re-plotted in Figure 2a. In
this more sophisticated setup, the spatial variability in crustal thickness allows
us to mimic the lateral heat flow within basins, as predicted in Warren and
Rasmussen (1987). Thus, for these models, we compare our results with the
original Apollo heat flux measurements (21 + 3 mW/m?, 14 + 2 mW/m?).

In addition, a laterally variable crustal thickness enables us to assess the effect
of crustal thickness on surface heat flux distribution, uniquely identify surface
locations, and track their subsurface thermal evolution over time. In our
model, the present-day crustal structure is imposed at the start of the simu-

Th Concentration [ppm] lation, immediately after LMO crystallization. Although this approach ne-

m_III glects crustal modifications through impact events and volcanism, such early

Mantle

processes have limited effects on the surface heat flux at present day.

Crust HPE-rich unit

Our simulations consider a layer enriched in HPE at the base of the average

Figure 1. Schematic sketch of an example 3D model setup with constant crust of the maria region (i.e., ~32 km; Broquet & Andrews-Hanna, 2024a).

crustal thickness and HPE-rich unit thickness. The three reservoirs (mantle,
HPE-rich unit, and crust) differ in HPE concentration, which is represented
by the color scheme. The HPE-rich unit is modeled as a circular cap,

In regions where the crust is thinner than this average, the HPE-rich unit is
absent, and in regions of thicker crust, the HPE-rich unit will be thicker

equivalent to a unit of 1.6 km thickness and ~75 ppm Th concentration. The (always extending to the base of the crust). If present, the HPE-rich layer has a
mantle and the crust have Th concentrations of 0.04 and 0.4 ppm, respectively. ~ minimum thickness of 8 km, which represents our model radial resolution.
Yellow dots are used to represent the percentage of HPE-rich material that is,  This captures the effects of crustal thinning produced by large basins, which

remixed in the mantle and contribute to its heat production.

would have excavated the HPE-rich unit (e.g., Mare Imbrium and Serenitatis).
Moreover, it mimics the effect of HPE-rich ejecta deposition by considering a
thicker HPE-rich layer in regions of thicker crust surrounding basins such as
Imbrium (Figure 2b).

Using the laterally variable model setup, we investigate all key parameters controlling surface heat flux: (a)
concentration of radiogenics in the HPE-rich unit, (b) bulk silicate Moon HPE concentration, (c) lateral extent of
the HPE-rich unit, and (d) crustal HPE concentration. The concentration in the HPE-rich unit is varied between 30
and 120 ppm Th, based on previous estimates for the Imbrium ejecta source region (Laneuville et al., 2013; Levin
et al., 2025), with a lower end-member scenario of 14 ppm Th representing an Apollo 15 KREEP basalt Th
concentration (Jolliff et al., 2000). As described in Section 3.2, concentrations in the HPE-rich unit are always
expressed assuming a 1.6 km average layer thickness, and diluted in a thicker unit in our model (8 km on average)
using a volume weighted equivalence.

For the bulk silicate Moon, we used concentrations in the Earth-like range of ~0.06-0.09 ppm Th (G. Taylor &
Wieczorek, 2014, and references therein), as well as a testing a lower-end case of ~0.05 ppm Th, which is outside
the proposed range and thus considered less likely. The radius of the HPE-rich unit is varied between ~800 and
2,700 km, and crustal HPE concentrations from ~0.1-0.8 ppm Th, based on lunar sample data analysis (e.g.,
Meyer, 2004) and surface Th observations (e.g., Jolliff et al., 2000).

Nearside Farside

Th Concentration [ppm]

[~ 0.04. - I N I

Mantle Crust HPE-rich unit

Figure 2. (a) Crustal thickness map based on GRAIL data (Broquet & Andrews-Hanna, 2024a), used in this study as input for
global thermal evolution models considering lateral crustal thickness variations. (b) Sketch of the model setup including
crustal thickness variations, using the same color code as in Figure 1. This more sophisticated model is characterized by a
laterally variable crustal thickness (~40 km on average) and HPE-rich unit that is, located at the base of the crust.

SANTANGELO ET AL.

6 of 16

Q2T 'S20Z '00T669TC

 wouy

852017 SUOLULIOD BAERID 2|1 [dde U} Aq peusenob a1e el VO ‘esn JO S8INJ 0} A%eig 1 8UIIUO A8|IA UO (SUORIPUOD-PUB-SULBY WY A3 | 1M AReJd U1 |UO//SHIL) SUORIPUOD PU. SIS L 83 885 *[9202/T0/ZT] U0 A%Iq1T8UIIUO ABIIM “URWeS ZYjoULRH "Q Ul UUed Wey "N-4n7T '3 WnnueZ ysid Ad 8Sy6003rSZ0Z/620T OT/10p/wod A Im'A:



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2025JE009458

Post-LMO global urKREEP layer

Crust

[ ]
I:I KREEP
I

Mantle

r urKREEP redistribution scenarios j

hemispherical HPE anomaly regional HPE anomaly

b

100%

G 60% b 100% | f 60% | % of urKREEP
in the mantle

d

20%

e 0% g 20% | h 0% Heat flux compared to

Apollo measurements

|:| HF too low
[] Fitting

[] HFtoo high

Figure 3. Summary of our tested scenarios using constant crustal thickness and HPE-rich unit thickness. Each cross-section represents a thermal evolution simulation
with different HPE distribution. (a) Global urKREEP layer configuration resulting from symmetric LMO crystallization (~18 ppm Th in the urKREEP, ~0.02 ppm Th

in the mantle). (b) Case of complete remixing of urKREEP into the mantle (~50 ppm Th in the mantle). (c—e) Simulations with increasing concentration of HPE underneath
the nearside crust, for a hemispherical unit (15, 30, and 35 ppm Th in the unit, respectively). (f~h) Analogous to (c)—(e), but for a regional nearside anomaly of ~1,300 km
radius (50, 100, 125 ppm Th for a 1.6 km-thick unit, respectively). Note: thickness of the layers in the figure is not to scale.

4. Results
4.1. Constraining the Extent of the HPE-Rich Unit

Using the constant thickness model (Section 3.2), we test four geometries for a subsurface HPE-rich unit: global,
hemispherical, regional (i.e., ~1,300 km radius), and absent (i.e., HPE are completely redistributed in the mantle).
In addition, we vary the HPE enrichment of the regional and hemispherical units to investigate the degree of HPE
sequestration needed to explain the Apollo measurements (Figure 3). We note that all models produce an average
surface heat flux value of ~12 mW/m? at present-day, consistent with the estimates in Warren and Rasmus-
sen (1987). Depending on the model parameters, the mantle contribution to the surface heat flux is on average up
to 7 — 9 mW/m? with variations of +1.5 mW/m?,

In case of a globally uniform urKREEP layer (Figure 3a) we find that present-day surface heat flux variations are
negligible (within 0.3 mW/m?), as expected. The average surface heat flux is equal to ~12 mW/m? in this case,
which is consistent with the Apollo 17 revised measurement (12 = 2 mW/m?2), but too low for Apollo 15
(18 + 3 mW/m?). The configuration with a homogeneous remixing of HPE into the lunar mantle (Figure 3b)
yields a similar surface heat flux distribution, everywhere equal to ~12 mW/m?. We note that the similarity
between these two cases is expected, due to the spatial symmetry of both configurations. Since the predicted heat
flux is too low to explain Apollo 15 measurement, we consider these two scenarios less likely (“HF too low” in
Figure 3).

For configurations with a hemispherical anomaly (Figures 3c—3e), present-day surface heat flux values are
consistent with Apollo measurements when 0%—60% of urKREEP material is mixed into the mantle. This sce-
nario yields surface heat fluxes of ~14—16 mW/m? above the HPE-rich region. These results suggest that a
hemispherical HPE asymmetry could explain the elevated heat flux measured by Apollo, provided that the
anomaly contains at least ~15 ppm Th within a 1.6 km-thick layer (Figure 3c). We note that a trade-off between
layer thickness and enrichment is always possible.
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Figure 4. (a, b) Surface heat flux maps and (c, d) interior temperature variations at present day. Panels (a and ¢) show a model
with a constant crustal thickness and HPE-rich unit thickness, while panels (b) and (d) show a scenario with a spatially
variable crustal and HPE-rich unit thickness (i.e., 1,200 km HPE-rich unit radius, 0.075 ppm bulk Th concentration, 0.4 ppm
crustal Th concentration, 75 ppm HPE-rich unit Th concentration). The symbols in the panels indicate the landing sites of
Apollo 15 and Apollo 17 (AP15 and AP17), Region 5 (RS, south polar region), and future measurements locations (Mare
Crisium—CR, Schrodinger Crater—SR). In addition, we indicate the Farside Highlands Terrane (FHT), South-Pole Aitken
basin (SPA), Mare Imbrium, and Moscoviense. Note: panels (a) and (c) show results consistent with those in Laneuville

et al. (2013). Panels (c) and (d) correspond to the great circles cutting through Imbrium, PKT, FHT, and SPA terrains.

In case of a regional anomaly (Figures 3f-3h), we find that surface heat flux values consistent with Apollo
measurements require relatively weak HPE enrichments, from 60% of urKREEP material mixed into the mantle
(Figure 3g) to an ~85% end-member case (not shown, intermediate case between Figures 3f and 3g). Conversely,
when more than 40% of the urKREEP material is concentrated in the anomaly (i.e., <60% urKREEP left in the
mantle), present-day surface heat flux values exceed 23 mW/m? within the PKT region, which is inconsistent with
the Apollo 15 measurement.

4.2. Effect of Crustal Thickness Distribution on the Spatial Variations of the Surface Heat Flux

The spatial variations in crustal thickness introduce substantial heterogeneities in the present-day surface heat flux
distribution (£5 mW/m?, Figures 4a and 4b). The higher HPE concentration in the crust with respect to the mantle
causes regions of thick crust to have more subsurface heat sources than regions of thin crust. For example, the
thick-crust Farside Highlands Terrane (FHT) shows a higher surface heat flux than the South-Pole Aitken basin
(SPA, Figure 4b), with the difference being proportional to the crustal HPE concentration. Additionally, because
the thermal conductivity of the crust is half that of the mantle (Table 1), a thicker insulating layer prevents heat
escape more efficiently than a thin layer, and this leads to a higher subsurface temperature beneath thick crustal
regions (e.g., FHT) than thin-crust regions (e.g., SPA, Figures 4c and 4d).

In other words, including crustal thickness variations in the models changes the planform of convection
throughout the thermal evolution (Figures 4c and 4d). Unlike the present-day convection planform of a laterally
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constant model (Figure 4c), a variable crustal thickness induces thermal anomalies that can extend from the deep
mantle to the crust-mantle interface (Figure 4d). In particular, a positive and deeply rooted thermal anomaly
induced by the thick-crust farside highlands (FHT) is visible in Figure 4d to the bottom left, whereas a negative
anomaly corresponding to the crustal thinning in SPA can be seen on the bottom part of the same figure.

As mentioned in Section 3.2, we assume a bulk crustal enrichment of 0.4 ppm Th, which is an intermediate value
between the concentration observed in anorthositic samples and that measured by surface gamma-ray spec-
trometry (Jolliff et al., 2000; Meyer, 2004). Using 0.4 ppm Th, the crustal thickness variations alone lead to a
maximum difference in heat flux between lowlands (e.g., South-Pole Aitken, thin crust basins) and farside
highlands of ~3 mW/m? (Figure 4b). This value increases to ~6 mW/m? for a crustal enrichment of 0.8 ppm Th,
and decreases to ~1 mW/m? for a crustal enrichment of 0.1 ppm Th (the corresponding surface heat flux maps are
shown in the additional information Section S2.1 in Supporting Information S1).

Furthermore, lateral variability in the thickness of the HPE-rich unit has significant effects on both the surface
heat flux and the interior temperature distribution (Figures 4b and 4d). The maximum difference between the heat
flux within the HPE-rich region and a location of identical crustal thickness outside of the region is ~30 mW/m?.
Although we consider a simplified circular geometry for the HPE-rich unit, our treatment of the unit thickness
simulates the effect of basin excavation and thick ejecta deposition (Figure 4b), with a local minimum in surface
heat flux corresponding to the center of Mare Imbrium and several local maxima surrounding it. Additionally, the
effect of Mare Imbrium excavating the HPE reservoir on the interior temperature distribution is visible on the top
left of Figure 4d.

Lastly, we note that the results of our laterally variable model setup remain consistent with the results of
Laneuville et al. (2013, 2018) both in terms of average surface heat flux and mantle temperatures below the PKT
region, which would allow for prolonged mare magmatism (~3.5 Gyr) when compared to the solidus used in
Laneuville et al. (2013). However, our setup does not explicitly model melting, and a reliable treatment of lunar
magmatism would require considering a time-dependent solidus and processes such as mantle depletion, melt
ascent and eruption, which is out of scope for this study. For this reason, we do not further discuss the implications
of our modeling results on the volcanic history of the Moon.

4.3. Spatial Distribution of the Present-Day Surface Heat Flux on the Moon

Based on the results of Section 4.1, we exclude the cases of a globally uniform urKREEP layer and a complete
remixing of urKREEP material into the mantle for the following analyses. Instead, we focus on regional and
hemispherical HPE-unit cases, varying the bulk radiogenic concentration and anomaly enrichment for four HPE-
rich unit geometries: ~800 km (small), 1,200 km (medium), 1,600 km (large), and 2,700 km (hemispherical) in
radius (Figure 5). Configurations that are consistent with both Apollo 15 and 17 results within 1-sigma level are
deemed acceptable. Our modeled heat flux values at Region 5 (representative of the south polar region) are
provided for context, but are not compared to the reported values in the literature as constraints, due to the absence
of associated uncertainties. We note that care should also be taken when choosing the position of the center point
for each HPE-rich unit scenario. More information on how this parameter was chosen in this study can be found in
Supporting Information S1 (Section S2.2), along with plots showing surface heat flux distributions for each HPE-
rich unit size scenario in Section S2.3 of the Supporting Information S1.

For a small HPE-rich unit (~800 km), we find that no combination of bulk and HPE-rich unit enrichments
produces heat flux values consistent with both Apollo measurements (Figure 5). This scenario is representative of
all configurations in which Apollo 15 and 17 are both located outside of the anomaly. In addition, a similar crustal
thickness underlies the two locations, implying that their heat flux is expected to be similar unless the HPE
anomaly extends beneath one of the sites. In addition, fitting both Apollo values would require heat fluxes equal to
16-18 mW/m? outside of the anomaly, which implies unreasonably high bulk HPE concentrations (>0.11 ppm
Th), inconsistent with the range of 0.06—0.09 ppm Th provided by G. Taylor and Wieczorek (2014).

The medium unit case (~1,200 km radius) represents all configurations in which Apollo 15 is located either
within or at the edge of the anomaly, while Apollo 17 lies outside of it (e.g., Figure 4b, Apollo 15 on the unit
edge). In this case, we find that a rather high bulk HPE concentration (~0.09 ppm Th) and weak anomaly
(~30 ppm Th) are required to fit both Apollo measurements. High bulk concentrations are required to raise the
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Figure 5. Summary of simulations varying the lateral extent of the HPE-rich unit versus the bulk (a) and the unit

Th concentration (b). All models share a HPE-rich unit with an effective average thickness of 1.6 km. In panel (a) the HPE-
rich unit has a Th concentration of 30 ppm, while in panel (b) the bulk concentration of Th is equal to ~0.06 ppm. Each pie
chart represents a separate simulation, and each pie chart sector a specific surface location: Apollo 15, Apollo 17, and Region 5.
The fill color of each pie chart sector represents the difference between modeled and observed surface heat flux (i.e., Apollo
15: 21 mW/m?, Apollo 17: 14 mW/m?, and Region 5: 6 mW/m?), with light blue/red pie charts corresponding to more realistic
scenarios. Note: the error bar used for the Region 5 estimate (50%) has been chosen to represent a lower level of confidence in
the value and allow for comparable visualization, but no uncertainty has been reported in the literature for this estimate. The
absence of models in the right top corner of panel (b) is because these models would have a negative Th concentration in the
mantle.

background heat flux to be consistent with Apollo 17 measurement, while values within the anomaly should not
exceed Apollo 15 measurement, requiring a relatively weak asymmetry in Th concentrations.

For configurations with a large HPE-rich unit (~1,600 km radius) we find most of our best-fit scenarios
(Figure 5). In this configuration, Apollo 15 is representative of the center of the anomaly, while Apollo 17 is
located on its edge. Under these conditions, bulk concentrations of 0.06—0.075 ppm Th and unit concentrations of
23-50 ppm Th are consistent with the measurements (end-member values are found through interpolation be-
tween models). In this case, bulk and unit concentrations are both low, causing the heat flux at the center of the
anomaly to reach the Apollo 15 value, and values similar to Apollo 17 at its edge. In addition, this configuration is
the only one that can also produce relatively low heat fluxes in the south polar region (-9 mW/m?), making the
Region 5 heat flux estimate plausible only in a large HPE-rich unit configuration.

In case of a hemispherical HPE-rich unit (~2,700 km radius), the anomaly is so large that it takes up most of the
HPE available within the bulk Moon, leaving the mantle highly depleted. This case is a proxy for Apollo 15 and
17 being representative of a similar terrain in terms of HPE, both being located within the anomaly. Thus, we
retrieve a similar heat flux values at the two locations. Contrary to the results of our simplified analysis, no
parameter combination in Figure 5 can reach values as high as the original Apollo 15 measurement (21 mW/m?).
Reaching such high heat fluxes within a hemispherical unit would require high bulk and unit concentrations
(>0.09 and 75 ppm Th, respectively). However, under this combination of parameters, Apollo 17 location would
also display similar values, about 4 mW/m? too high.

We note that for all models in Figure 5a, increasing the bulk HPE abundances from 0.05 to 0.09 ppm Th (0.014—
0.024 ppm U) corresponds to an increase of the average surface heat flux values from 10 to 13.5 mW/m?, which is
consistent with the results obtained in Warren and Rasmussen (1987), their Figure 8. Lastly, we note that
exploring a broader parameter space with laterally variable crustal thickness and HPE-rich unit thickness offers
several advantages over the models in Laneuville et al. (2013, 2018):
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1. It allows us to rule out hemispherical and small-unit scenarios, as well as upper and lower end-member Th
concentrations within the HPE anomaly, thereby narrowing down the parameter space.

2. It provides testable predictions of heat flux and thermal evolution beneath specific surface locations, providing
valuable input for related fields such as geologic mapping, impact modeling, seismic inversions, and tidal
response studies.

3. It mimics the effects of basin excavation and ejecta blanket deposition through the variable HPE-rich layer
thickness.

S. Discussion
5.1. Geometrical Extent of the HPE Anomaly
The results presented in Section 4 can be summarized as follows:

1. Symmetric distributions of HPE in the Moon's interior are inconsistent with observations.

2. A nearside HPE anomaly should at least extend to beneath the Apollo 15 landing location.

3. Across all tested configurations, the anomaly is required to be rather weak (Th content ranging from 23 to
50 ppm for a 1.6 km thick layer, and proportionally lower for a thicker layer).

4. Bulk silicate Moon concentration of HPE can only be constrained as a function of the geographical extent of
the anomaly, with the case of a medium anomaly favoring higher bulk HPE concentrations with respect to
large anomaly scenarios.

In the following paragraphs, we will discuss the implications of our results on the current understanding of lunar
structure and evolution.

Our results show that a globally uniform HPE-rich layer is inconsistent with Apollo measurements, and the
nearside is required to be enriched in HPE with respect to the farside, assuming a range of 0.05-0.09 ppm bulk Th
abundance (G. Taylor & Wieczorek, 2014). However, surface heat flow is only sensitive to the overall con-
centration of HPE beneath each surface location, and cannot disentangle different depth-wise distributions. This is
why configurations with globally uniform layer or complete HPE remixing (Figures 3a and 3b, Section 4.1)
produce similar surface heat flux distributions. Thus, our results cannot exclude the presence of some HPE-rich
material underneath the entire crust, as suggested in Nagihara (2025), but require this HPE reservoir to be either
thicker or more enriched underneath the nearside.

In our models, the HPE anomaly is required to extend at least beneath the landing site of Apollo 15, in order to
explain its measured heat flux value. However, the observed heat flux difference between Apollo 15 and 17 has
also been attributed to the effect of surface Th anomalies, which are thought to be Imbrium ejecta (Hagermann &
Tanaka, 2006; Haskin, 1998). If this is the case, the HPE-rich anomaly could have been located only underneath
Imbrium and excavated during its formation. This would allow the HPE-rich unit size to be similar to or smaller
than our small anomaly scenario (Section S2.2 in Supporting Information S1). While these scenarios are plau-
sible, they can only marginally reproduce the Apollo 15 heat flux value, as noted by Siegler and Smrekar (2014).
In addition, cases where the HPE-unit is too small are more difficult to reconcile with the fact that the entire
Oceanus Procellarum shows long-lasting volcanic activity, requiring sufficiently high subsurface temperatures to
melt material over a period of ~3 Gyr (Hiesinger et al., 2023).

Although we consider all models consistent with the Apollo measurements successful, the ability to locate surface
features allows us to compare the extent of the HPE-rich unit with additional geophysical evidence. First, a HPE
anomaly larger than 1,600 km in radius would extend beneath most nearside basins, which is inconsistent with the
lack of strong Th signatures in the ejecta blankets from basins other than Imbrium. Among others, Mare Orientale
is believed to be as young as Imbrium, and it is one of the regions of thinnest crust on the Moon, implying that the
impact should have also excavated HPE-rich material. However, no strong Th signature can be seen surrounding
Mare Orientale (Lawrence et al., 1999, 2003). A similar argument applies to Mare Serenitatis and Crisium,
although their older age has been proposed to cause the dilution of their Th signatures through prolonged impact
gardening during the late heavy bombardment (Nagihara, 2025).

The case of a HPE-rich unit extending up to the Apollo 17 location and eastern edge of Mare Serenitatis (1,500—
1,600 km HPE-rich unit radius) appears more likely because its size corresponds to the nearside region of low
crustal thickness (Figure 2) and thick mare basalt units (Broquet & Andrews-Hanna, 2024a). This configuration is
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Figure 6. Surface heat flux map of our preferred large HPE-rich unit scenario (i.e., 1,600 km HPE-rich unit radius, 0.06 ppm
bulk Th concentration, 0.4 ppm crustal Th concentration, 30 ppm HPE-rich unit Th concentration). The symbols in the map
indicate the landing sites of Apollo 15 and Apollo 17 (AP15 and AP17), Region 5 (RS, south polar region), and future

measurements locations (Mare Crisium—CR, Schrodinger Crater—SR). In addition, we indicate the Farside Highlands
Terrane (FHT), South-Pole Aitken basin (SPA), Mare Imbrium, Serenitatis, and Crisium.
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also the only scenario that produces a south polar heat flux lower than the Apollo 17 measurement. However, the
lack of an Imbrium-like Th signature surrounding Mare Serenitatis remains partially unexplained in this scenario.
The surface heat flux distribution for our preferred model with a large HPE-rich unit scenario is shown in
Figure 6, including an enlarged inset of the region in the vicinity of Apollo 15, Apollo 17, and Blue Ghost-1
landing sites.

Alternatively, positioning the boundary of the HPE anomaly between the Apollo 15 and 17 landing sites or, in
other words, having a HPE-rich unit that does not extend beneath Mare Serenitatis (medium unit in Section 4.3),
could explain the missing Th signature. In this case, however, the heat flux at the south pole stays similar to that at
the Apollo 17 location. A summary of present-day surface heat flux maps for all scenarios consistent with Apollo
15 and 17 heat flux constraints can be found in Supporting Information S1 (Section S2.4).

5.2. Origin of the Nearside HPE Anomaly

Assuming a range of 0.05-0.09 ppm bulk Th abundance (G. Taylor & Wieczorek, 2014), our modeling results
require a HPE enrichment beneath the nearside, which implies that a process must have concentrated heat sources
there during the Moon's evolution. However, the Apollo measurements are consistent with a relatively weak HPE
asymmetry between the two hemispheres, independent of the lateral extent of the subsurface HPE-rich unit,
suggesting a rather ineffective HPE redistribution process. Potential HPE redistribution processes have been
proposed: (a) asymmetric LMO crystallization (Moriarty et al., 2021; Parmentier et al., 2002), (b) lateral transport
of HPE triggered by a cataclysmic event, such as the South Pole—Aitken (SPA) impact (Jones et al., 2022; Zhang
et al., 2022), (c) destablization and sinking of the urKREEP layer everywhere but underneath the PKT region
(Liang et al., 2024).

In addition, we note that although our models cannot disentangle the HPE-rich unit thickness and radiogenic
enrichment, investigating the timing of HPE sequestration underneath the PKT can help us to independently
constrain these two key parameters. If the HPE redistribution process occurs during the LMO crystallization, the
resulting HPE-rich unit can become more enriched than what is predicted by 1D LMO crystallization models, for
instance due to the lateral migration of incompatible elements. Conversely, if the HPE redistribution happens
through solid-state convection, after the complete crystallization of the LMO, the concentration of HPE in the
resulting unit should be similar to that of a global layer, but its thickness can vary.
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5.3. Model Limitations

The high local heat flux estimate at the Compton-Belkovich region (180 mW/m?, Siegler et al., 2023) is chal-
lenging to capture using a global model. None of our scenarios is able to produce a high surface heat flux anomaly
at the Compton-Belkovich region. Compton-Belkovich is characterized by an average crustal thickness value for
the nearside (~32 km), and we do not prescribe any local HPE anomaly in the region, which means that in our
setup there is no reason for a heat flux enhancement there.

Reprocessing of surface Th concentration data confirms the presence of a high Th abundance (40-55 ppm) in a
region of 30-60 km in diameter at Compton-Belkovich (Lawrence et al., 2003). The high surface heat flux is
suggested to be the result of a subsurface pluton of evolved granitic composition with respect to typical KREEP
basalt (Siegler et al., 2023). The Th concentration proposed for the magmatic intrusion ranges between ~60—-
130 ppm, depending on the volume of intruded material, and is confined in a region of just a few tens of kilometers
in diameter. Considering that this diameter is comparable to the lateral resolution of our model at the surface
(~30 km), a regional model is needed to investigate small-scale Th anomalies such as Compton-Belkovich.

We do not consider mantle melting, impacts, or tidal dissipation in our modeled energy balance within the Moon.
Although these processes are thought to affect the interior temperature distribution during the evolution, they
mostly played an important role during the earliest stages of lunar evolution. Indeed, magmatic activity expe-
rienced a primary peak between 3.2 and 3.6 Ga, and a secondary peak around 2 Ga, with very little melt being
extruded afterward (Hiesinger et al., 2023, and references therein). Major impacts, capable of substantially
affecting the thermal history of the Moon, ceased to occur after the late heavy bombardment around 3.8 Ga, and
the energy input from tidal dissipation only dominates during the first 10* years of lunar evolution (Andrews-
Hanna et al., 2023). Since we focus on the present-day thermal state of the Moon, such processes have been
neglected in our study. However, mantle melting, impacts, and tides should be included in future thermal evo-
lution studies to investigate their effects on the early stages of the lunar history.

Finally, our models employ a chemically homogeneous mantle, which is known to be a strong assumption for
thermal evolution modeling (Andrews-Hanna et al., 2023). An initially layered mantle, resulting from the so-
lidification of the LMO, could affect the vigor of convection throughout the evolution. However, modeling the
effects of an initially layered lunar mantle on the thermal history of the Moon requires a careful coupling with
LMO crystallization models, similar to those in Schwinger and Breuer (2022), and computationally costly
composition tracking (Bernt et al., 2024) which is beyond the scope of this study.

5.4. Implications for Future Heat Flux Measurement Sites

Due to the limited number of in situ measurements of surface heat flux on the Moon, and the uncertainties of
remote sensing-based estimates, obtaining new data is crucial to further constrain the HPE distribution in the lunar
interior. Even one additional in-situ measurement would greatly improve our models of the lunar thermal state, if
conducted at a well chosen site. In particular, any new measurement taken outside of the PKT surface Th anomaly
would allow us to place tighter constraints on the average surface heat flux and its lateral variations, using thermal
evolution models similar to those presented in this work.

In turn, the average surface heat flux provides a constraint on the Moon's bulk HPE abundance via the Urey ratio
(ratio of internal heat production to surface heat loss) as was proposed for Mars (Plesa et al., 2015). Across all our
model configurations, we find a present-day Urey ratio of ~0.8, independent of the model parameters. Combined
with a robust estimate of the average heat flux of the Moon, our models could further constrain the heat production
rate of the lunar interior and with it the composition of the primordial Moon.

Second, measuring surface heat flux in regions far from high-Th anomalies, such as Mare Crisium (Blue Ghost-1
landing site) or Schrodinger Crater (future landing site of APEX®1.0 mission by ispace-U.S.) can provide new
direct constraints on the lateral extent and enrichment of the nearside HPE anomaly (see Section 5.1). In addition,
taking measurements in regions likely to exhibit heat flux maxima, such as Aristarchus Plateau, would also help to
establish crucial upper bounds on the lunar surface heat flux.

Our models can provide local predictions of the surface heat flux anywhere on the Moon at any given time,
including the locations where future heat flux measurements will be performed, such as Mare Crisium and
Schrodinger crater. Thus, our best-fit models offer a valuable baseline for interpreting future heat flux data. Based
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on the surface heat flux distribution of models consistent with Apollo data (Section 4.3), we find heat flux ranges
of 7-12 mW/m? and 8-14 mW/m? for the Mare Crisium and Schrodinger Crater locations, respectively. Any
substantial difference to such values could indicate a more complex HPE distribution in the interior of the Moon,
which can be readily tested using our setup.

Finally, we propose the Aristarchus Plateau on the nearside and the feldspathic highlands terrain (FHT in
Figure 4) on the farside as key landing sites for future heat flow probes. Aristarchus Plateau is characterized by the
most recent volcanic flows on the Moon (Hiesinger et al., 2023), and could provide insights into the HPE con-
centration most representative of the center of the nearside thermal anomaly (Laneuville et al., 2013). Conversely,
the feldspathic highlands terrain on the farside could provide heat flux data at the region of thickest crust on the
Moon, helping to constrain bulk HPE concentrations in the lunar crust and reduce the current nearside bias in heat
flux measurements.

6. Conclusions

In this study, we employed a 3D global geodynamic model to investigate the thermal evolution of the Moon and
its interior structure. Our model setup builds on previous work (Laneuville et al., 2013, 2018) by incorporating
lateral variations in crustal thickness and a more complex geometry for the HPE-rich unit. Additionally, we
conducted a parameter exploration guided by recent constraints on the composition and structure of the lunar
interior (Haupt et al., 2024; Levin et al., 2025; Schwinger & Breuer, 2022). Best-fit scenarios were selected based
on surface heat flux measurements at the Apollo 15 and 17 landing sites, and subsequently compared with recent
heat flux estimates (Paige & Siegler, 2016; Wei et al., 2023) and geological evidence such as age and distribution
of mare basalt units (Hiesinger et al., 2023), and surface Th distribution (Lawrence et al., 2003).

Our results indicate that a globally uniform HPE-rich layer beneath the crust or fully mixed within the mantle
(i.e., global overturn) is inconsistent with the Apollo heat flow data. Instead, our findings support the presence of
a HPE anomaly beneath the nearside, assuming +20% bulk silicate Earth Th abundance (G. Taylor & Wiec-
zorek, 2014). The HPE anomaly is constrained to extend at least from Aristarchus Plateau to the Apollo 15
landing site (~1,200 km in radius), and in the largest scenario, extending beneath most of the nearside hemi-
sphere (>1,600 km). Furthermore, the HPE concentrations in the anomaly is required to be in the range of
23-50 ppm Th, for a 1.6 km-thick unit, with proportionally lower concentrations for a thicker layer. These
results suggest that some process sequestered radiogenics beneath the lunar nearside, but it was likely an
inefficient process.

Finally, our models predict heat flux ranges of 7-12 mW/m? for the measurement planned by Firefly's Blue Ghost
Mission 1 at Mare Crisium, and 8—14 mW/m? for Ispace's APEX®1.0 at Schrodinger Crater. Each new heat flux
measurement will provide a key constraint on the subsurface distribution of HPE and greatly improve our un-
derstanding of the Moon's asymmetrical thermal evolution. Based on our results, we propose Aristarchus Plateau
and the Farside Highlands Terrane (FHT) as regions of interest for future heat flux experiments.
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