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Granites are nearly absent in the Solar System outside of Earth. Achieving granitic
compositions in magmatic systems requires multi-stage melting and fractionation,
which also increases the concentration of radiogenic elements'. Abundant water and
plate tectonics facilitate these processes on Earth, aiding in remelting. Although these
drivers are absent on the Moon, small granite samples have been found, but details

of their origin and the scale of systems they represent are unknown?. Here we report
microwave-wavelength measurements of an anomalously hot geothermal source that
is best explained by the presence of an approximately 50-kilometre-diameter granitic
system below the thorium-rich farside feature known as Compton-Belkovich. Passive

microwave radiometry is sensitive to the integrated thermal gradient to several
wavelengths depth. The 3-37-gigahertz antenna temperatures of the Chang’e-1and
Chang’e-2 microwave instruments allow us to measure a peak heat flux of about

180 milliwatts per square metre, whichis about 20 times higher than that of the
average lunar highlands**. The surprising magnitude and geographic extent of this
featureimply an Earth-like, evolved granitic system larger than believed possible on
the Moon, especially outside of the Procellarum region®. Furthermore, these methods
are generalizable: similar uses of passive radiometric data could vastly expand our
knowledge of geothermal processes on the Moon and other planetary bodies.

Granitic rocks are common on Earth owing in part to the presence of
abundantwater and plate tectonics, which aid in melting and recycling
crustal materials. Igneous systems elsewhere in the Solar System are
dominated by basalt, representing single-stage melting of mantle rock.
Granite production requires multi-stage remelting of basalt or crystal
fractionation of basalticliquids. These processes also drive anincreased
concentration of incompatible elements such as silicon and radiogenic
potassium, thorium (Th) and uranium (U)™. Rare granitic clasts found
in lunar samples contain a high radiogenic concentration® However,
the origin and scale of the systems that produced them are unknown.
Lunar silicic volcanic materials, found primarily in the nearside Procel-
larum region’, are generally coincident with high Th concentrations
detected with orbital gamma-ray data®®. Still, there is little to constrain
the subsurface structures and processes that created these systems.
An enigmatic farside feature known as Compton-Belkovich®® has
the highest localized Th concentrations on the Moon. Located at
61.2° N, 99.7° Ebetween its two namesake craters, the central region of
Compton-Belkovich has been mapped as a likely volcanic feature
andis often referred to as the Compton-Belkovich Volcanic Complex
(CBVC)'S, Here we present the discovery that alarge granitic batholith,
similarinvolumeto terrestrial batholiths such as the Andean Altiplano-
Puna Magma Body" underlays Compton-Belkovich. We identify this
CBVCbatholiththroughabroad, increased local geothermal heat flux,

which peaks at about 180 mW m~?—approximately 20 times that of
the background lunar highlands® and over 8 times that measured at
the Apollo 15 site. Such a high heat flux requires a large mid-crustal
body with higher radiogenic element concentrations than previously
interpreted from orbital observations*’. Here we detail evidence
based on a combination of models and data from the Chang’e-1
(CE-1) and Chang’e-2 (CE-2) orbiters, NASA’s Lunar Reconnaissance
Orbiter (LRO), and past data from the Lunar Prospector, the Gravity
Recovery and Interior Laboratory (GRAIL), Chandrayaan-1and Apollo
missions.

The CE-1and CE-2 orbiters carried four-channel (3-37 GHz) micro-
wave radiometer (MRM) instruments. These data provide near-global
coverage over most of the diurnal cycle, including 8 CE-1and 13 CE-2
passes over the CBVC. The maps presented here are generally from
CE-2, which had alower orbit and therefore higher spatial resolution.
MRM data are at antenna temperature (TA), whichresults from emitted
brightness temperatures (Tb) as seen by the instrument field of view.
Figure 1shows the 3-GHz midnight TAin the CBVC region (after latitu-
dinaltrends have been removed and normalized to 61° N), revealing an
enhancement of about 9 K, coincident with the Th anomaly. A similar
‘hotspot’ is observed at all frequencies, at all local times, in both CE-1
and CE-2 microwave data (Methods). We find that this Tb anomaly can
only be explained by an enhanced geothermal gradient, which also
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Fig.1|Latitudinally corrected 3-GHz TA shown at midnightlocal time.
a, These datashowaclearlocalized TA enhancement of about 9 K centred on
the mapped Compton-Belkovich topographic feature. This feature is not
explainable by topography, surface rock distribution or material properties

provides a technique that could provide awindow into the interior
compositions of the Moon and other planetary bodies.

The CBVC consists of a central, aproximately 15-km-diameter plain
ringed by 3-km-scale domes® 2, The high-albedo interior shows a
short-wavelengthinfrared Christiansen feature consistent with asilicic
surface®, and photometric detections of minerals andesite and dacite™,
which s proposed evidence of erupted rhyolitic lavas® 2. Interior to the
domes, several groups have mapped what appear to be circumferen-
tial faulting suggestive of a piston-style collapsed caldera'®? These
features have been hypothesized to mark the edge of a once-inflated
magma body, potentially now evacuated, approximately 13 kmindiam-
eter. The greater region surrounding the CBVC shows anenhanced Th
concentration, postulated to be an ashfall deposit’, leading to estimates
of erupted materials’ volume and plausible water content”. However,
previous studies have been limited to studying the surface signature of
the volcanism, making indirect inferences regarding what lies beneath.

Microwave radiometry provides a means to peer below the surface
tomeasure theintegrated subsurface physical temperature. The meas-
urement frequency and the dielectric properties (summarized by the
loss tangent, whichis the ratio between the real and imaginary dielec-
tric constants)'®" controls the depth over which materials add to the
emitted radiance. Lower frequencies (longer wavelengths) and lower
loss tangents will sense heat from greater depths. Conversely, higher
frequencies and higher loss tangents will sense temperatures closer
to the surface. For MRM frequencies and lunar materials, sounding
depths are estimated at about 0.3 m to 5.6 m (ref. 19).

On Earth, water’s high dielectric loss limits microwave penetra-
tion. The Moon, Mars and other planetary bodies with dry conditions,
regolith cover and low atmospheric pressure exhibit extremely low
loss tangents (<0.01), enabling microwave remote sensing to greater
depths. Furthermore, the low thermal conductivity of the lunar regolith
(<102 W m™K™) both shows diurnal temperature variations (to the
upper approximately 50 cm) and provides high geothermal gradients
(>1Km™)*. Consequently, increases intemperature with depth owing to
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andisseenatall frequencies and times of day (Methods). b,c, The context
globe shows Lunar Prospector-measured Th, scaled 0-35-ppm Th (b) and the
perspective view shows the TA superimposed on the central CBVC caldera
topography (c).

the geothermal gradient willincrease measurable brightness tempera-
tures, with astronger signal at lower frequencies. Figure 2 illustrates the
relationship between the modelled gradient from various geothermal
fluxes (Fig. 2a), the weighting function over whichemitted heatisinte-
grated for each Chang’e frequency (Fig.2b) and the resulting increase
inrelative brightness temperature as a function of heat flux (Fig. 2c).

We find no plausible explanation for the high TAs other than an
enhanced subsurface geothermal heat source. Low albedo can cause
higher Tb, but the CBVC has a higher albedo than its surroundings.
Changesin near-surface density or loss tangent will alter the diurnal Tb
amplitude®, but higher Tb are seen at alllocal times. We find the CBVC
feature is similar in near-surface density and loss to the surrounding
region, withaloss tangent of about 0.005-0.01 (Methods). With these
losses, 3-GHz measurements should be sensitive to heat within the
upper approximately 5.5 m (ref. 19).

The TA obtained by amicrowave radiometer depends ontheinstru-
ment radiation pattern (the angular dependence of power density).
Using a multi-frequency fitat two altitudes (about 200 km for CE-1and
about100 km for CE-2) and instrument antenna patterns (Methods), we
canusethevariableresolution to characterize the magnitude, size and
shapeofthe heatsource. First, we create aforward model of subsurface
emission fromsolar heating, fit to LRO Diviner infrared measurements
accounting for effects of slope, azimuth, density, LRO Diviner rock
abundance and loss tangents fit from Chang’e data (Methods). Then
we apply afrequency-dependent antenna pattern to the forward model
of the emitted microwave radiance, converting from modelled Tb to
TA. The resulting TA models provide a good fit for temperature vari-
ations owing to topography and surface geology, but reveal a strong
Tb excess in both CE-1and CE-2 data at the CBVC (Methods), seen at
all frequencies (Fig. 3).

Although thisenhancement’s location coincides with theincreased
surface Th observed at the CBVC??, it is a much larger increase than
explainable by surface materials. Previous orbital measurements esti-
mate CBVC to have up to about 26-ppm Th (ref. 9), within the range
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Fig.2|Microwave expectations from ageothermal source. a, Physical
temperature versus depth for the CBVC location for various geothermal fluxes.
b, The CE-1and CE-2 MRM weighting functions in highlands regolith. ¢, The ATb
foragiven heat flux. The dashed lines represent £10% variationin loss tangent.
d, The heat flux from our nominal two-pluton model (orange) resulting from

of lunar granitic samples'®. A heat flux of 180 mW m2would require
alayer of roughly 45 km of such material, neglecting any lateral heat
conduction, implying the material below the surface exceeds con-
centrations estimated at the surface. In reality, heat will spread into
the surrounding crust, so 26-ppm Th would require an even thicker
deposit, exceeding the approximately 50-km crustal column in this
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CE-2residual ATA data-model as afunction of distance from the centre of the
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the combined upper (blue) and lower (red) pluton contributions with 8 mW m™
background heat flux. e, Theresulting ATb for each measurement for our end-
member two-pluton model. f, The resulting ATA for each measurement for our
end-member two-pluton model.

location?. This lateral spread of heat flux helps define the size and
depth of the heat source, as a wider or deeper source would increase
the spread by the conduction of heat through the crust. Although there
is a trade-off between the source depth, size and radiogenic element
concentration, we can provide bounds by examining remote sensing,
samples and petrologic data. On the basis of returned igneous lunar
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centre of the CBVC withloerror for all datawestwards and eastwards of the
feature, respectively. A clear spikeis seenatall frequencies as mappedin Fig.1
and Methods. Theinput model heat flux values are from Fig. 2d, and Fig. 2e,f
shows how these ATA valuesresult from the heat fluxinputs.
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Fig.4|Geophysical models of the Compton-Belkovich batholith.a,b, Our
end-member Compton-Belkovich pluton model based on fitting of the surface
heat fluxenhancement (a) and the resulting heat flux (b). c,d, The subsurface
temperatures predicted by this model as a function of depth (c) and cross
section (d). e,f, GRAIL Bouguer gravity (in units of mGal) of the CBVC region

samples, only quartz monzodiorite, felsite and granite samples have
higher than 26-ppm Th.

Theevidence of Th-richsilicic volcanism from remote sensing, geo-
morphology, and Th-rich granites and quartz monzodiorites within
the Apollo samples lead to a reasonable assertion that the CBVC may
be underlain by a granitic body3"* ™, Therefore, we attempt to fit the
residual TA increase with a forwards model of a discrete subsurface
geothermal heat source assuming a geometry of an elliptical pluton.
We give crustal material outside the CBVC commonly assumed heat
production values?, resulting in a surface flux of about 8 mW m. To
match the observed Tb and geometry, we begin with a13-km-wideellip-
soidal body at 1-km depth. To provide a peak heat flux of 180 mW m™
on the surface would require about 60 x 10* W m~ of heat produc-
tion. However, this is about 3 times the heat production of the most
radiogenic materials found in lunar samples?, equivalent to about
400-ppm Th, whichiis highly unlikely. To examine reasonable source
materials, welook to high-Th Apollo lunar samples: these fall into three
classes; 35-44-ppm Th quartz monzodiorites (here labelled G,)%>?,
about 62-70-ppm Th granites (G;)?>*** and a single, highly evolved
Apollo12 granite sample with 132-ppm Th (G¢)%.

Modelling the upper body as G. composition can serve as an
end-member case, butitselfis probably unreasonably high. Even with
this high radiogenic concentration, a 13-km body will not produce
enough heat (itresultsinthe blue heat flux curve in Fig. 2d). Therefore,
we conclude that the CBVC underlain by adeeper, muchlarger and prob-
ably less radiogenic body. Such alarge, second body is also a sensible
geologicassumptionasitwould provide alower-Th, intermediate-stage
reservoir from which to distil the upper pluton. In reality, the lower
body is probably composed of several intermediate chambers and
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(e) and GRAIL Bouguer gravity after removing the gravity signature of amodel
from the middle of our preferred range (f; 90 kg m™ density anomaly for the
lower body). The CBVC gravity anomaly associated with this plutonsitson the
shoulder (smallcircle) of abroader and higher magnitude anomaly associated
with thelarger Compton-Belkovichregion.

sills (Methods), with this ellipsoidal shape approximating their net
heat production and gravity.

With this simplified geometry (assuming 2:1ellipsoid aspect ratios),
we tested approximately 600 model variations in upper and lower
plutonsizes. For10-20-km-diameter upper plutons, solutions for the
lower body fall within a narrow trade space, with diameters of 47 km
and 57 km (Methods). Our end-member model retains the upper G¢
pluton as 13 km in diameter at 1-km depth, which will minimize the
volume of the lower body, providing alower limit for its size. We obtain
a best-fit surface heat flux for a lower body with G concentration at
about 53 km in diameter at about 7.5-km depth (centred at 20.5-km
depth; Methods). The resulting heat flux peaks at 180 mW m2, mak-
ingthis the highest detected heat flux on the Moon, approximately 20
times the 5-10 mW m~ highlands background?. Figure 2d shows our
end-member model heat flux (in orange, with the heat for the upper
and lower pluton shown in blue and red), Fig. 2e shows the resulting
Tb ateach frequency and Fig. 2f shows the resulting TA for the two
antenna models. Figure 3 shows the same curves in Fig. 2f compared
with the Chang’e data as a function of distance from the centre of the
CBVC. Thetwobodiesinthis end-member model represent up to1.7%
of the total lunar Th budget estimated from surface concentrations®.
This is not unique, and this model depends on assumed radiogenic
concentrations and pluton shapes, but serves as a first-order model.
Amodelassuming no heat production fromthe upper plutonresultsina
poor fit, but resultsin alower body thatis stillunder 60 kmin diameter,
providing an upper limit on the size of Compton-Belkovich batholith
(assuming G, composition; Methods).

Figure 4 illustrates the resulting temperature and heat flux from our
end-member modelled pluton. InFig.4b-d, we find a peak temperature



of 867 Kwithinthe lower pluton, placing it below the liquidus at present,
but feasibly moltenin the past. Heat sources assuming quartz monzo-
diorite (G, composition) required bodies the scale of the entire 50-km
crustal column and would result in a much wider surface expression.
Deeper, larger G; concentration bodies also produce a more laterally
extensive surface heat flux thanis consistent with the data, again requir-
ingamid-crustal heat source. This heat flux could warm nighttime sur-
face temperatures by about 1K, but we cannot detect this signalamong
effects of localtopography and albedo in LRO Diviner data (Methods).

GRAIL Bouguer gravity data reveal a narrow positive gravity anom-
aly centred on and comparable in scale to the microwave brightness
anomaly on the shoulder of the broader Compton-Belkovich region
Bouguer gravity high. Although it isimpossible to uniquely constrain
the density structure owingto thelarge regional gravity anomalies, we
cantest whether the end-member pluton modelis consistent with the
observed gravity. The modelled gravity arising from this pluton model
matches the observed anomaly for density contrasts of the lower body
ranging from 60 kg m~t0120 kg m~relative to the surroundings, with
the density anomaly of the upper body assumed to be half that of the
lower body. These density contrasts equate to absolute densities of
2,940-3,000 kg m—and 2,470-2,500 kg m for the lower and upper
bodies, respectively, based on a linear density model for the farside
highlands?. Assuming a low porosity, the density of the lower body
implies a material that is somewhat less dense than typical mare?,
consistent with a slightly more silicic composition, whereas the low
density of the upper body suggests amore evolved andsilicic intrusion.
Figure 4e,f shows the effect of removing the gravity anomaly from a
model assuming a 90 kg m~ density anomaly for the lower batholith
from the observed gravity.

These data solidify the conclusion that Compton-Belkovich is the
result of felsic volcanism and provide evidence for an evolved magma
plumbing system much larger than expected on the Moon¥391528 A
magmatic system of this size requires one of the following features:
(1) along-lived thermal source, such as a farside mantle plume (which
appears in some models®), to facilitate multi-stage magmatic pro-
cessing; (2) an anomalously wet pocket of the otherwise dry Moon
(consistent with CBVC volcanic estimates of 2 wt% water”), which could
lower the local melting point; or (3) a farside KREEP (potassium (K),
rare-earth elements (REE) and phosphorus (P) rich) layer that could
build sufficient radiogenic material to remelt through self-heating.
All scenarios imply large-scale compositional heterogeneities in the
mantle and/or crust during lunar formation.

Petrogenesis of lunar granites, felsites and quartz monzodiorites
is subject to ongoing debate centred around four models: (1) differ-
entiation driven by silicate-iron liquid immiscibility*>*'; (2) remelt-
ing of lunar crust in large impact events®; (3) crystal fractionation
of KREEP basaltic liquids®*™5; and (4) partial melting of KREEP-rich
monzogabbro and alkali gabbronorite crust®*. Hypothesis 1is pre-
cluded at the CBVC owing to the large volume needed as well as lack
of correlation between high Th contents and alarge positive Bouguer
gravity anomaly, as Th would fractionate into the denser, iron-rich
component®, The system’s geometry required to accommodate the
observed heat-flow anomalies precludes hypothesis 2. Thus, both
remaining scenarios, or probably a combination of the two, require
the initial presence of a farside KREEP component to form the CBVC
system. The distillation of radiogenic elements viaremelting or crystal
fractionation from KREEP componentsis needed to achieve the U and
Th compositions that produce the observed heat-flow feature. The
KREEP-rich material beneath Compton-Belkovich may represent a
local thickening of aformer continuous farside KREEP layer or arelict
patch of KREEP left behind after a global layer was remobilized to the
nearside®,

Furthermore, this work illustrates a new tool for mapping a plan-
etary geothermal gradient from orbit through passive microwave
radiometry, which can provide a window into crustal and interior

heat-producing structures. The high heat flux and relatively low-loss
material at Compton-Belkovich allowed the multiple short wavelengths
ofthe Chang’e instruments to uniquely constrain the geothermal flux.
Longer wavelengths will be required to map the lower heat flux seen
over most of the Moon and other bodies, highlighting a path forwardsin
future spacecraftinstrumentation. Such datashould be ground-truthed
onthe Moon by aglobally distributed heat flux network”*, Techniques
such asin situ heat flux, seismic, electromagnetic, long-wavelength
radar exploration and sample geochemical analysis could further char-
acterize the presence, size and origin of the Compton-Belkovich pluton
system. Our results conclude that this is a highly evolved, multi-stage,
batholith-scale, granitic magmatic system—a phenomenon previously
documented only on Earth.
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Methods

Instrument background and loss tangent maps

The MRM instruments carried by CE-1and CE-2 made measurements
in four spectral channels (3.0 GHz, 7.8 GHz, 19.35 GHz and 37 GHz)*°.
The CE-1data have channel-dependent resolutions of about 35-50 km
from its orbital altitude of about 200 km, whereas the CE-2 data have
resolutions of about17.5-25 km because its orbital altitude was about
100 km. The microwave observations have been used to estimate
regolith thickness*, dielectric properties’®*'**?, rock abundance****,
subsurface temperatures* and geothermal heat flow*¢*” aswell as the
eruption phase of basaltic volcanismin the mare of the Moon*®. Inthe
polar region, MRM data analysis usually focuses on searching for evi-
dence of water ice* and studying the thermal gradient®°.

A quantity known as the dielectric loss tangent, tan §, controls the
depth from which microwave energy is emitted. This is simply the
ratio between thereal, £’,and imaginary, £”, dielectric constants, with
tan 6 =¢”/¢’. Extended Data Fig. 1 shows the mapped ‘integrated loss
tangent’, or average loss tangent over the depth sounded by a given
frequency as described in ref. 19. These maps are based on diurnal
microwave amplitudes, increasing with higher loss as soundings are
closer to the surface. Diurnal amplitudes are fit using all data within
al/4° box of each point. As discussed in refs. 18,19, there appear to
be substantial offsets in the absolute temperature calibration of the
Chang’e data, but the relative calibration (comparing location to
location or diurnalamplitudes) appears robust and in alignment with
model expectations. Allwork inthis paper relies on relative calibration
(for example, how hot Compton-Belkovich is compared with its sur-
roundings atagiven frequency). The striping in Extended Data Fig. 1is
owingto variable time of day coverage in producingafit to the diurnal
amplitude.

From these maps, we argue that there is noloss anomaly associated
with the Compton-Belkovich feature that could explain the enhanced
TA.Featuressuchas Dugan ] (the small, fresh crater directly to the east
of CBVC) or Compton crater (the large crater at about 57° N,104° E) have
ahigherloss. The apparent low-loss areas on high-latitude craters result
from low amplitudes owingto topographic shadowing not accounted
forinthesefits. Extended Data Fig. lillustrates the average integrated
loss tangent for CBVC (black) and the entire map in Extended Data Fig.1
(red) compared with the highlands terrain model from ref. 19 (blue
line). However, a high loss would decrease the apparent heat flux, not
increase it—making our heat flux estimates a lower limit.

On this basis, we use the Extended Data Fig. 1 loss tangent maps to
derive appropriate microwave weighting functions, w, which relates
the physical temperature versus depth, T(2), to the microwave Tb at
agiven frequency under nadir observation as 7, = IO w(z)T(z)dz. The
discreteformisT,= Z, L w;T, where nis the total number of layers. T;is
the physical temperature of layer i and w; is the effective weighting
function, which hasbeen convolved with thicknessd,.Inanon-scattering
medium based on refs. 51,52, w;can be expressed as:

i
w;= (1= D)A€L+ Ry x ) x [] (1= 1RjnDe™) (1)
j=1

where I'is the surface reflectivity and k; is the power absorption coef-
ficient oflayer i, d;is the layer thickness and R, is the reflection coef-
ficientbetweenlayeriandlayeri+1,andjrepresentsthelayersbetween
iandthe surface within the productintegration, []. For nadir observa-
tions (no off-nadir datais used in this paper), R;.,, is given from the real
dielectric constant of the layer such that:

[([+1) ﬁ ? (2)

the power absorption coefficient, «;, is given by:
2rrf vz
( (v1+tan%§ 1)] 3

wherefis the frequency, cis the speed of light, £’ is the real dielectric
constant (which we set as 1.927 (ref. 53), for density, p) and tan §is the
losstangent. x;determines the penetration depth of microwave radia-
tion. As physical temperature amplitudes decrease with depth and
loss changes the depth being sensed, the diurnal amplitude of 7, can
beusedto calculate the x;and dielectric loss (see details inrefs.18,19).

Antenna model

The model TA results from a convolution of the emitted Tb from the
Moon and theinstrument antenna pattern. During the ground calibra-
tion test for the CE-1system, the antenna patterns of the four channels
were measured®. In this study, we fitted the antenna pattern of four
channels in a Gaussian form based on published parameters. These
parameters provided constraints on the main beam and the 3-dB effi-
ciency and beamwidth. As the main lobe contributes >68% of the total
signalatall frequencies®, we consider only the main lobe and the first
side lobes, which are treated as secondary Gaussians. CE-1 MRM and
CE-2 MRM are almost identical, so the same angular antenna radia-
tion patternis used for both datasets. Extended Data Fig. 2 gives the
modelled antenna patterns of four frequencies. For simplicity, we have
assumed symmetric antenna patterns, but in reality, there are small
differencesinthe Eand H plane beam width.

This multi-frequency, multi-altitude fit allows for the constraint of
aunique source function of the emitted heat from the surface. These
patterns result in a different area in the instrument footprint filled
with the CBVC heat source at each frequency. For example, the spa-
tial footprint (generally defined by the 3-dB values) is approximately
25 km for CE-2 at 3 GHz and 17.5 km for the remaining channels. For
CE-1 (approximately at twice the orbital altitude), this is 50 km and
35 km, respectively. This will cause a smearing of any heat source that
isdependent on frequency and altitude.

As discussed in the following section, we perform some simple pro-
cessing of the Chang’e data, such as latitude correction. We do not
otherwise change the data from the available TA values in the Chang’e
archive (included in the supplementary data) for effects such as foot-
print resolution, but instead process only our forward model of Tb to
createamodel TA. Also, as discussed inthe following section, we use our
antenna pattern and a thermal model for the CBVC region to produce
aforward model of the TA that should be observed from solar heating
alone. We then can subtract this fromthe datato create amap of TA that
isideally solely fromincreasesin geothermal heat. We then produce for-
ward models of geothermal heating from our pluton models (Extended
DataFig.3) to produce amap of surface heat flux. Cross-sections of our
end-member model heat fluxare shown in Fig. 2d. We then convert this
toaTbsignal (Fig. 2e) including a convolution with the antenna pattern
for agiven frequency, with the resulting TA as shown in Figs. 2f and 3.

As shown in Fig. 2¢c, there is an approximately linear relationship
between the Tb and the geothermal gradient at any given frequency.
For the highlands average loss tangent®, this relationship follows as
(for a heat source, HF, in units of W m™):

Tb_3G=-89.24 x HF?+166.2 x HF - 1.294

Tb_7.8G =-24.23 x HF? + 79.14 x HF - 0.6259
Tb_19G =-8.118 x HF> + 43.94 x HF - 0.3494
Tb_37G =-4.520 x HF?*+31.17 x HF — 0.2482

Ten-percent changes in the loss tangent will result in fits plotted as
dashed lines in Fig. 2c. This relationship assumes a background heat
flux of 8 mW m2, which was a reasonable expectation for this region
based on the crustal heat production models shown in Fig. 4.

We then perform some straightforward processing of the Chang’e
data, suchaslatitude correction, as discussed in the following sections.



Article

Alsoasdiscussed inthe following section, we use our antenna pattern
and athermal model for the CBVC region to produce aforward model
of the TA that should be observed from solar heating alone. We then
can subtract this from the data to produce a map of TA that is ideally
solely fromincreasesingeothermal heat. Finally, we plot the TAmodels
from geothermal heating (from Fig. 2d-f) against the data (corrected
for latitude) in Fig. 3.

Data processing

To produce mapped values of microwave Tb, we interpolated the
raw data points of MRM measurements into gridded data map. This
is the same process used inrefs. 18,19 and produces approximately
1/4°-resolution maps for the CE-2 MRM data. These data are shown in
atime series in Extended Data Fig. 3a, which shows that the CBVC is
hotter than the surroundings at all local times at all frequencies. These
data are shown as a noontime map in Extended Data Fig. 3b. These
maps highlight the CBVC hotspot, but it is not necessarily larger than
variations owingto topography. We then remove topographic effects
with models of the effects of solar illumination. CE-1 data will produce
asimilar map atlower resolution with aless apparentrise at the CBVC.
We should note here that the absolute values of these Tb are not a clear
matchtomodel expectations giventhe currently available calibration
of the Chang’e MRM data. This has been noted in many publications
and discussed in detail in refs. 18,19. However, relative changes in Tb
arewell within line of model expectations. The relative point-to-point
data comparison we rely on here (CBVC is hotter than the adjacent
area) is quite robust.

Taking advantage of the well calibrated relative Tb variations, or
ATb, we can have confidence in maps removing average trends for a
given latitude, albedo, slope, loss tangent and so on. The simplest of
those corrections is to remove the Tb trend as a function of latitude.
For this ‘correction’, we simply take and longitudinal average over data
fromarelatively crater-poor section of the data (104-112° longitude)
in Extended Data Fig. 3b, then smooth it (averaged over 200 pixels,
or about 1° latitude) to obtain a roughly linear trend as a function of
latitude. Extended Data Fig. 3cillustrates how this correction alone
makes clear the abnormality of the CBVC site. This is most apparentin
the3-GHz data, showing the largest relative change from asubsurface
heat source. Most other features in the region are clearly related to
topography, such as crater rims.

Forward model of Tb owing to solar illumination and
topography

Toimprove on our ability tofit the Chang’e data with aunique CBVC heat
flux source, we produce aforward model of expected microwave emis-
sion from the region without an anomalous geothermal heat source.
We solve the heat diffusion equation for each location at the CBVC
and nearby regions using a standard finite-difference approximation
described in ref. 55 to model the lunar surface and subsurface tem-
perature. We include effects of latitude, slope, slope azimuth, rock
abundance, albedo and density profiles (characterized by the scale
height of density or Hparameter). We then use available slope, azimuth,
density and albedo data to pick the appropriate temperature from a
database of pre-run one-dimensional thermal models. Thisis nota full
three-dimensional model in which facets exchange radiation as the
authors used previously for studying polar regions®****>°, but more
akin to the models presented in refs. 19,55.

We modelled temperatures based on local slope, x, and azimuth
angle, y (radians from north) computed from the gridded Lunar Recon-
naissance Orbiter Camera (LROC) digital elevation model. Inthe tem-
perature calculations, local time ¢ (lunar hour O to 24) was adjusted
based on the east-west component of the slope:

t'=t+ %tan’1 (xsiny)

and latitudes ¢ were adjusted based on the north-south component
of the slope

P =g+ %tan‘1 (xcosy)

The normal bolometric bond albedo quantifies the total solar
radiation reflected by the lunar surface. The effective solar flux
received by the lunar surface, F., canbe expressed as: F,= (1-Ay)F =
(1- (A +1-cos®?7°29))Scos ¢ , where F = Scosg, O is the solar inci-
dence angle, Sis the solar constant (1,361 W m ™), ¢ is the latitude and
A,y isthe normal bolometric bond albedo. In this study, we use auniform
best-fit albedo of 0.12 for the entire CBVC region. If anything, this will
overestimate the solar heating contribution from the higher albedo
CBVC feature—but we treat such effects as negligible.

As the thermal conductivity is density dependent, in the ther-
mal model, the density of regolith at depth z is described by:
pP@=p,— (o~ ps)e'Z/H, where p, and p, are the bounding densities at
the surface and at depths much greater than H (p,=1,100 kg m and
pa=1,800 kg m?), respectively. The thermal conductivity of lunar
regolith used in the thermal modelis®® K (p, T) = K.(p)[1+ x(T /350)°],
where y is radiative conductivity parameter and K.(p) denotes the
contact conductivity, linearly proportional to density>®
K(p)=K4— (Kg— Ky 5;:55, where K;and K, are the contact conductivity
values at the surface and at depth, respectively.

Diviner rock abundance represents the fraction of a pixel covered
by rocks larger than about 1 m in diameter. Fundamentally, rock has
higher thermalinertia, so it is warmer at night. The contribution of
infrared spectral radiance from rocks is given by

1
2hc?( _he
IrOCk(/l' Trock) =& Az [e/lkTrock - 1]

where T, is the physical temperature of rocks, k is the Boltzmann
constant, his the Planck constant, cis the speed of lightin the medium,
eisemissivity and Ais the wavelength. For each pixel witharock fraction
of f, theinfrared spectral radiance is:

1= (1 _f)lregolith +ﬂr0ck

Thenthe physical temperature of each pixel is calculated frominfra-
red spectral radiance. By applying the thermal model, each location’s
surface and subsurface temperature at the CBVC are calculated. Mod-
elled brightness temperatures at four frequencies before convolution
are shown in Extended Data Fig. 4.

The modelled Tb at four frequencies after convolution with our
antenna models are shown in Extended Data Fig. 5. As these models
donotincludereflected radiation, areas such as Hayn Crater (northwest
corner) are colder thanin reality.

This forward model should bear astriking resemblance to Extended
DataFig.3bif produced properly. Thisisillustrated in Extended Data
Fig.6, whichshows the datain Extended Data Fig. 3b minus the model
in Extended DataFig. 5. Although some residuals exist, especially in the
high-frequency models, most features in the CBVC region and about
61°-latitude band have been removed. These models are then used to
produceFig.3.Inthat figure, we plot all datain these maps asafunction
of distance from the centre of the CBVC for convolutions using both
the CE-1and CE-2 orbital altitudes.

Extended Data Fig. 6 also illustrates the coincidence between the
microwave Tb enhancement and the derived Lunar Prospector Th
enhancement thatled to the discovery of Compton-Belkovich*. Here
we can see a clear spatial correlation between the heat flux anomaly
and the Lunar Prospector Neutron Spectrometer (LPNS) Th, which
is alsoillustrated in Extended Data Fig. 6e, which shows the inverse
picture, with mapped pixon-reconstructed Th values’ and contours



of 3-GHz ATb values. However, the directly derived Th concentration
(about 7 ppm from the pixon reconstruction; Extended Data Fig. 6e)
and even the remodelled surface Th concentration (according to
ref. 7,is 14-26 ppm) is far too low of a radiogenic concentration to
explain the approximately 180 mW m™heat flux required by our data.

Petrologic parameters

Noting that the surface Th concentrations are too low to explain the
heat flux observed at the CBVC, we use geomorphology and lunar sam-
ple petrology to provide reasonable starting points for a heat source
model.

The geomorphology of the CBVC is consistent with a volcanic cal-
dera’ " that experienced piston-style collapse where the caldera floor
faulted downwards in a fairly coherent block. This style of collapse
forms above ellipsoidal, shallowly emplaced magma chambers®* whose
depthis less than the horizontal dimension®*. Using the vents within
the ring faults as a means to constrain the structural diameter of the
caldera®, the magma chamber is predicted to be about 13 kmin diam-
eter, probably being composed of smaller bodies, but having the net
effect of a single heat source. Petrologic modelling of lunar granites
constrains the upper magma emplacement depth to approximately
1km (refs.2,36). These parameters guide our preferred model, which
assumes asimplified 2:1ellipsoid 13 kmin diameter (6.5-km thick) and
alarger chamber below.

Three generalized granite families found in the Apollo returned
sample collection can serve as reasonable estimates of the range of
compositions that may exist onthe Moon. As noted, the data presented
here strongly support ascenario of partial melting and differentiation
of KREEP-rich rocks. Indeed, although the deeper emplaced pluton
isless enriched in radiogenic elements (about 60-ppm Th) than the
upper, smaller pluton (about 132-ppm Th), this body still has Th con-
centrations much higher than the Apollo KREEP basalt samples. The
enrichment from Apollo KREEP basalt concentrations to those of the
modelled lower body are consistent with a partial melting and frac-
tionation evolution that would achieve quartz monzodiorite to granite
compositions. Thus, the lower body could form from extensive crystal
fractionation of a KREEP basalt parent melt or as aresult of partial melt-
ing of a KREEP-enriched monzogabbro or alkali gabbronorite lower
crust. Likely, an ellipsoidal lower body simplifies acomplex magmatic
architecture (Extended Data Fig. 7).

The presence of amore evolved upper body suggests a multi-stage
process wherein more evolved melts were extracted and segregated
effectively from the lower magma chamber. Repeated extraction and
further crystal fractionation of incompatible element-enrichedsilicic
magmas would enable the formation of the upper magma chamber.

Details of finite-element forward models

Our end-member model of the 13-km-diameter upper pluton and 53-km

lower plutonis not a unique solution, butis based on patterns seen in

528 example model runs. These steady-state models were produced

using a Comsol Multiphysics finite-element heat conduction model

to enable changes in density and properties as a function of depth. A

steady state should be a safe assumption as the last eruptions of the

CBVC were probably more than 3.5 billion years ago®. We approached

the models with fixed parameters designed to minimize the size of both

heat-producing bodies. These include:

(1) Foremost, we fixed the radiogenic heat production of both bod-
ies. The upper pluton is limited to a heat production of 22 pyW m=,
consistent with the highest Th concentration granite found in the
lunar sample collection, described here as type G.. Although it may
be true that the CBVC has an even higher concentration of radio-
genic materials, we did not think it was reasonable to go beyond
this measured value. The lower pluton was then fixed at 10.4 pW m
heat production, consistent with many moderate Th concentration
granites, or type Gg.

(2) Weforced the bodies to be as close to the surface as we felt plausible.
The upper pluton was required to be at1-km depth with the nominal.
However, it is a somewhat arbitrary idea that this overburden is
needed to have prevented the entire pluton from erupting 3.5 billion
years ago. Moving the upper pluton closer to the surface would not
increase heat flux markedly, mainly affecting the width of the peak
wellbelow MRM spatial resolution. We put the lower pluton as near
tothe surface as possible, soit was always just touching the bottom
ofthe upper pluton. The lower pluton can be placed deeper, but this
would require the lower pluton to be larger to produce the same
surface heat flux and result in a spatially wider signal than seen.

(3) Weforced the bodies to be ellipsoids, circular inthe x-y plane, with
a2:1aspectratio. Again, this need not be the case, but this shapeis
areasonable first-order model. We note that the horizontal dimen-
sions of the bodies is constrained by the spatial pattern of the Tb
anomaly, but there will be a trade-off between the best-fit vertical
dimension (or aspect ratio) and assumed heat production.

We approached fitting the models to the data by running a suite of
176 diameter combinations of the two bodies. The upper body was
allowed to vary between 10 kmand 20 kmin diameter, with limits set by
thegeometry of the surface topographic feature. We altered the lower
bodybetween 45 kmand 60 kmin diameter. These 176 models were run
with three different density profiles and related thermal conductiv-
ity using the nominal density and conductivity profiles discussed in
ref. 21. These assume an exponential density profile that increases
density by a factor of e over a scale height of 1 km, 5 km and 10 km,
consistent with GRAIL analysis®. The granites were given a thermal
conductivity of 3.1 W m™ K™ (ref. 67). Here density of the granite bodies
is sett0 2,550 kgm™.

Extended Data Fig. 8aillustrates the suite of model fits run to fit
the data following the three criteria listed above. These fits consider
only the peak heat production with the plotted value representing the
absolute value difference between the peak value in the data versus that
of the model. These plots are for the 5-km e-folding model, but show
similar results to other models (with best fits noted by an asterisk). The
upper plots show the sum of the misfit between the peak in data and
model for all four frequencies (for CE-1and CE-2, respectively). The
lower plots omit 37-GHz data from this fit, as it was most prone to the
effects of surface temperature errors in the model.

Allthe plots show that anarrow avenue of pluton models minimizes
the data-model differences. The minimum data-model difference for
each crustal density model s plotted as a coloured asterisk, although
many values along the minimum avenue are notably similar. The CE-2
data show a greater tendency towards smaller lower pluton models
for large upper plutons owing to the fact its lower altitude shows less
lateral smearing. On the basis of surface faulting, we again favour a
smaller upper-pluton source, leading us towards this range, where all
fits favour a roughly 53-56-km-wide lower pluton.

The plotsin Extended Data Fig. 8b consider the best fit over the area
+15 kmaround the centre of CBVC, again for the 5-km e-folding model.
Here we again sum the difference between data and model (differ-
encing the lines from the data points in Fig. 3) over all frequencies,
hoping to capture more information on the fit to the overall shape of
the enhanced brightness temperature. These fits result in a slightly
wider ‘best-fit avenue’ with minimum ranges for the lower pluton now
centring around 52-55-km diameter. We do not plot minimum values
here as they often ended up with a20-km upper-body diameter, which
is hard to reconcile with the surface caldera geometry. Although it is
notunreasonable that amagmasource body currently fills adifferent
geometry than our chosen preferred 13-km-diameter, 6.5-km-thick
upper pluton, we use thatasaguide for our end-member 13-km/53-km
upper-body/lower-body geometry.

Extended DataFig. 9a,billustrates the same modelfits asin Extended
Data Fig. 8b but with lower radiogenic concentrations in the upper
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pluton. Although the 132-ppm sample was found in asmall clast, itis not
believed to represent abulk radiogenic composition of alarger body on
the Moon. As we do not have samples from the CBVC, it is speculative
tosuggest that such high concentrations exist there. Our end-member
model used this high-Th G.concentration assumption to minimize the
heat production required from the lower body. This case resulted in
anapproximately 53-km best-fit diameter for this lower G concentra-
tion ‘batholith’. In Extended Data Fig. 9a, we instead model the upper
pluton as also Gz concentration; these fits result in a slightly larger
lower body, approximately 56 kmin diameter to aid inaccounting for
the extraheat flux. Itis noted that the slightly higher values on the ‘sum
the difference’ colour bars denotes that these fits are worse than the G
assumption, probably pointing to a true upper-pluton concentration
between Gz and Gc..

Extended Data Fig. 9b presents the extreme assumption, in which
the upper pluton is devoid of radiogenic material. This would be the
opposite ‘end member’, where all heat is coming from only a lower
body, meaning the upper pluton (argued for by fault and caldera
geometry) was fully evacuated. Here ‘diameter of the upper pluton,
Dy’ could also be labelled as depth to the top of the lower body (where
depth=1km + Dy/2). Thisrequires larger lower bodies, but stillunder
about 60 km (assuming G, concentrations). We note, however, that
the sum of the difference values is even larger, again pointing to the
need for an upper body.

This is evidenced primarily from the need for high peaks TA values
in the 19-GHz and 37-GHz channels. Without a highly concentrated
central source, the high-frequency datashould not have seen such high
TAvalues. Assuming G.as an upper limit for potential radiogenic con-
centrations on the Moon and this model, we conclude that alower body
(againassuming G, concentrations and simple ellipsoidal shape) would
therefore fall between about 53 km and 60 km in diameter between
approximately 7.5 km and 11 km below the lunar surface. Although these
models have wide range of assumptions, they provide atheoretical basis
for the size of the system that must exist below the CBVC.

Gravity analyses

We took gravity data from the GRGM1200 gravity model?. Although
the rank-minus-one constrained fields of that study provide improved
correlations between the free air gravity and topography out to degree
1,200, we find that the resulting Bouguer gravity models show orbit
parallel striping and other noise beyond degree 500 in this region, and
so we limit our analyses to a degree 500 representation of the field.
The gravity from topography was calculated®® assuming a density of
2,500 kg m~ (refs. 20,26) to calculate the Bouguer gravity.

As noted in the main text, the Bouguer gravity shows a distinctive
positive gravity anomaly centred on the Th-rich spot and microwave
Tb anomaly at the CBVC. However, this location also shows a positive
topography mound, consistent with either a volcanic construct or
upwarping of the crust above an intrusive body’. This raises the pos-
sibility that the observed positive Bouguer gravity anomaly at this
locationis simply aresult of anincorrect density assumedin the terrain
correction. We find that an assumed crustal density of 3,300 kg m™
minimizes the CBVC'’s distinctive positive gravity anomaly. However,
such a high density is at the high end of mare sample densities?, is
greater than regional mare surface densities as constrained by grav-
ity?® and is incompatible with the inferred silicic surface composition
based on LRO data®". Asilicic volcanic construct is more likely to have
a density similar to the 2,500 kg m~ value assumed for the surround-
ing lunar terrain®.

Although the data show adistinctive positive gravity anomaly associ-
ated withthe CBVC, itis superposed on the shoulder of thebroader and
larger-magnitude Bouguer gravity high associated with alarge depres-
sion, consistent with either isostatically compensated thinned crust®® or
increased density and decreased porosity owing to aregional thermal
anomaly’®. Given the small magnitude of the CBVC anomaly relative

tothis broader gravity high, itis not possible to uniquely constrain the
density structure of CBVC or directly invert the gravity for the subsurface
density structure. Moreover, without added constraints onthe geometry
or density of the subsurface body, aunique solution is not possible.

Instead, we test whether the end-member pluton modelis consistent
with the observed gravity. We forward model the gravity arising from
the pair of elliptical plutons, decomposing each plutoninto alarge num-
ber of rectangular prismatic elements”, with a horizontal resolution of
1km and vertical resolution of 0.5 km. In preliminary tests, we found
that the shallow smaller body alone generates an overly sharp gravity
anomaly inconsistent with the data. In comparison, the larger deeper
body produces agravity anomaly commensurate with the observations.
The end-member pluton model indicates a higher Th concentration
in the upper body, which would probably be associated with a more
evolved and more silicic composition, and, thus a lower density. We
impose the constraint that the upper body has adensity contrast thatis
halfthat of the lower body, and then forward model the gravity arising
fromboth plutons, whichis then subtracted from the data.

We find that density contrasts for the lower body in the range of
60-120 kg m~ generate models that, when subtracted from the data,
largely remove the small-scale CBVC gravity anomaly, leaving behind
a smoother shoulder of the broader Compton-Belkovich feature
(Extended DataFig.10). Larger density contrasts leave behind anega-
tive anomaly at the CBVC, whereas smaller density contrasts do not
adequately remove the CBVC gravity anomaly. The density contrast of
thelower body of 60-120 kg matadepth of 20.5 km would equate to
adensity of 2,940-3,000 kg m™, based on a linear density model for
the farside highlands®. Assuming a low porosity, this density implies
asomewhat less dense body than a typical mare?”, suggesting a more
silicic composition. The upper body has a smaller density contrast
relative to the less dense shallow crust, equivalent to a density of 2,470~
2,500 kg m™, This low density is consistent with amore evolved granitic
pluton, as inferred based on the microwave data.

We emphasize that the gravity models are not unique, given the vari-
ability of the field in this region and the inherent non-uniqueness of
potential field data. However, given the preferred pluton structure and
the observed gravity anomaly, the conclusion that the lower intrusive
body must have amodest positive density contrast whereas the upper
intrusive body must have aweaker density contrastis robust. The upper
body thus requires a low absolute density given the vertical density
structure of the crust derived from GRAIL gravity data. The resulting
density models are consistent with the interpretations based on the
microwave data.
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