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Introduction.  The Moon’s Procellarum KREEP 
Terrane (PKT) is distinguished by unique geochem-
istry and extended volcanic history. Thermal-
conduction models using a subcrustal layer of KREEP 
basalt beneath PKT predict upper-mantle melting last-
ing to the present and heat flow marginally consistent 
with measurements [1]. Here I show that such models 
also predict large gravity anomalies and electrical-
conductivity signatures that are not observed. Ano-
malous radiogenic elements must be strongly parti-
tioned into the crust to maintain heat flow without ge-
nerating a thermal gravity anomaly.  Post magma-
ocean secular cooling may account for upper-mantle 
melting through the main phase of mare volcanism.  
Estimated internal temperatures require ~1% H/Si 
(equivalent to hundreds of ppm H2O) to match the 
electrical conductivity. 

Background. Wieczorek and Phillips [1] devel-
oped a 2D-axisymmetric thermal-conduction model 
that treated PKT as a 40° half-width circular cap.  A 
10-km thick layer of KREEP basalt (KB) was em-
placed beneath a 60-km crust. The initial temperature 
was approximately 1450 K, reflecting a crustal solidus 
and mantle adiabat. The 300x-chondritic radiogenic 
abundance of the KB layer dominates the thermal evo-
lution, causing partial melting throughout the sub-PKT 
upper mantle with a melt zone persisting to the 
present.  The model can thus explain long-lived vol-
canism with source depths of hundreds of km. The 
heat flow away from PKT was consistent with Apollo 
17 (~11 mW/m2) and that on the edge of PKT was at 
the upper limit of the Apollo 15 value (~21 mW/m2).  
The predicted peak heat flow in the center of PKT was 
~34 mW/m2. Hess and Parmentier [2] pointed out that 
the high temperatures in [1] would not support mas-
cons and would produce large amounts of melt impe-
netrable to mare basalt eruption.  Furthermore, [2] in-
ferred that the liquids could not give rise to the Mg-
suite parent magmas. They suggested that a thinner 
crust could explain the PKT signature while efficiently 
losing heat and crystallizing a KB layer.  Here I show 
results of a variety of conductive thermal models be-
ginning with replication of [1] and then considering 
reduced PKT radionuclide abundance, thinner crust, 
KREEP partitioning into the crust, and different initial 
temperature profiles.  Models are compared to heat 
flow, duration and location of partial melting, and, 
new in this work, the predicted gravity and electrical 
conductivity. 

Thermal Model. COMSOL Multiphysics 3.5 was 
used to model 2D axisymmetric heat conduction. The 
material properties and boundaries from [1] were im-
posed, and a single exponential function was fit to 
radioactive heating for each of the materials and was 
subsequently tuned to match approximately the tem-
perature profile through the center of PKT in [1].  The 
KB radionuclide abundance Q0 was 300x chondritic in 
[1]; models were run for various heating fractions 
Q/Q0 in the KB. The KB layer was 10 km thick when 
introduced subcrustally; alternatively an equivalent 
heating was partitioned throughout the crust.  

The mantle was initially set to an adiabat near 1450 
K in [1].  An adiabat is appropriate for a convecting 
material, but it was argued that solid-state convection 
was not important for the Moon [1]. This “cold start” 
was used initially for comparison to [1]. Later models 
used a “hot start” on the Ringwood solidus [3], which 
is more representative of the state just after freezing of 
a global lunar magma ocean (LMO). The mantle heat 
production was initially set to 0.6x chondritic [1], but 
was subsequently adjusted to 0.3x chondritic to ap-
proximately match the present-day radius of a partially 
molten silicate outer core [4].  

The latent heat of fusion was neglected in this pre-
liminary study; peak temperatures above the liquidus 
had to be accommodated in order to match contempo-
rary temperatures in [1]. Melting was inferred by com-
parison to the Ringwood solidus. Heat flow q was 
computed directly by the model. 

Topography. Anomalous temperatures throughout 
the model were calculated by subtracting the radial 
temperature profile 90° from PKT, and were converted 
to density anomalies as ∆ρ = ρ0α∆Τ, where ρ0=3400 
kg/m3 and α=3x10-5 K-1.  Even accounting for the 
smaller cross-section and gravitational acceleration 
deep within the Moon, buoyancy of the baseline model 
[1] would produce >7 km of compensated topography. 
A 250-km thick lithosphere at present, extrapolated 
from inferences of earlier mascon loading [5], will 
suppress regional uplift to less than several hundred m, 
largely through membrane stresses [6]. However, there 
is no evidence of former vertical motion during peak 
PKT activity when the lithosphere was thinner. There-
fore I assume there has been no uplift and hence no 
topographic contribution to the gravity anomaly.  

Gravity. The free-air gravity at the surface ∆g was 
computed by direct integration in 3D of equivalent 
point masses with 5-km spacing.  Individual negative 
gravity anomalies in PKT are less than a few hundred 
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mgal [7] and when filtered to PKT scale do not exceed 
tens of mgal.  Therefore I adopt −100 mgal as an upper 
limit to the long-wavelength PKT gravity anomaly.  
These long-wavelength constraints are unlikely to be 
changed substantially by GRAIL. 

Electrical Conductivity. The Apollo 12–Explorer 
35 “high-frequency” azimuthal magnetic transfer func-
tions [8] were modeled using the electromagnetic re-
sponse of a layered sphere [9]. Because the horizontal 
resolution is comparable to a skin depth, the selected 
data are sensitive to both lateral and vertical scales of 
several hundred kilometers. This implies that the upper 
mantle beneath PKT is emphasized. Electrical conduc-
tivity in Earth’s mantle is governed by mobile ionic 
point defects due to impurity substitution: electron 
holes dominate conductivity >1800 K and protons con-
trol conductivity at lower temperatures [10]. The for-
mer can be discounted for the Moon because of the 
presumed lack of ferric iron under highly reducing 
conditions.  Two different laboratory studies [11,12] 
were used to assess the effect of hydrogen on electrical 
conductivity; results include errors in the conductivity 
parameters as well as the transfer functions. 

Results. Cold Start. The nominal model [1] pro-
duces a gravity anomaly of many hundreds of mgal 
(Table 1). Reducing Q/Q0 to <30x chondritic, ∆g is 
brought to within constraints, but is then insufficient to 
sustain upper-mantle melting and fails to match con-
temporary heat flow. Emplacing the KB beneath a 30-
km PKT crust [13] can marginally match ∆g and q 
near Q/Q0=0.35 (not shown) but melting is still re-
stricted to the first 100 Myr or so. The gravity and heat 
flow can be well matched (not shown) if the KB radio-
nuclides (with some Q/Q0~1) are uniformly distributed 
in either a 60 or 30 km crust, but again the model fails 
to melt more than a tiny fraction of the upper mantle 
for a short time. 

Hot Start. An initial globally hotter Moon does not 
affect ∆g, and differences in q are negligible now. 
However, it allows the solidus to remain within several 
hundred km of the surface through the main phase of 
mare volcanism to 2-3 Ga [14]. This is still ad hoc, as 
specific mechanisms must be developed to deliver hot 
material to shallower depths, much later than early 
cumulate overturn in [2]. Nonetheless, it is clear from 
these results that KREEP radionuclides cannot produce 
mantle reheating and long-lived mare volcanism with-
out leaving a large residual gravity anomaly. 

Mantle Hydrogen. The baseline model [1] yields a 
transfer function AT = 3.0 at 2.5 mHz, well in excess of 
the data 1.9±0.1, again emphasizing that such KREEP 

heating is excessive. However, the best-fitting model 
in Table 1 (highlighted) is relatively cold today at 
depths of several hundred km, and requires H/Si=2–25 
ppt (equivalent to H2O=130–1600 ppm) to match the 
transfer function. The large spread conservatively 
propagates all errors, but it is unlikely that such a large 
hydrogen fraction was primordial water [15]. 
 
Table 1. Predictions of Conductive Thermal Models 

Q/Q0 Peak ∆g, 
mgal 

Peak q, 
mW/m2 

Latest Melt-
ing, Ga 

60-km Thick Crust, Subcrustal KREEP Layer, 
Mantle 0.6x Chondritic, Cold Start 

1 –820 32 0 
0.8 –650 28 0.3 
0.7 –580 26 1.1 
0.65 – 520 25 1.7 
0.6 –490 24 2.4 
0.5 –410 22 3.8 
0.4 –330 20 4.3 
0.3 –250 18 4.4 
0.25 –210 17 >4.4 
0.2 –170 16 >4.4 
0.1 –90 14 >4.4 
0 0 12 >4.4 
30-km Thick Crust, KREEP Distributed in Crust,  

Mantle 0.3x Chondritic, Hot Start 
Q/Q0 Peak ∆g, 

mgal 
Peak q, 
mW/m2 

Depth to Melt 
at 3 Ga 

1 –130 28 540 
0.75 –82 23 550 
0.5 –30 18 570* 
0.25 0 13 580* 

Boxed regions denote fits with observations. Q0 = 300x 
chondritic, the PKT radionuclide abundance specified by [1]. 
*Melt region at present ~400 km, consistent with inferred 
core radius.  “Best” model overall highlighted. 
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