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An accurate estimate of global surface heat flow is important because it provides strong
constraints on interior thermal model and understanding of the thermal state and
geologic evolution of the Moon. In this paper, a distribution map of lunar surface heat
flow is derived from calibrated Lunar Prospector gamma-ray spectrometer data (K, U and
Th abundances). It shows that surface heat flow varies regionally from about 10.6 mW/m2

to 66.1 mW/m2, which is in the same order of magnitude as previous results. In the
calculation, lunar surface heat flow includes the heat flow from the non-uniform
distribution of radioactive elements K, U and Th and that from secular cooling of the
Moon. The calculation of heat flow from radioactive elements is based on the assumption
that the radioactive decay of K, U and Th on the Moon is the same as that on the Earth. The
heat flow from secular cooling of the Moon is assumed to be equal to the global average
radioactive heat flow. Firstly we construct a relationship between radioactive elements K,
U and Th and lunar surface heat flow. The key parameter of the characteristic length scale
in the relationship is determined by measured surface heat flow and Th abundances at
Apollo 15 and 17 landing sites. Then the distribution of lunar surface heat flow is derived
by combining other parameters such as lunar crustal thickness measured by Clementine
and lunar crustal density. In addition, correlation analysis of the three radioactive
elements is carried out due to the higher resolution of Th abundance and for ease of
calculation.

& 2014 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The Moon is a small planetary, and there is good reason
to believe that it has lost most of its initial heat during its
4.6-b.y. history [1]. The present surface heat flow retains
the information of lunar origin and evolution, which is
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,
cn (Q. Li),
. Zheng).
considered a high priority for the lunar geophysical mis-
sions. Surface heat flow is defined as the amount of
thermal energy coming out of a planet per unit surface
area per unit time [2].

It is generally believed that the Moon is in steady state,
because the Moon is lack of atmosphere, and has no
obvious lithosphere movements [3]. Surface heat flow is
presumptively equal to the heat production of the total
abundances of radioactive elements below any given
region on the Moon [4,5]. Binder [6] deduced surface heat
flow ranging from about 3 mW/m2 to more than 45 mW/m2
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Fig. 1. K abundance (ppm) using the Prettyman et al. [17] calibrated data
from Lunar Prospector measurements (11 resolution).
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by analyzing the distribution characteristics of K, U and
Th in different geological structures using the samples
returned by the various Apollo and lunar missions, assum-
ing that the abundances of the heat producing elements
per unit mass in both the Earth and the Moon is the same.
This assumption is not reasonable, because the Moon is
enriched in refractory elements (Al, U, and Th) and FeO
compared to the Earth [7], and this method provided the
heat flow of five geological structures such as the KREEP
zone. Yoshida et al. [8] assumed that the total Th abun-
dance below a region is equal to a surface abundance
multiplied by lunar crustal thickness, which is a constant.
Then the surface heat flow of LUNAR-A two landing sites
are estimated to be 30 mW/m2 and 8 mW/m2 by adopting
the crustal thickness of 30 km deduced from the measured
heat flow of the Apollo landing sites. This assumption that
lunar crustal thickness is a constant at any region may not
be valid because of the different processes of crust forma-
tion [9].

In addition to the heat flow by radioactive heat produc-
tion, secular cooling of the Moon contributes to the surface
heat flow [10]. In the lunar models, a radioactive heat
production is typically only 70–80% of the surface heat
flow [10]. The ratio between the heat production due to
radioactive heating and the surface heat flow is defined as
Urey ratio [11,12]. Based on a large number of thermal
history calculations with parameter variations over a wide
extent for the Moon and other planets, a Urey ratio of 0.5 is
thought as a good and representative estimate that works
surprisingly well for the terrestrial planets and many
major satellites [12].

Based on radio observation on the Earth, lunar surface
heat flow was measured to be 54 mW/m2 [13]. So far there
are only two surface heat flow measurements carried out
on the Moon, i.e., the Apollo 15 and 17 landing sites, with
revised values of 21 mW/m2 and 14 mW/m2, based on
monitoring intervals of 3.5 and 2 years respectively [4].
Currently the two existing measurements of lunar surface
heat flow are unlikely to be representative of the global
surface heat flow because they are located at geographical/
geological boundaries [14,15].

Thus, mapping of lunar surface heat flow is important.
In this paper, we derive the distribution of lunar surface
heat flow by considering the heat flow produced by
radioactive decay of K, U and Th in the crust, as well as
the heat flow from the cooling of the Moon. The heat flow
from secular cooling of the Moon is assumed to equal to
the global average radioactive heat flow, based on the Urey
ratio of 0.5. Because K, U and Th are unevenly distributed
in the KREEP [potassium (K), rare earth elements (REE),
phosphorus (P)] in the crust layer [6,16], lunar surface heat
flow varies regionally.

In this paper, we firstly introduce the abundances of K,
U and Th using Prettyman et al. [17] calibrated data and
the abundance of Th using Lawrence et al. [18] calibrated
data from Lunar Prospector measurements; then we pre-
sent a method for calculating the heat flow produced by
radioactive elements K, U and Th, including the correlation
analysis among K, U and Th and the determination of the
characteristic length scale. Finally, the global distribution
of lunar surface heat flow is derived.
2. Radioactive elements distribution

Launched onboard the Lunar Prospector in 1998, the
gamma-ray spectrometer is a more advanced system than
that was flown on the Apollo missions and provides global
maps of the elemental composition of the surface layer of
the Moon. It determines the abundance of main elements
with a few tens of centimeters (�20 cm) of the lunar
surface [19]. The main elements mapped are U, Th, K, Fe,
Ti, O, Si, Al, Mg and Ca. Knowledge of the abundances of
these elements over the entire lunar surface will aid in
understanding of lunar formation and evolution [20]. K, U
and Th are trace elements which are most abundant in the
KREEP [21]. Mapping the locations and concentrations of
KREEP deposits is important to lunar science as it is
believed that the material developed late in the formation
of the lunar crust and upper mantle, and thus can help
define how the crust and mantle formed and evolved. In
addition, K, U and Th are radioactive elements, and
constrain the lunar surface heat flow.

The gamma-ray spectrometer acquired gamma ray and
neutron spectra at two altitudes (30- and 100 km) over the
whole moon [17]. High-altitude spectra data were mea-
sured from January 16, 1998, to December 19, 1998. Low-
altitude spectra data were measured from December 19,
1998 to July 31, 1999 [15]. The footprint of gamma-ray
spectrometer is around 51 by 51 at the equator.

The raw spectral data were corrected for variations in
gain, dead time, and the flux of galactic cosmic rays as a
function of time. Converting gamma-ray spectrometer
counts into absolute abundances for all the measurable
elements requires a series of involved detector modeling
and spectral fitting procedures. The abundance of radio-
active elements K, U and Th was determined by fitting the
gamma ray spectrum in the 700–9000 keV region using
library least squares. The spectra was acquired at high
altitude and binned on 51 by 51 [17].

Here the maps of abundances of K, U and Th, as shown
in Figs. 1, 2 and 3 respectively, are derived from gamma ray
spectra measured by the gamma-ray spectrometer [17].
From the maps, it is shown that K, U and Th are concen-
trated primarily on the nearside within and around the
western maria. The distributions of K, U and Th look
similar. Lawrence et al. [18] optimized the measured
spatial resolution to the limit of the orbital gamma-ray
technique by smoothing the data using an empirically
determined gamma-ray response function and provided
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Fig. 2. U abundance (ppm) using the Prettyman et al. [17] calibrated data
from Lunar Prospector measurements (11 resolution).
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Fig. 3. Th abundance (ppm) using the Prettyman et al. [17] calibrated
data from Lunar Prospector measurements (11 resolution).
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Fig. 4. Th abundance (ppm) using the Lawrence et al. [18] calibrated data
from Lunar Prospector measurements (0.51 resolution).
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the high-altitude and low-altitude Th abundance using
pixels of 0.51 by 0.51 that were substantially smaller than
the expected footprint of gamma-ray spectrometer. The
distribution of low-altitude Th abundance is shown in
Fig. 4. The Lunar Prospector counting rate measurements
are in agreement with sample measurements. The uncer-
tainties for both the high-altitude and low-altitude Th
abundance are less than 0.5 ppm [22]. The low-altitude Th
abundance has distinctly better surface resolution than
the high-altitude Th abundance [22]. We binned the Th
abundance of 0.51 by 0.51 onto 11 by 11 for calculating the
surface heat flow in the next section.

3. Calculation method

The heat flow produced by K, U and Th is closely related
to heat production rate. The relationship between surface
heat flow and heat production rate in the continental crust
has been investigated systematically [23–25], as well as
the relationship between heat production rate and abun-
dances of K, U and Th [26]. Assuming that the radioactive
decay is identical both in the Earth and the Moon, a
relationship between lunar surface heat flow and radio-
active elements K, U and Th is derived.

In order to obtain lunar surface heat flow from mea-
sured K, U and Th, a method is presented in the paper.
Firstly, we construct a relationship between radioactive
elements (K, U and Th) and lunar surface heat flow. Due to
the higher resolution of Th abundance and for ease of
calculation, the relationship is simplified to the form that
lunar surface heat flow is only related to Th, on the basis of
the correlations among K, U and Th. The characteristic
length scale, which is an important parameter in the
relationship, is determined by lunar crustal thickness, the
measured heat flow and abundance of Th at Apollo 15 and
17 landing sites. Finally, the heat flow produced by radio-
active elements is calculated, with the parameters of the
crustal density, characteristic length scale, abundance of
Th and lunar crustal thickness substituted in the relation-
ship. In addition to the heat flow by radioactive heat
production, secular cooling of the moon contributes to
lunar surface heat flow. The ratio of heat flow by radio-
active heat production to surface heat flow is assumed to
be 0.5, which is a good and representative estimate for the
Moon [12]. Because the mechanisms of radioactive heat
and heat produced from secular cooling of the Moon are
different, here we assume the heat flow from secular
cooling of the Moon is equal to the global average heat
flow produced by radioactive elements. Summing the two
parts of heat flow, the global distribution of lunar surface
heat flow is derived. Calculation process in detail is
introduced as follows.

The heat production rate of a rock sample is calculated
by summing the contributions of each element, which is
expressed as [26]

Pt ¼ 10�11ρð9:52CUþ2:56CThþ3:48CKÞ ð1Þ
where Pt is the heat production rate of radioactive ele-
ments K, U and Th with the unit of μW/m3; ρ is the density
of lunar rocks, with the unit of g/cm3; CU and CTh are the
abundances of U and Th in ppm, respectively; and CK is the
abundance of K in percent.

Returned soil and rock samples from the Moon show
that Th and K abundances are correlated [27]. Such a
correlation is also found in the distributions of K, U and Th
measured by Lunar Prospector (Figs. 1, 2 and 3). The
correlation between Th and K is shown in Fig. 5. The fitted
line has a slope of 0.0344 with a correlation coefficient of
0.957. The correlation between Th and U is shown in Fig. 6.
The fitted line has a slope of 351.3 with a correlation
coefficient of 0.9521.

It is shown from Figs. 5 and 6 that K and Th have a
strong correlation, as well as U and Th. The resolution of
calibrated Th abundance is 0.51 by 0.51, which is much
higher than the resolution of 51 by 51 for U and K
abundances. Thus the abundance of Th is substituted for
that of K and U in Eq. (1). The data are binned onto 11 by 11
for calculation.
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Fig. 5. Abundance of K versus that of Th measured by Lunar Prospector.
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Based on the correlations of K, U and Th, Eq. (1) can be
simplified as

Pt ¼ 10�11ρð6:15CThþ0:15Þ ð2Þ
The vertical distribution of the radioactive elements in

the crust is assumed to decrease exponentially with depth,
referring to the vertical distribution of those on the Earth
[27], while the surface distribution of those elements are
obtained by Lunar Prospector. Thus the heat production
rate on the Moon at any depth is given by

PtðzÞ ¼ Pte� z=hr ð3Þ
where z is the depth; Pt(z) and Pt denote heat production
rate at the depth z and on the surface, respectively; and hr,
the characteristic length scale, is defined as the depth at
which heat production rate decreases to 1/e of the surface
heat production rate [28].

The heat production rate denotes the heat produced by
radioactive elements in a unit volume. Integrated along
the depth, the heat flow produced by radioactive elements
is expressed as

qcrust ¼
Z H

0
PtðzÞdz¼

Z H

0
Pte� z=hr dz ð4Þ
where qcrust denotes the heat flow produced by radioactive
elements; H is the thickness of lunar crust. Then Pt is
substituted in Eq. (4). The heat flow produced by radio-
active elements is determined by

qcrust ¼ 10�11ρhrð6:15CThþ0:15Þ 1�e�H=hr
� �

ð5Þ

Eq. (5) describes the energy directly produced by radio-
active heat resources. After considering the contribution
from secular cooling of the Moon, lunar surface flow is
given by

Qs ¼ 10�11ρhrð6:15CThþ0:15Þ 1�e�H=hr
� �

þQmantle ð6Þ

where Qs is the surface heat flow on the Moon; Qmantle is
the heat flow due to secular cooling of the Moon. Under
the assumption that the ratio of radioactive heat flow to
lunar surface heat flow is 0.5 [12], it is reasonable to think
that Qmantle is equal to the global average heat flow
produced by radioactive elements.

Eq. (5) provides the estimation for heat flow produced
by radioactive elements K, U and Th. Eq. (6) provides the
estimation for lunar surface heat flow. Calculations can be
carried out by substituting the parameters into Eq. (6). ρ is
the average lunar crustal density with a value of 2.8 g/cm3

[28–30]. H is the thickness of lunar crust.
The global lunar crustal thicknesses distribution can be

calculated from the topography and gravity data by Clem-
entine (http://pds-geosciences.wustl.edu/geodata/clem1-
gravity-topo-v1/cl_xxxx/gravity/thickgrd.dat), as shown in
Fig. 7.

hr, The characteristic length scale, can be determined by
lunar crustal thickness, the measured heat flow and Th
abundances at Apollo 15 and 17 landing sites, according to
Eq. (5). It is expressed as

1�e�H1=hr

1�e�H2=hr
¼ qcrust_15ð6:15CTh_17þ0:15Þ

qcrust_17ð6:15CTh_15þ0:15Þ ð7Þ

where H1 and H2 are lunar crustal thicknesses at Apollo 15
and 17 landing sites, respectively; qcrust_15, qcrust_17 are the
heat flow produced by radioactive elements, which are
equal to a half of the measured surface heat flow with
values of 21 mW/m2 and 14 mW/m2 at Apollo 15 and 17
landing sites [4]; CTh_15, CTh_17 are the abundances of
radioactive element Th at Apollo 15 and 17 landing sites,
respectively.

http://pds-geosciences.wustl.edu/geodata/clem1-gravity-topo-v1/cl_xxxx/gravity/thickgrd.dat
http://pds-geosciences.wustl.edu/geodata/clem1-gravity-topo-v1/cl_xxxx/gravity/thickgrd.dat


Table 1
Parameters for Eq. (7) at Apollo 15 and 17 landing sites.

Measured
surface heat
flow (mW/m2)
[4]

Radioactive
heat flow
(mW/m2)

Th
abundance
(ppm) [17]

Lunar
crustal
thickness
(km)

Apollo15 21 10.5
(qcrust_15)

5.05
(CTh_15)

31.85 (H1)

Apollo17 14 7 (qcrust_17) 2.64
(CTh_17)

49.25 (H2)

Note: The lunar crustal thickness values in column 4 are measured by
Clementine.
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U and Th measured by Lunar Prospector.
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At Apollo 15 and 17 landing sites, surface heat flow was
obtained by multiplying the temperature gradient by the
thermal conductivity. Because lunar surface temperatures
are strongly affected by the 18.6-year precession of the
lunar orbit, they will surely affect the subsurface tempera-
ture profile. The Apollo data were obtained at relatively
shallow depths (1.6–2.3 m) for duration (�6 years) much
shorter than the precession-controlled period of the sur-
face temperature fluctuation [2,31]. As the transient noise
was neglected in the initial heat flow analyses, the relia-
bility of the measured temperatures needs to be further
confirmed [32–34]. In addition, Langseth et al. [4] derived
average thermal conductivities of the regolith columns
penetrated by the sensors by modeling the process of
diurnal and annual temperature signals propagating
downward instead of in-situ thermal conductivity data in
their determination of the heat flow values. Different
approaches to determine the conductivity yielded discor-
dant results. The cause of the discrepancy between the
model-derived and the in-situ thermal conductivities
needs to be investigated in the future [31–35].

Currently there are only two measured values of lunar
surface heat flow at Apollo 15 and 17 landing sites, which
were revised by removing the diurnal, annual, and short-
term transient signatures from measured temperature
series [4]. Though the accuracy of measured surface heat
flow can be improved, the values are still reasonable and
valuable. The low measured heat flow value is consistent
with the Moon's small size, which favors rapid, early
cooling of the interior [36]. Using the measured lunar
surface heat flow, hr can be determined.

The parameters needed in Eq. (7) are listed in Table 1.
With these parameters, hr is estimated to be 35.70 with
the unit of km.

With the values for the characteristic length scale hr,
lunar crustal density ρ, the abundance of Th CTh, and lunar
crustal thickness H, the heat flow produced by radioactive
elements can be calculated from Eq. (5). Then the heat
flow from secular cooling of the moon can be obtained by
averaging. Summing the two parts of heat flow, the global
distribution of lunar surface heat flow can be obtained by
Eq. (6).

4. Results

Based on Eq. (5) with lunar crustal density ρ, the char-
acteristic length scale hr, the Th abundance CTh, measured by
Lunar Prospector and lunar crustal thickness H, the heat flow
distribution produced by the radioactive elements K, U and
Th is calculated, as shown in Fig. 8. The heat flow produced
by the radioactive elements ranges from 1.5 mW/m2 to
56.9 mW/m2. The global average heat flow is 9.1 mW/m2;
that is to say, the heat flow from secular cooling of the Moon
is 9.1 mW/m2, in view of the Uray ratio of 0.5. Based on Eq.
(6), lunar surface heat flow is derived, as shown in Fig. 9.

From Fig. 9, it can be seen lunar surface heat flow are as
low as 10.6 mW/m2 in the polar regions while they are up to
66.1 mW/m2 near the equator. The average heat flow is
18.3 mW/m2. The distribution of surface heat flow shows
lunar distribution signatures with close similarity to those
seen in the distributions of K, U and Th. The heat flow is
concentrated primarily on the nearside within and around
the western maria, with an average value of 33.3 mW/m2.
The highest surface heat flow extends from the southern
edge of Mare Imbrium near Copernicus to near the Apollo 14
landing site at Fra Mauro. In addition, the regions including
the eastern edge of Oceanus Procellarum, the western edge
of Sinus Iridum, and northern part near the Luna 2, have an
average surface heat flow of 46.6 mW/m2. The distribution of
lunar heat surface is closely related to that of KREEP.

In addition, all the lunar landings and photographic
investigations show that the entire lunar surface consists
of a regolith layer that completely covers the underlying
bedrock [1]. In the calculation, we choose the parameter of
crustal density with a value of 2.8 g/cm3 to calculate lunar
surface heat flow, which has a deviation because the
density of lunar regolith is 1.8 g/cm3. The heat flow
produced from lunar regolith layer is estimated to be
0.4�10�3–14.2�10�3 mW/m2, assuming ρ¼1.8 g/cm3,
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and the average thickness of lunar regolith ranges from
5 m to 10 m. Thus, the heat flow from the whole regolith
layer is less than 1.63�10�2 mW/m2. It is neglected
because the surface heat flow from lunar interior is about
10.6 mW/m2 to 66.1 mW/m2.

Without considering the heat flow from secular cooling
of the Moon, the heat flow produced by radioactive
elements are in the same order of magnitude as those
calculated in [6] referring to the heat flow of the Earth and
returned sample analysis from the Moon, which are about
3 mW/m2 to more than 45 mW/m2. Summing the heat
flow from secular cooling of the Moon, the average lunar
heat flow on the nearside is 12 mW/m2, which is lower
than the value of 54 mW/m2 based on radio observation
on the Earth [13].

5. Conclusion

Lunar surface heat flow provides important constraints
on the interior thermal model and understanding of the
thermal state and geologic evolution of the Moon. Using the
abundances of radioactive elements K, U and Th measured
by Lunar Prospector, we construct a relationship between the
abundances of radioactive elements and lunar surface heat
flow, the part of which from secular cooling of the moon is
assumed to be equal to the global average heat flow
produced by radioactive elements, based on Urey ratio of
0.5. The key parameter of the characteristic length scale is
determined by measured surface heat flow at Apollo 15 and
17 landing sites. Then the lunar crustal density, lunar crustal
thickness, and Th abundance are combined to calculate the
distribution of lunar surface heat flow.

The distribution indicates the lunar surface heat flow
varies regionally from about 10.6 mW/m2 to 66.1 mW/m2.
The average heat flow is 18.3 mW/m2. The heat flow is
concentrated primarily on the nearside within and around
the western maria, with an average value of 33.3 mW/m2.
The distribution of lunar heat surface is closely related to that
of KREEP.

In addition, the radioactive elements K, U and Th
measured by Lunar Prospector were correlative. These
data were correlatively analyzed. The resolution of cali-
brated Th abundance is 0.51 by 0.51, which is much higher
than the resolution of 51 by 51 for U and K abundances.
Thus, the abundance of Th is substituted for that of K and
U for improving the accuracy and simplifying calculation.

Due to the fact that the current understanding of the
internal structure of the Moon is mainly based on Apollo
seismic data, in which the useful seismic waves penetrate
to a depth of about 400 km. The lunar model for calculat-
ing the heat flow from secular cooling of the Moon is
complicated and lacks sufficient accurate model para-
meters. Further improvements are necessary for more
accurate estimation of lunar surface heat flow.
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