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Abstract

The seismic determinations of the crustal thickness and mantle velocities are key parameters for most geophysical
and geochemical lunar studies. We determine a new seismic model of the Moon after a complete independent
reprocessing of the Apollo lunar seismic data with determination of arrival times of about 60 natural and artificial
lunar quakes, as well as travel times of converted phases at the crust^mantle interface below the Apollo 12 landing
site. On the near side in the Procellarum KREEP Terrane, the only major discontinuity compatible with the crust^
mantle boundary is located around 30 km deep. In this terrane, seismic constraints on the crust and mantle lead to a
30 km thick anorthositic crust and a pyroxenite cold mantle, with a bulk composition of 6.4% Al2O3, 4.9% CaO and
13.3% FeO. Mantle temperatures are in accordance with profiles obtained from the observed electrical conductivity
and exclude a liquid Fe core, while being compatible with a Fe^S liquid core. Our Moon model might be explained by
a mixture of a primitive Earth with tholeiitic crust and depleted upper mantle, together with a chondritic enstatitic
parent body for the impactor planet. It provides mixture coefficients comparable to those obtained by impact
simulation as well as an estimate of bulk U of about 28 ppb, in accordance with the U budget in a 40 km mean thick
crust, 700 km thick depleted mantle and a lower undepleted primitive mantle.
? 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Lunar Prospector has provided a more detailed
view of the lunar surface composition [1,2] and a
new determination of the mean density and inertia
factor [3]. The extrapolation of these results with
depth depends strongly on the seismological mea-
surement of the thickness of the crust and internal

structure. From the analysis of the ¢rst seismic
data in the 1970s, a crustal thickness of about
60 km near the Apollo 12 [4] landing site in the
Procellarum KREEP Terrane (PKT) and 70 km
near the Apollo 16 [5] landing site is generally
assumed. This implies a proportionally much larg-
er crustal volume than for the Earth reaching
about 12% of the total volume compared to
only 0.5% for the Earth. Recent independent
studies of Khan et al. [6,7] and of our group [8],
however, point toward a thinner crust in the
range of 30^45 km.

This paper focus on the mineralogical implica-
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tion of the re-analysis of Apollo seismic data in
the upper mantle and the limits of such velocity
models, especially in terms of their uniqueness.
We confront geophysical and geochemical con-
straints and study the consequences of both a re-
duced crustal thickness and the mineralogical in-
terpretation of the mantle seismic velocities on the
formation and evolution of the Moon. Finally, we
present new constraints supporting an enstatitic
chondritic origin for the Earth’s impactor which
formed the Moon.

The Apollo crustal thickness of 60^70 km in-
deed leads to contradictions when combining oth-
er geophysical and geochemical constraints. These
constraints were provided by Apollo for heat £ux
[12] and seismology [11], and by Clementine [13]
and Lunar Prospector for gravity [3]. Geochemi-
cal constraints are either from Apollo sample
analysis or from remote sensing, especially with
respect to the bulk Al2O3, CaO, FeO and Th/U
contents of the Moon. A ¢rst example is the bulk
U content, as low as 19 ppb for the most recent
analysis of the Apollo heat £ux data [12]. This is
in contradiction with previous higher estimates
from heat £ow of about 33^44 ppb [14,15] or
with a more recent analysis of the Th content of
the major lunar terranes [16] which allows an in-
direct computation of the U lunar bulk content to
about 39 ppb when a mean crustal thickness of 70
km is taken.

A second example is the Al2O3 bulk content
constrained by the composition and thickness of
the highland plagioclase feldspar crust. The for-
mation of such an aluminum-rich crust implies a
crystal^liquid fractionation of a very large volume
of the Moon, within a primitive magma ocean. A
depth of 600 km is needed by geochemistry
[14,15], while the scarcity of extension and com-
pression features on the Moon has been used to
propose 200 km as a depth upper limit [17], unless
very large di¡erentiation between crust and man-
tle occurs [18]. In the latter case, about 50% of the
Moon volume could have been molten and great-
er depths are found.

As an alternative, an ad hoc two-layer crustal
model was proposed on the basis of geochemical
and remote sensing data [19], in which only the
upper crust is anorthositic and primarily formed

by the crystallization of a magma ocean, while the
lower crust could have been formed later by mag-
matic processes. It is supported by the analysis of
multiring basin ejecta, which indicates an increase
of the amount of ma¢c ejecta with increasing ba-
sin size, and could be interpreted by a lower crust
with noritic composition [19,20] or by a zoned
crustal composition related to the crystallizing
magma ocean [21]. Such a two-layer model for
the crust can explain gravity data [22] but no ma-
jor discontinuity in the crust is detected by seismic
data [4^7,23]. Gravity analysis also suggest that
any lower crust might be very strongly thinned
and even disappear beneath some major impact
basins on the far side [22]. But lateral density
variations in the upper mantle, suggested from
Clementine remote sensing analysis [16], could
also be used to explain the gravity ¢eld [22].

Before the Lunar A [24] new data, we propose
to improve the view of the lunar crust and mantle
by reprocessing the Apollo seismological data and
taking the Lunar Prospector gravity constraints
[3]. Our study does not con¢rm the 60 km value
of the crustal thickness in the PKT terrane, which
is found in the range of 30R 2.5 km, leading to a
mean crustal thickness of 40 km. New geophysical
constraints on the lunar composition and forma-
tion are then proposed.

2. Reprocessing of the Apollo seismic data

We reprocessed the seismic data produced be-
tween 1969 and 1977 by the Apollo seismometers
[4,11]. The picking of the arrival times was done
by one of us (J.G.B.) with particular attention
devoted to the estimation of uncertainties and
by associating with P and S arrival an error of
1, 3 or 10 s. See Fig. 1 for an example of typical
data with P/S arrival times. This ¢rst stage was
done without reference to the previously pub-
lished arrival times and also included the deep
tidally triggered events [25], stacked after time
alignment relative to a reference event. All relo-
cated events are listed in Tables 1^4, together with
arrival times and errors. The mean error in the
arrival times used in the inversion is found to be
about 2 s. In total, 59 events were kept for the
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Fig. 1. (A) Pro¢le of the meteoric and arti¢cial events at the stations Apollo 12, 14, 15, and 16 on the radial component. Re-
cords are data from the LP seismometer, most of the time from the peaked output. Circles indicate the arrival times. Solid ones
are for c smaller than 3 s. The solid lines show the P and S hodochrones corresponding to Nakamura’s model [26]. (B) Example
of travel time determination for a typical meteorite impact recorded by the network on May 13, 1972. Detection is done at four
stations, providing eight arrival times and therefore four data useful for the seismic model determination after localization of the
impact. P0-S0 indicate readings with less than 1 s of error while P1-S1, P2-S2, and P3-S3 are for 3 s, 10 s, and more than 10 s
respectively. P3-S3 readings were not used in the determination of the model.
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Table 1
List of the arti¢cial impacts used in the inversion

Type Lat. Long. Depth P a b c Date/hour/min Seconds Error P12 P14 P15 P16 S12 S14 S15 S16

12LM 33.94 321.20 0 0 0.0 0.0 0 6911202217 17.70 0.0 42.4 2 56.29 2
13S4 32.75 327.86 0 0 0.0 0.0 0 7004150209 41.00 0.0 68.8 0 89.04 2
14S4 38.09 326.02 0 0 0.0 0.0 0 7102040740 55.40 0.0 90.8 0
14LM 33.42 319.67 0 0 0.0 0.0 0 7102070045 25.70 0.0 46.8 1 44.5 1
15S4 31.51 311.81 0 0 0.0 0.0 0 7107292058 42.90 0.0 97.0 1 79.7 0
15LM 26.36 0.25 0 0 0.0 0.0 0 7108030303 37.00 0.0 64.5 0
16S4 1.30 323.80 0 0 0.0 0.0 0 7204192102 04.00 0.0 31.4 0 47.5 0 150.9 0
17S4 34.21 312.31 0 0 0.0 0.0 0 7212102032 42.30 0.0 98.0 0 74.5 0 196.5 1 164.2 0

Column 1 is type of event, and columns 2^4 are latitude, longitude, and depth respectively. P is the orientation of the semi-major axis of the ellipse error with re-
spect to east^west, in degrees, and a and b are the semi-major and -minor axes of the ellipse error in km, c is the error in depth. Column 9 provides the event
time in years, month, day, hours, and minutes, 10 the event time in seconds, 11 the error in event time, 12^13, P arrival time at Apollo 12 and error, 14^15, 16^
17, 18^19 the same for Apollo 14, 15, and 16 respectively, 20^21 S arrival time for Apollo 12 and error, 22^23, 24^25, 26^27 the same for Apollo 14, 15, and 16
respectively. Error code is 0, 1, 2 for error smaller than 1 s, 3 s and 10 s respectively. Fifteen P arrival times and two S arrival times provide a total of 17 data for
structure.

Table 2
List of the 19 meteorite impact events used in the inversion

Type Lat. Long. Depth P a b c Date/hour/min Seconds Error P12 P14 P15 P16 S12 S14 S15 S16

M 74.10 2.60 0 16 2.7 1.1 0 7201040631 19.72 1.7 318.0 2 315.0 1 215.0 1 542.0 2 350.0 1
M 1.50 317.10 0 352 0.3 0.2 0 7205130845 39.49 1.0 84.9 0 72.1 0 173.5 0 181.0 0 97.5 2
M 32.80 137.60 0 347 1.3 1.1 0 7207172150 57.90 4.4 473.7 0 483.0 0 418.2 0 445.8 0
M 24.00 10.10 0 37 0.7 0.3 0 7207311808 15.72 2.3 193.4 1 174.7 0 52.6 0 285.0 2 82.0 1
M 15.80 22.90 0 20 2.9 1.6 0 7208292258 33.57 3.5 210.0 2 132.0 2 145.0 2 344.0 2 190.0 2
M 28.70 41.10 0 39 4.1 2.4 0 7309262046 16.32 4.5 295.0 2 280.0 2 155.0 1 192.0 2 255.0 2
M 324.80 325.10 0 59 5.2 1.8 0 7312241003 19.35 4.5 119.0 1 113.0 1 250.9 1 190.0 2
M 7.40 333.60 0 35 2.2 0.9 0 7404191830 03.27 1.8 70.9 1 97.0 1 168.3 1 209.2 0
M 20.30 6.50 0 9 0.8 0.6 0 7407171205 02.89 3.7 153.4 1 148.7 1 40.6 1 132.1 1 69.0 2
M 37.30 19.90 0 52 1.0 0.7 0 7411211315 40.79 2.2 222.9 1 193.0 1 182.7 2 70.5 0
M 1.60 38.20 0 385 1.3 0.5 0 7412150907 15.17 3.8 95.1 1 66.6 1 128.1 1 109.3 2 208.2 2
M 352.40 4.20 0 377 4.0 2.3 0 7503052149 22.30 7.2 236.1 2 225.0 2 209.7 2 398.0 2 330.0 2
M 2.00 43.20 0 311 4.5 0.5 0 7504121812 38.22 0.7 298.1 0 277.8 1 220.6 0 162.1 1
M 336.40 3121.30 0 347 3.3 1.1 0 7505040959 28.99 2.3 360.6 0 376.1 0 436.0 1 413.0 0
M 339.40 62.80 0 55 2.7 2.0 0 7601130711 22.80 6.0 332.7 1 338.1 2 333.8 1 236.0 1 357.9 2
M 316.80 310.00 0 67 2.0 0.6 0 7605280601 56.38 5.4 163.7 2 126.5 1 169.0 1 216.0 2 169.0 2 373.0 2
M 23.80 373.90 0 37 1.8 0.8 0 761142313 06.67 0.9 228.6 0 246.9 0 273.8 1 337.7 0
M 320.50 363.80 0 23 1.8 0.8 0 7704712332 06.03 0.7 183.7 1 197.8 1 306.4 0 298.2 0
M 313.50 375.30 0 384 7.7 3.1 0 7706282222 31.17 3.8 239.9 1 250.0 2 344.0 2 358.5 2 390.0 2

Same convention as for Table 1. Seventy P arrival times and 18 S arrival times provide a total of 31 data for structure.
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model exploration: 27 impacts, including eight
arti¢cial impacts (Tables 1 and 2), eight shallow
quakes (Table 3) and 24 deep quakes (Table 4).
Other quakes were rejected: they were constrained
by four or fewer arrival times with acceptable
errors which is just enough for the quake position
and time source. Fig. 1A illustrates the data set
with a seismic pro¢le of the meteorite impacts
with increasing epicentral distances. The range
of epicentral distances for useful arrival times
varies from a few degrees to about 130‡ for P
arrival times and to about 75‡ for S ones. The
deepest useful rays sound the lunar interior

down to a radius of about 400 km for P and
600 km for S (see also Fig. 9). Only geodetic
data therefore constrain any Moon core smaller
than about 500^600 km. Due to the location of
the Apollo network, our data set mainly con-
strains the crustal thickness of the near side of
the Moon for the PKT.

The maximum number of data per event is
eight (P and S arrival times at four stations,
with moreover two stations almost 200 km apart)
but most of the time, the arrivals on some stations
are too noisy to be read with a useful error: for
the 59 events studied, we can use only 318 P and S

Table 3
List of the eight shallow moonquake events used in the inversion

Type Lat. Long. Depth P a b c Date/hour/
min

Seconds Error P12 P14 P15 P16 S12 S14 S15 S16

SH 12.80 51.00 320 2.9 109 109 7209171435 03.00 2.5 278.0 2 186.0 1 170.0 2 460.0 2 322.0 2 285.0 2
SH 48.00 38.20 10 58 3.2 110 110 7212062308 33.40 7.4 302.0 2 167.0 2 280.0 2 507.0 2 278.0 2 430.0 2
SH 21.90 82.60 2 310 2.4 63 63 7407110046 18.26 1.3 377.1 1 365.4 2 296.0 2 297.7 0 655.9 2 485.1 2
SH 26.10 392.70 0 42 2.4 38 38 7501030141 58.36 6.8 334.3 1 350.8 1 363.1 1 434.9 1 543.0 2 581.0 2 608.0 2 730.0 2
SH 64.10 59.90 0 59 1.8 14 14 7501120313 51.74 0.6 360.0 2 260.0 2 350.0 2 612.9 2 400.0 0 567.6 0
SH 317.00 326.10 21 44 3.0 112 112 7502132203 50.78 0.7 117.9 1 248.0 2 210.0 2 154.4 2 167.8 2 321.7 2
SH 44.10 34.00 125 76 3.2 179 179 7601041118 54.92 0.3 298.0 2 175.1 2 262.0 1 474.0 2 259.0 2 412.0 2
SH 52.50 325.80 185 324 1.2 51 51 7603061012 22.08 2.0 236.9 1 233.2 0 158.6 1 282.6 1 381.30 1 387.7 1 251.2 2 466.1 2

Same convention as for Table 1. Twenty-seven P arrival times and 25 S arrival times provide a total of 20 data for structure.

Table 4
List of the 24 deep moonquake events used in the inversion

Type Lat. Long. Depth P a b c Date/hour/
min

Seconds Error P12 P14 P15 P16 S12 S14 S15 S16

A01 317.40 338.40 917 325 1.1 0.6 11 7309300410 58.84 0.8 192.4 0 194.8 0 251.0 0 239.7 1 290.5 1 300.6 2 396.8 0 377.8 2
A06 49.70 54.70 860 74 1.0 0.7 11 7607021052 25.31 2.6 259.4 0 258.2 0 191.6 0 235.2 0 444.7 0 433.3 1 316.9 1 377.9 1
A07 24.00 53.70 900 375 0.8 0.7 12 7607020311 24.18 0.6 251.2 0 242.0 0 191.4 0 198.8 1 426.1 1 408.2 0 314.5 1 332.4 1
A08 328.00 328.10 940 51 2.0 1.2 21 7705161052 29.35 3.0 173.2 1 174.0 1 189.9 1 270.5 1 276.3 0 328.9 1
A09 337.80 330.80 975 14 4.0 2.6 43 7704161958 04.27 0.9 167.5 2 159.7 1 0 277.1 0 277.7 1 377.1 2 320.3 2
A11 9.30 17.50 1200 342 0.8 0.7 12 7706180501 16.06 0.7 192.2 2 173.2 1 0 329.3 0 319.8 0 299.4 0 296.4 0
A14 328.70 333.90 880 50 1.7 1.3 22 7305281853 12.96 1.3 149.7 1 152.5 1 191.0 1 254.8 1 260.5 1 370.1 1 319.7 1
A16 6.80 5.10 1105 9 1.2 0.7 18 721081524 35.48 0.4 184.5 2 185.4 1 185.4 1 315.2 1 305.5 1 298.6 0 298.3 1
A17 23.10 318.00 861 347 2.6 0.4 15 7211070852 07.94 0.6 143.0 0 141.9 1 133.3 2 178.0 1 246.2 1 243.9 1 228.9 0
A18 18.60 34.70 882 367 1.8 0.9 24 7301052250 30.86 1.5 229.2 2 216.2 0 188.5 2 188.5 1 373.2 1 357.5 0 276.5 1 279.6 2
A20 21.70 341.00 1055 31 2.4 0.8 13 7205151718 07.15 1.2 179.9 2 174.3 0 204.5 0 279.2 0 284.1 1 357.3 1
A24 336.80 338.90 980 57 2.1 1.7 32 7706121817 38.54 0.3 196.7 1 198.0 1 2 315.8 2 319.7 0 417.8 2 368.0 1
A25 34.40 59.30 898 87 2.0 1.7 26 7706092015 07.55 1.8 241.3 2 242.1 1 179.2 0 200.7 409.3 1 312.7 1 345.6 2
A27 22.50 18.50 1059 324 1.9 1.4 14 7705160001 51.54 1.3 236.1 2 193.4 0 205.9 2 366.0 2 352.3 1 299.9 0 338.9 2
A30 11.80 334.30 921 337 1.5 1.0 23 7205170042 45.93 0.5 181.0 0 201.7 1 1 273.3 1 283.4 1 321.4 1 365.2 1
A33 6.90 117.80 887 39 1.5 1.3 30 7210111935 46.79 1.1 369.9 2 349.1 0 318.0 0 311.8 528.1 1 511.5 1
A34 7.00 39.30 932 332 1.2 0.6 26 7206141834 27.24 2.6 154.9 1 158.1 1 164.4 1 1 249.8 1 256.5 1 265.2 0 279.3 1
A40 31.60 310.90 886 380 1.2 0.7 23 7306272348 35.37 0.6 185.0 2 173.1 0 247.9 0 242.6 1 286.7 1 277.8 1
A41 13.90 326.80 953 328 5.6 2.2 84 7206081616 24.70 3.5 163.4 2 172.4 2 2 247.3 2 270.1 2 284.1 1 325.6 2
A42 22.70 353.50 1004 353 1.8 1.4 24 7305030152 35.84 2.2 195.8 1 205.6 0 229.9 2 245.6 1 318.9 1 331.9 1 352.5 1 418.0 1
A44 51.90 57.10 956 374 5.8 1.9 20 7405190309 04.66 1.3 235.4 1 177.6 1 2 434.9 2 411.4 0 307.4 1 376.2 2
A50 9.40 351.60 835 313 2.4 1.5 30 7304300105 26.01 3.7 174.2 2 174.2 1 2 292.0 2 285.0 1 348.1 1 397.8 1
A51 8.80 15.70 888 328 1.1 0.5 22 7402180835 27.40 1.2 181.2 2 149.0 2 2 320.7 2 291.1 0 254.1 0 248.8 1
A97 33.40 18.70 1000 33 2.8 2.3 25 7705190608 21.53 2.1 180.6 1 173.8 1 156.0 2 310.3 2 295.2 2 301.1 2 251.8 1

Same convention as for Table 1. The date is for the reference event used in the stack of all deep events associated with the same
focus. Seventy-one P arrival times and 91 S arrival times provide a total of 66 data for structure.
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arrival time readings with a su⁄ciently small error
(about 5.4 data per event). For shallow and deep
quakes, four parameters are needed for the source
determination. Three are needed for meteorite im-
pacts. Without the degree of freedom related to
the source positions and time, we have therefore a
set of 134 constraints on the interior structure.
Two alternative analyses are possible: the ¢rst
one, chosen by Khan et al. [6,7], uses a large
number of layers (about 50) with two unknowns
per layer, Vp and Vs. The mean a priori error will
then be more or less transferred without reduction
on the a posteriori errors, typically between R 350
m/s and R 750 m/s at large depth [7]. Such errors
are too large for mineralogical interpretations
[10]. The travel times, however, accumulate the
slowness along the ray and integrate naturally
the structure and we prefer to invert the mean
velocities of a limited number of layers. Tests
led us to consider nine layers and therefore 18
inverted parameters as a good compromise be-
tween depth and velocity resolution. This reduces
the error by about 2.7, leading to an a posteriori
error of R 125 m/s, a minimum value for miner-
alogical interpretations. We tested the position of
layers by adding thin layers of 5 km above and
below or reducing their width, while limiting the
parameter numbers by ¢xing the Vp/Vs ratio. The
error for the depth of discontinuities is related to
the thickness of the test layers and is therefore
R 2.5 km. Discontinuities in the upper part of
the Moon (¢rst 100 km), including the crust^man-
tle discontinuity, are robust and were retrieved
with tests using more layers. In the lower mantle,
the depth of discontinuities (if present) is not well
resolved.

Arrival times weakly constrain gradients in the
crust and we also used the S-receiver function
method [23] to detect crustal conversions at the
Apollo 12 landing site. We used 13 deep focus
events (A5^A10, A14, A18, A20, A21, A30,
A40, A42). For each nest, a tidal periodicity of
activity [25] occurs and the related signals were
stacked to enhance arrival time reading. We
then deconvolved in the time domain the R and
Z components of each stack by the R component
of the S wave, the latter looking like a ‘bump’
after deconvolution. The receiver function ob-

tained by a last stack is shown in Fig. 2. The
M-shaped phase arriving about 8 s before the
S arrival is a S to P converted phase from the
mantle^crust transition. This additional constraint
was used in the inversion. A conversion was, how-
ever, detected only at station Apollo 12 where site
e¡ect ampli¢es seismic signals [23].

We then determined the best seismic velocity
models by using the complete data set with and
without the arrival time of the S to P conversion.
We searched a class of acceptable models by a
systematic exploration of model space, each of
them being associated with the a posteriori var-
iance de¢ned as:

V ¼
X

Pi

ðtobsPi 3tcalPi Þ2
c

2
Pi

þ
X

Si

ðtobsSi 3tcalSi Þ2
c

2
Si

þ
ðtobsSp 3tcalSp Þ2

c
2
Sp

where tobsPi , tobsSi , cPi, cSi, tcalPi , tcalSi are the observed
arrival times, Gaussian errors and computed ar-
rival times for the ith data of P and S respectively

Fig. 2. Observed and modeled receiver function below Apollo
12. The receiver function shows waves associated with con-
versions of the S body wave packet. Signals are low-pass ¢l-
tered data with a corner period at 1.2 s. The main converted
phase is a conversion from S to P at the bottom of the crust
arriving about 8 s before the S wave. The observed receiver
function is in the center. The bottom trace was obtained
with a model from Toksoz et al. [4] and Vinnik et al. [23]
with a crustal thickness of 60 km. The top trace was ob-
tained with model C derived from model B, with a crust dis-
continuity at about 27 km for P waves while a gradient in
S waves extends up to about 40 km depth. It provides
TSp3TS and a better ¢t in amplitude. Models B and C are
shown in Fig. 5.

EPSL 6637 23-5-03 Cyaan Magenta Geel Zwart

P. Lognonne¤ et al. / Earth and Planetary Science Letters 211 (2003) 27^4432



and tobsSp , cSp, tcalSp are the same for the Sp travel
time. We limited the possible models by con-
straining the Vp/Vs ratio to range from the nor-
mal value of 1.7 to values as high as 2, convenient
for highly fractured materials. We also prohibited
models with decreasing velocity with depth in the
crust. This operation was done in two steps: an
exploration with only impact data, looking for
information for the crust, and a global explora-
tion inversion with all the data, sampling espe-
cially the mantle. For each model a model prob-
ability was computed assuming a Gaussian error
and the velocities were explored in each layer with
an interval of 250 m/s. While reducing the number
of layers, the method used is therefore more ro-
bust than more classical inverse problems in the
sense that it covers a much wider space of models.

3. Results

We focus this paper on the results in terms of
structure. Other results will be presented in anoth-
er paper (Gagnepain-Beyneix et al., in prepara-
tion). Ten million combinations were tested for
the crust and two million for the deeper structure.
The best model is named model A and appears as
a solid line in Figs. 3 and 4. The details of the
results in terms of mis¢t are shown in Table 5.
The sensitivity of arrival times to the crustal
thickness is, however, weak: the mis¢t of model
A, for which a 30 km crust is found, is only
slightly better by about 0.1^0.2 s than the 60
km crust models of Nakamura [26] and Goins et
al. [27]. This di¡erence is marginal when com-

pared to the mean error of 2 s found on the
data. A new inversion with the conversion travel
time in the crust, more sensitive to the crust struc-
ture, was therefore performed leading to model B.
Travel times, however, give the mean velocity in a
layer and do not allow discriminating between a
continuous increase or sharp interfaces. We there-

Fig. 3. A posteriori mean velocity probability in the crust
with a TSp3TS value of 38 s when generated by the 28 km
deep discontinuity. The probability of a given velocity value
in a layer is the sum of probabilities of all models with this
value in this layer. The black line represents the most likely
model. Only impacts were used for this model, limiting there-
fore the number of unknowns to three for the source (lati-
tude, longitude, and time).

Table 5
A posteriori variance (in seconds) for di¡erent models using the di¡erent arrival times data set (rows 2^7)

Model/data (number) Goins [27] Khan [6] Nakamura [26] Toksoz [4] A B C

Art. impacts (8) 2.72 3.3 2.76 3.91 2.33 2.46 2.59
All impacts (27) 2.49 3.2 2.56 3.37 2.38 2.44 2.50
Near impacts (20) 2.48 3.8 2.39 3.44 2.37 2.21 2.52
Deep+shallow (35) 1.57 3.3 1.70 2.41 1.57 2.42 2.45
Deep (24) 1.56 3.2 1.49 1.73 1.45 1.46 1.49
All (59) 1.98 3.26 2.07 2.82 1.93 1.95 1.97
TSp3TS 38.6 39 38.6 38.2 36 38 38

Row 8 is the TSp3TS for the crustal boundary. Variance is smaller than or comparable in general to [27], and much better than
models from [6], [4] and [26]. The mean error for all data is about 2 s and is close from the ¢nal variance of models A, B, and
C.
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fore did a last test by modifying model B with
gradients in the crust compatible with both the
travel times and the conversion amplitudes (model
C, see Fig. 5). Our three models all have a 30 km
crust, and their mis¢ts are generally better than
those obtained for previously published ones (Ta-
ble 5). Moreover, model C ¢ts the amplitude of
the receiver function much better than a similar ¢t
using a 60 km crustal [23] model. Even by impos-
ing the Sp3S travel time to come from a deeper
interface and searching models with discontinu-
ities at 60 km, we did not ¢nd any discontinuity
at that depth compatible with both the travel time
and the conversion.

4. Crustal structure and thickness

As shown in Fig. 3, a discontinuity (or rapid
gradient within 5 km) is found at a depth of
30R 2.5 km and is proposed as the crust^mantle
interface. This is shallower than the depth of 35^
45 km of Khan et al. [7] : tests with Nakamura’s
data set indicate that the di¡erence could be asso-
ciated with the di¡erent data and data error
weight (Gagnepain-Beyneix et al., in preparation).
Anyway, these two values are much smaller than
the 60 km found by the other seismic studies
[4,5,26,27]. A smaller discontinuity is also ob-
served for S at that depth. The Vp/Vs ratio de-
creases from high values around 2 in the ¢rst 30
km to the standard value of 1.73 below 45 km
suggesting that the velocity pro¢le re£ects frac-
tures of the medium rather than possible composi-
tional changes [28,29]. Possibly, the slightly lower
depth of the major discontinuity observed in the
S wave velocities when compared to the P wave
pro¢le re£ects some continuation of the impact-
induced cracks below 30 km, i.e. deeper than the
previously proposed 25 km depth [30]. However,
the S velocities have large errors in the crust due
to the low number of high quality S arrival time
data, a consequence of scattering. These features
are therefore within the uncertainties and a con-
stant S velocity might be possible too. All seismic
data we used favor a crust^mantle discontinuity
at a depth around 30 km in the PKT. The large a
posteriori velocity errors in the transition zone

(and also in the crust) observed in Fig. 3, includ-
ing the bimodal distribution at depth 15^28 km,
may suggest large lateral velocity variations: this
might re£ect either velocity changes related to im-
pact fractures, serial magmatism taking place

Fig. 4. (A) Same as Fig. 3 for the mantle structure. All
quakes were used for this model. (B) Same as Fig. 3 for the
mantle structure but without the ¢ve meteorites or shallow
quakes sounding the deepest structure.
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after crust formation and through the fractures
produced by impact cratering or the fact that seis-
mic data are sampling di¡erent terranes of the
Moon. Although an estimate of the mean plane-
tary crustal thickness will need joint constraints of
seismic and gravity data as well as the elevation of
the Apollo landing sites we assume here an overall
reduction of the crustal thickness by as much as
30 km for our model (20 km for the Khan et al.
value [7]), leading, as we will show below, to a
mean crustal thickness of the Moon in the range
of 40 km when the other terranes are taken into
account [16].

5. Upper and middle mantle structure

In the upper mantle, P and S velocities are

about 7.75 km/s and 4.5 km/s respectively, close
to values determined by Goins et al. [27] but dif-
ferent from the ones of Nakamura [26]. Other
features are observed for the deep structure
(Figs. 4A and 6), such as a slight velocity decrease
with depth and an increase below 750 km depth
(i.e. 1000 km in radius) of the mean velocity. We
do not ¢nd any P velocities much higher than 8.5
km/s, con¢rming the range of values found in
most previous studies. This is a major di¡erence
with the Khan et al. models [6,7], for which the
99% credible intervals below 700 km are centered
at velocities higher than 10 km/s, pointing out, as
noted by Khan et al. [7], more the ill-determined
nature of seismic velocities at these depths than
any mineralogical information. We also do not
¢nd a low shear velocity zone in the middle man-
tle, with its base at 500 km depth as in Nakamura

Fig. 5. Close-up of the crustal structure found in this study (models B and C) compared to other structures with a crustal thick-
ness of 60 km. Model B is constrained by the arrival times only either of direct P and S body waves or crustal conversion from
S to P. Model C is also constrained by the amplitudes of the receiver function.
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[26], which was interpreted as a distinct layer in
the lunar middle mantle, but rather a continuous
decrease of P velocity down to about 750 km
depth, where we observe an increase of the P ve-
locity. As the pressure is low in the lunar mantle,
the e¡ect of temperature increase dominates on
the seismic pro¢les and can produce this velocity
decrease, as pointed out by Goins [27].

Tests have shown that the velocities found in
the upper mantle down to a depth of 500 km are
stable to within R 150 m/s for several inversions
with smaller velocity spacing (Gagnepain-Beyneix
et al., in preparation). Together with the search
strategy, this allows us to con¢rm a 3c error of
about R 150 m/s for these depths. The resolution
of the seismic data set returned by the Apollo
mission is, however, very poor concerning the
lower mantle. Let us for example consider the
P velocity increase obtained at a depth of 750 km
in Fig. 4A. If we do not enter into the data set the
¢ve deepest quakes, we get another model (Fig.
4B), closer to Nakamura’s model [26]. Our con-
clusion is that any deep discontinuity, if existing,
is very poorly constrained by the Apollo data set
and must be interpreted with care in terms of
mantle structure. An overall increase of the seis-
mic velocities between 500 and 800 km depth is,
however, likely, either gradual or as a discontinu-
ity. The determination of its depth is, however,
strongly model- and event-dependent.

We now focus on the model interpretation in
the upper mantle of the Moon, i.e. the ¢rst 500
km (Fig. 4A). We compare ¢rst the seismic veloc-
ities with eight mantle models proposed by vari-
ous authors [31^35] all listed by Kuskov [31] (Fig.
6). In order to select among these models, we
allow the mantle temperature to change and com-
pute the mis¢t between the thermally shifted P
and S pro¢les and our velocity model in the upper
mantle. We take a mean relative temperature sen-
sitivity for Vp and Vs of 1% for 100‡C of temper-
ature shift, close to the mean value obtained by
Kuskov [31] for model 5. This sensitivity may of
course depend on the mineralogy and be di¡erent
for P and S velocities, but the typical errors of
velocities in the upper mantle prevent us from
any detailed analysis. We also take the constraints
from magnetic sounding [38] (see Fig. 8), which

typically provide a range of +100‡C/3600‡C with
respect to the 900‡C taken by Kuskov [31] at a
depth of 400 km.

Models 1^4 need velocities smaller by 2^5%,
especially for P, and therefore temperatures ex-
ceeding the magnetic sounding upper constraints.
Model 8 needs 7% higher velocities and has to be
colder than the lowest temperature. Three models
remain and we focus on the two models (5 and 7)
closest to our velocity pro¢le, the last one needing
a temperature change twice higher and close to
our limits. These models correspond to two class
of pyroxenite models, with either a low FeO con-
tent of about 14% and Al2O3 and CaO contents
of 5.1% and 4.1% respectively (model 5 of Fig. 6,
now de¢ned as model I) or more FeO and less
Al2O3 and CaO (model 7 of Fig. 6, now model
II). As developed below, we prefer model I for
both geochemical and geophysical reasons. Model
I, proposed by Ringwood and Essene [35], is con-

Table 6
Comparison between the obtained density and seismic veloc-
ities and those of model I or model II (models 5 and 8 from
[31])

Geophysical parameter Model I Model II

Mantle density at 900‡C/400 km
(kg/m3)

3365 3454

Shear velocity at 900‡C/400 km
(km/s)

4.437 4.436

Bulk velocity at 900‡C/400 km
(km/s)

7.591 7.68

Mantle density at 285^410 km
(kg/m3)

3378 3378

Shear velocity at 285^410 km
(km/s)

4.50 4.50

Bulk velocity at 285^410 km
(km/s)

7.75 7.75

Mantle density temperature Shift
(‡C)

365 +380

Shear velocity temperature Shift
(‡C)

3280 3365

Bulk velocity temperature Shift
(‡C)

3215 395

Least square temperature Shift
(‡C)

3225 3140

Residual after temperature shift
(%)

0.55 2.23

The residual is the square root of the sum of squared di¡er-
ences between the inverted value and model values, when
corrected for the temperature by a least square ¢tting.
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strained by the composition of mare basalts at
depths of 200^500 km. Extrapolating the chemical
composition of model I in the mantle, we ¢nd a
bulk composition of the Moon’s mantle+crust of
53.5% SiO2, 6.4% Al2O3, 13.3% FeO, 21.9% MgO
and 4.9% CaO for a 40 km crust with composi-
tion provided by Taylor [15]. This value, close to
the 13% bulk FeO found by Jones and Hood [36]
or Mueller et al. [37], might, however, be a¡ected
by a lower mantle with a di¡erent composition.

Independent density constraints on the lunar
interior [3] also favor model I instead of model
II. The relevant measurements are the mean
density, mean radius and inertia factor of
b=3343.7 R 0.3 kg/m3, a=1738 km and I/Ma2 =

0.3931R 0.0002 [3]. We model the Moon with four
layers: a homogeneous crust, a transition layer in
the upper mantle, a mantle and a core. The tran-
sition zone corresponds to a possible density gra-
dient between the mantle and the crust. More
complicated models may ¢t the data better but
are much less resolved. The results for the mantle
are shown in Fig. 7, and obviously depend on the
crustal thickness as well as on a possible transi-
tion zone in the uppermost part of the mantle. We
compute the mean crustal thickness by taking into
account the di¡erent terranes of the Moon whose
densities and surface fractions are given by Jolli¡
et al. [16]. For a PKT thickness of 60 km, we have
a lunar crust density of 2920 kg/m3 and a mean

Fig. 6. Plot of the seismic velocities for di¡erent models, as compared to the velocities of Fig. 4A (continuous line). 220 m/s and
390 m/s in S and P velocity, respectively, correspond to about 500‡C in temperature shift for model 5. See details of composition
in table 2 of Kuskov [31]. Model 1 is an Al- and Ca-rich composition [32], model 2 is a Fe-rich composition [33], model 3 an in-
termediate model with orthopyroxene [33], model 4 a pyrolite composition [34], model 5 a model of lunar pyroxenite constrained
by the source of mare basalt at depths of 200^500 km [35], and models 6^8 are pyroxenite models satisfying the mean velocity
the upper velocity bound and lower velocity bound of the Nakamura model [26] obtained by Kuskov [31]. For models 5 and 7
we need the smallest temperature change.
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thickness of 70 km. For a PKT thickness of 30
km (our results), we ¢nd a mean thickness of 39
km. This mean thickness is 49.5 km when the
PKT thickness is taken as 40 km (Khan et al.’s
results [7]). For a crustal density of 2910 kg/m3

and no transition zone, the mantle densities in
these two cases range from 3332 kg/m3 to 3334
kg/m3 and from 3339 kg/m3 to 3340 kg/m3 respec-
tively, depending on the core size (Fig. 7). These
values are slightly sensitive to a transition zone, in
which the density varies between 3100 kg/m3 be-
low the crust and the mantle density 10^20 km
below. We now choose 3337 kg/m3 for the mean
mantle density.

Both seismic velocities and density can now be
used to constrain the mantle temperature. Esti-
mates are provided in Table 6, by computing

the velocity shift necessary to explain the bulk
velocities at depth in the range of 238^458 km
and 458^738 km and the mean density in the
mantle. By using velocities, this provides temper-
atures around 675‡C and 950‡C respectively at
these depth ranges. We also ¢nd that model I
¢ts twice better (in variance reduction) the density
of the mantle than model II, even if the values
correspond to a hotter temperature than for ve-
locities, between 800‡C and 900‡C at about 350
km. Note here that model II is almost inconsistent
for the joint interpretation of the velocities and
density: velocities imply a colder mantle, while
the density implies a hotter one. Fig. 8 shows
that these temperatures correspond to the cold
models found by Hood et al. [38], i.e. a mixture
of 50% pyroxene and 50% olivine, which is quite
comparable in Al2O3 to our model I. These tem-
peratures are slightly smaller than the standard
estimates, such as those proposed by Hood and

Fig. 7. Mantle density found for three di¡erent models with
respect to crustal thickness. The two unknowns (mantle and
core density) are found from the two data (mean density and
inertia factor) assuming values for the crust density, thick-
ness, and core size. Crust density is 2920 kg/m3. The case
with a homogeneous crust and mantle is shown as well as
with a zoned upper mantle with a density equal to 3100 kg/
m3 just below the crust reaching the mantle value 10^20 km
below. The mantle density depends very slightly on the core
size and the ¢gure here is for a core size of 350 km. Hori-
zontal lines are mantle densities for di¡erent temperatures
for model I. Best ¢t is in the range 800^900‡C. The median
sensitivity for density and inertia factor is about 350 km
deep.

Fig. 8. Comparison of temperatures from this model and
previous studies. The solid line is the solidus temperature of
the mantle and the almost horizontal short dashed and long
dashed lines indicate the melting temperature of Fe and Fe^
S respectively. The square gives the temperature proposed by
Hood and Zuber [10]. The short dashed curve gives the mini-
mum and maximum range of temperature for a mantle mod-
el with a composition 50% Px and 50% Fo as proposed by
Hood [9,38]. The two other long dashed curves are tempera-
tures for a pure Px model. The horizontal black bar is the
estimated temperature for two depth ranges.

EPSL 6637 23-5-03 Cyaan Magenta Geel Zwart

P. Lognonne¤ et al. / Earth and Planetary Science Letters 211 (2003) 27^4438



Zuber [10]. These colder temperatures are more in
accordance with other geophysical constraints,
such as selenotherms obtained from the observed
electrical conductivity of the Moon and inverted
with aluminous orthopyroxenes [38] and low at-
tenuation in the middle mantle [4,11]. They also
favor mascon maintenance over 3^4 billion years
[39] even if the latter can also be achieved with
lower mantle viscosity due to the smaller plane-
tary radius [40]. The increase of the temperature
in the ¢rst 700 km can therefore be associated
with the present thermal lithosphere of the
Moon, possibly as thick as 700 km [41].

6. U content and Moon formation constraints

Let us now estimate the global U bulk content
of the Moon with our crustal and mantle compo-
sition constraints. With the terranes approach of
Jolli¡ et al. [16], a mean crustal abundance in Th
of about 1.05 ppm, an average thickness of about
70 km and a lunar bulk crustal contribution of
about 29 ppb were found for a Th/U ratio of 3.67.
A new crustal thickness has a major e¡ect on this
budget and moreover the results will depend on
the thicknesses of the upper and lower crust of
Feldspathic Highland Terrane. If the crustal re-
duction is distributed in both layers equally, a
PKT crustal thickness of 30 km leads to a bulk
Th, mean crustal thickness and bulk U of 1.01
ppm, 39 km and 16 ppb respectively. For a 40
km thick PKT crust, closer to the value found
by Khan et al., we get 1.03 ppm, 49.5 km and
20.4 ppb respectively. However, if the crustal
thickness reduction a¡ects mainly the lower crust,
a lower bulk U is found due to the enrichment in
Th of the lower crust compared to the upper one.

Another approach to estimate the bulk U of the
mantle is to assume a C1 origin for the bulk
Moon, and to assume no fractionation between
Al2O3 and U [15]. A bulk U of 32 ppb is then
obtained. However, a C1 origin, and more gener-
ally a pure chondritic origin, of the Moon is prob-
ably incompatible with the impact scenario, in
which the Moon forms from a mixture of Earth’s
crust, Earth’s upper mantle, proto-Moon mantle
and proto-Moon core. During this impact, a large

part of the Earth proto-crust, probably already
di¡erentiated, was likely to be ejected, leading to
some enrichment in U.

The lunar mantle composition, however, gives
some constraints on this early mixture, even if the
results are model-dependent. For that purpose, let
us assume that the Moon relative content FMo

X for
the chemical species X, such as SiO2, Al2O3,
MgO, CaO and U is:

FMo
X ¼ a FEc

X þ b FEm
X þ c FMoP

X

i.e. the sum of species from the Earth crust (FEc
X ),

the Earth mantle (FEm
X ) and the mantle of impac-

tor (FMoP
X ), while the FeO content is provided by:

FMo
FeO ¼ a FEc

FeO þ b FEm
FeO þ c FMoP

FeO þ d

where a, b, c are the fractions of the Moon orig-
inating from the Earth crust, mantle, and impac-
tor mantle, and d is the fraction of FeO in the
Moon’s mantle produced by a post-impact oxida-
tion of iron from the impactor core. The rest of
the impactor core is assumed to join the Earth or
the lunar core. Let us now assume FI

FeO ¢xed to
the value of model I and determine the fractions
of Earth crust, mantle and mantle impactor
needed to explain the actual composition of the
Moon upper mantle in SiO2, Al2O3, MgO, CaO.
These fractions a, b, and c will be found by a least
square ¢tting of the computed values FMo

X with
the values FI

X of model I for the species SiO2,
Al2O3, MgO, and CaO. This leads to the minimi-
zation of C, de¢ned as:

C ¼ ðF I
SiO2

3FMo
SiO2

Þ2 þ ðF I
Al2O3

3FMo
Al2O3

Þ2þ

ðF I
MgO3FMo

MgOÞ2 þ ðF I
CaO3FMo

CaOÞ2:

If we assume that all materials originate from
these reservoirs, we have the supplementary con-
straint:

1 ¼ a þ b þ c þ d

The composition of the primitive Earth at the
time of impact is poorly known and we assume a
primitive tholeiitic crust (with either continental
or oceanic composition), together with a residual
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upper mantle with a composition close to eclogite
extract, as suggested by Anderson [42]. We con-
sider two chondritic models for the proto-Moon,
either carbonaceous (C1) or enstatite (ES). The
compositions of the di¡erent reservoirs are given
in Table 7. Generally our results show that the
SiO2 content is so low for C1 composition that
the mixing coe⁄cient found for minimizing C are
unphysical, i.e. not in the range of [0^1]. A solu-
tion can be found only for an ES origin of the
proto-Moon (Table 8). With about 8% enrich-
ment in SiO2, we can match the Moon bulk com-
position with 24% primitive Earth tholeiitic oce-
anic crust, 8% primitive Earth upper mantle based
on eclogite extract and 67% associated with ma-
terial originating from the proto-Moon (58%
from the mantle with modi¢ed ES composition
and 9% FeO related to oxidation of former core
iron). An alternative is found if the primitive
Earth crust is enriched in SiO2. If the thickness
of this Earth crust is about 40 km, this is equiv-
alent to 35% of the Earth’s crust. Several argu-
ments support our proposal for such a proto-en-

statite Moon: the obtained fractions having an
Earth origin and proto-Moon origin are ¢rst com-
parable to those obtained by the simulation of an
impact between a proto-Moon and an almost
completely formed Earth [43]. In these experi-
ments, the fraction of the orbiting mass originat-
ing from the impactor does indeed range from 0.6
to 0.9. Moreover, the analysis of these experi-
ments has shown that about 30% (20%) of the
topmost 30 km (75 km) of the proto-Earth was
ejected beyond the Roche limit and was therefore
re-accreted in the Moon (C. Fryer and W. Benz,
personal communication). These values are close
to our results.

We also found about 6% of iron originating
from the proto-Moon core, a value reached for
impact parameters higher than 0.85. Second, we
have an almost perfect coincidence in 17O and 18O
for enstatite chondrite with the Earth’s and
Moon’s mantle [44]. Third, either a ¢rst stage of
the accretion, for about 80% of the Earth’s mate-
rial [46], or the complete accretion [45,47] might
be done with very reducing materials comparable

Table 7
Compositions of the di¡erent reservoirs used in the model after Anderson [42]

Notation SiO2 Al2O3 FeO MgO CaO U Fe+Ni
(%) (%) (%) (%) (%) (ppb) (%)

C1 chondrite FMoP 30.9 2.4 32.5 20.8 2 13 1.3
ES chondrite 39.1 1.9 1.7 21.3 1.6 9 28.4
Continental tholeiite FEc 50.6 13.6 10 8.5 10 60^80 ^
Oceanic tholeiite 50.7 15.6 9.9 7.7 11.4 60^80 ^
Eclogite extract FEm 46.2 8.3 12.3 24.1 6.9 20
Moon bulk model Fdat 53.5 6.4 13.3 21.9 4.9

Table 8
Fractions of the di¡erent reservoirs for the Moon formation

ES non-SiO2 fractionation Continental tholeiites Oceanic tholeiites

Earth crust Earth mantle Proto-Moon Iron core Earth crust Earth mantle Proto-Moon Iron core

1 0.312 30.087 0.685 0.089 0.284 30.144 0.763 0.096
0.98 0.303 30.028 0.638 0.087 0.275 30.076 0.709 0.093
0.96 0.295 0.024 0.596 0.085 0.267 30.02 0.66 0.09
0.94 0.287 0.069 0.56 0.083 0.26 0.03 0.618 0.088
0.92 0.281 0.109 0.528 0.0813 0.244 0.078 0.581 0.086
0.9 0.275 0.145 0.449 0.0798 0.248 0.118 0.549 0.0846

Case with an enstatitic chondritic Moon and with a fractionation of SiO2 (from 0 to 10% depletion). The left four columns are
for a proto-Earth crust with a composition given by continental tholeiites. The right four columns are for a proto-Earth with a
composition given by oceanic tholeiites.
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to enstatite. During that period, the Mars-sized
impactor was probably already formed, as well
as the central part of the Earth corresponding to
the lower mantle, for which a good match of the
isotopic composition of nitrogen with enstatite is
likely, as reported for diamonds originating in the
deep upper mantle and lower mantle [48].

With this model, the bulk U content is mainly
related to the U enrichment of the tholeiitic prim-
itive crust. Let us assume a bulk U of 20 ppb for
the proto-Earth and 9 ppb for the enstatite bulk
composition. Assuming a core mass of 30% for
the Earth impactor, this yields about 14 ppb for
the bulk mantle of the Earth impactor. The bulk
U of the Moon is then found to be between 28
ppb and 33 ppb for a relative enrichment between
3 and 4 and no depletion of the primitive Earth
mantle. With a depletion of 75%, we get between
25 and 31 ppb. In all cases, therefore, a cosmo-
chemical mean value of about 28 ppb seems rea-
sonable from a reservoir approach and is more-
over coherent with the geophysical overall budget
of U in the crust, depleted upper mantle and non-
depleted lower mantle, based on more geophysical
arguments related to heat £ux. By taking 28 ppb
and assuming known the amount of U in the
crust from the terrane inventory and crustal thick-
ness determination, we can now address the prob-
lem of the mantle depletion. The key parameter is
the radius of the transition between the primitive
and depleted mantle. The only seismic discontinu-
ity is found at a depth of about 750 km, 200 km
deeper that the 550 km interpreted in the Naka-
mura model [26] as the base of the primordial
lunar magma ocean. However, as noted previ-
ously, this seismic discontinuity is very poorly
constrained and is very likely both model- and
data-dependent. Many recent studies, however,
con¢rm that the Moon’s initial state was very
hot as a consequence of the large amount of en-
ergy released after the giant impact as well as the
very rapid re-accretion rate of the lunatesimal.
The depth of the magma ocean is then estimated
to be between 500 and 1000 km. Let us therefore
assume that the upper mantle is depleted to about
73%, as assumed by Binder and Lange [49], and
that the lower mantle is undepleted. For an a
posteriori U bulk of 28 ppb, we need a base of

the magma ocean 760 km deep, with about 17
ppb in the crust, 6.2 ppb in the upper depleted
mantle and 5.8 ppb in the lower undepleted man-
tle. A core was assumed here, with a radius of 300
km. The two di¡erent bulk U estimates therefore
match nicely the di¡erent constraints of our mod-
el (crustal thickness, upper mantle composition
and possible 750 km discontinuity). They are
also close to the upper estimate of Rasmussen
and Warren [12]. Much of this coherence is re-
lated to the crust thickness. A thicker crust of
about 70 km, as previously considered, is indeed
equivalent to more than 30 ppb of bulk U [15].
Such a thick crust, plus a shallow depth for the
primitive magma ocean as for the Nakamura
model [26], lead to an a posteriori bulk budget
larger than 40 ppb, even with full depletion of
the upper mantle in U, and therefore to inconsis-

Fig. 9. A priori rays for the Nakamura model. Blue rays are
for the deep events, red for the meteorite impacts and green
for the shallow moonquakes. Only the rays corresponding to
error bars less than 10 s are plotted. P wave rays are repre-
sented in the upper part, S waves in the lower one. Note
that for impacts with epicentral distances greater than 90‡
only the P arrival times are useful for the inversion, therefore
providing only one datum for the structure determination
after localization of the impact. A total of 319 P and S arriv-
al time data were used to constrain 59 seismic sources in-
cluding 185 source parameters and 134 degrees of freedom
available for internal structure constraints.
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tencies between geophysical and geochemical
data. Moreover, an enrichment of U during the
Moon formation is then mandatory.

7. Indirect constraints on the core

As shown by Fig. 9, our seismic model does not
constrain the core directly: this seismic determi-
nation needs seismic phases traveling through the
core, which will hopefully be ¢rst recorded by
Lunar A [24]. However, by providing both the
seismic determination of the crustal thickness
and indirect mantle and crust densities, through
mineralogical hypotheses, we can constrain the
mass of the core. The range of models is shown
in Fig. 10. Estimates based on the lunar induced
magnetic moment in the geomagnetic tail [10] pro-
vide a core radius of 340R 90 km. For a density of
2910 kg/m3 in the crust and a 20 km transition
zone where density increases from 3100 kg/m3 to
the mantle value, we ¢nd a density between 6400
kg/m3 and 6600 kg/m3 for a 400 km core, i.e.
about 50% FeS and 50% Fe in composition.
Only the core mass is constrained: pure Q-Fe

core composition leads to a core size of about
330^350 km while Fe^S leads to about 500^550
km, with a radius slightly less than the size pro-
posed by Kuskov and Kronrod [50]. Increasing
the thickness of the transition zone reduces the
core mass.

Fig. 8 shows that the extrapolation of the man-
tle temperatures toward the center of the Moon is
compatible with a Fe^S liquid core, necessary to
explain lunar ranging data [51]. Temperatures
much higher than the solidus and/or necessary
for a liquid pure iron core are incompatible with
our model. If the core is fully liquid, a rather large
core is therefore likely even if a more complex
mantle structure, especially with a mantle density
gradient between the upper and lower mantle,
could lower its size.

8. Conclusion

We presented a new lunar model based on the
arrival times of P and S waves from about 60
deep and shallow lunar quakes and surface im-
pacts. It provides a new estimate of the crustal
thickness, in the range of 30R 2.5 km, on the
PKT leading to a mean crustal thickness of 40
km with a density of 3320 kg/m3. With a com-
pletely independent set of travel times, this there-
fore con¢rms other recent studies [6^8] pointing
to a thinner crustal thickness. We also propose a
lunar mantle dominated by a temperature increase
reaching about 700‡C and 900‡C at depths of 350
km and 600 km respectively. In the upper mantle
of the Moon, at depth around 350 km, we ¢nd
shear velocities of 4.5 R 0.150 km/s and 7.75R
0.150 km/s.

The mantle velocities and density ¢t with a py-
roxenite mantle. Together with an anorthosite
crust of 40 km, we ¢nd a bulk composition of
the Moon’s mantle+crust of 53.5% SiO2, 6.4%
Al2O3, 13.3% FeO, 21.9% MgO and 4.9% CaO.
This composition can be explained by the colli-
sion between the primitive Earth and an impactor
with a composition close to enstatite chondrites.
For example, a bulk Moon constituted of about
28% primitive Earth tholeiitic crust, 10% primitive
eclogite extract originating from the primitive

Fig. 10. Core density constraints for di¡erent thicknesses of
the transition zone between the mantle and the crust with re-
spect to the thickness of the crust. Several curves are shown
for di¡erent core radii. The upper horizontal line matches
the density of pure Q-Fe while the lower one is for density of
Fe^S.
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mantle, 53% impactor mantle and 8% impactor
Fe core ¢ts the lunar upper mantle composition.
A slight enrichment in SiO2 is needed, either from
the impactor enstatite reservoir or from the prim-
itive Earth crustal reservoir. Such a model implies
a tangential impact, in order to put in orbit
enough iron from the impactor. The water neces-
sary for oxidation of the iron is found to be small
compared to the water available in both the Earth
ejecta and proto-impactor ejecta.

Lastly, we propose a bulk U content of 28 ppb,
compatible with those obtained either from an
inventory of the source of U in the di¡erent res-
ervoirs participating in the formation of the
Moon or from an inventory of the present U in
both the crust, depleted upper mantle and a de-
pleted lower mantle having its base at a depth of
760 km.
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