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Introduction: The widely accepted model for the 

origin of the Earth-Moon system as the result of a 
Mars-sized giant impactor colliding with proto-Earth is 
inconsistent with a variety of new isotopic data. Gen-
erally, it is thought that the Earth and the Mars-sized 
Moon-forming impactor were isotopically different 
(for mass independent isotopic variations). Therefore, 
according to the “canonical” Moon forming SPH simu-
lations, the Earth and the Moon should end up isotopi-
cally different from each other and that is inconsistent 
with observations. In contrast, isotopic studies have 
demonstrated that the Earth and Moon are remarkably 
similar in their isotopic compositions for many ele-
ments (notably mass independent isotopic composi-
tions of O, Ti, Cr and W, and mass dependent isotope 
compositions of Mg and Si). This similarity between 
the Earth and Moon is unique in our Solar System 
when compared to other planetary bodies. In particular, 
the isotopic similarity in W isotopes and Hf/W ratios 
are unexpected, as this is a system that evolves with 
time after the formation of the solar system. It provides 
a fundamental constraint on the theory of the origin of 
the Moon; any successful model must properly explain 
such similarity between the Earth and Moon. We have 
developed a new model (see companion abstracts: [1-
4]) that we believe is capable of meeting the isotopic, 
chemical and physical modeling constraints. In this 
model the Moon condenses out of bulk silicate Earth 
(BSE) vapor. The requirement is that the silicate Earth 
and impactor materials are shocked to a sufficiently 
high energy state such that upon adiabatic release to 
lower pressures this material forms a single phase fluid 
that bypasses the critical point and the Moon forms 
surrounded by 10’s of bars of BSE gas. During Moon 
formation, the most volatile components stay in the 
vapor resulting in the well-known volatile element 
depletion of the Moon. Many siderophile elements are 
more depleted in the Moon’s mantle compared to the 
Earth (Ni, Mo, Re) that has been taken as evidence for 
the formation of a small (few percent) lunar metal core 
after/during the formation of the Moon. We first dis-
cuss the constraints on the composition of the Moon 
and then we explore the case of the 182Hf-182W evolu-
tion as many previous studies have reported measure-
ments that suggest that the 182W/183W isotopic compo-
sitions of the Earth and Moon are essentially the same; 
in addition their Hf/W ratios are similar. This is sur-
prising in light of abundant evidence for a small lunar 
core. We show here that the inferred elemental compo-

sition of the Moon is consistent with the new model 
and that a small lunar core may only lead to insignifi-
cant effects in the Hf-W isotopic system while having 
major effects on elements like Mo. 

The Bulk Silicate Composition of the Moon: The 
bulk silicate Earth (BSE) composition is compared 
with different estimates of the bulk silicate Moon 
(BSM) in Figure 1 for the major, minor and selected 
trace elements. For the Earth we chose the widely used 
BSE composition of [5]. The gray band in Figure 1 
shows a range of estimates of the bulk Moon composi-
tion (BSM) normalized to the bulk silicate Earth. Our 
range of estimates of the bulk Moon composition is 
based on data and discussions provided by [6-17]. 

  

 
Figure 1: The grey band indicates the range of 
estimates for bulk lunar composition. Colored lines 
show predicted composition of the Moon from our 
model for a variety of conditions [3] and are consistent 
with our inferred BSM composition. 
 

 All BSM estimates are depleted in volatile ele-
ments (Na, K, Mn) relative to BSE, but there are sub-
stantial differences in Fe enrichment. The estimate of 
[10] reflects an early view that the Moon, in addition to 
volatile element depletion, is enriched in refractory 
elements and Fe (mg# = 84). Other early estimates, 
such as [7,9,12] predict similar enrichment in Fe, but 
not in refractory elements. Because olivines with mg# 
of 87.5 have been found in two old lunar rocks (trocto-
lite 76535 and dunite 72415), it is difficult to under-
stand how the bulk silicate Moon could have an Mg# 

10-4

10-3

10-2

10-1

100

Ni KCo CuW Cr Mn Na ZnCaHf TiAl MgMo Si GeFe

Model BSE
Moon's range

50 bar 3910K

25 bar 3700K

20 bar 3630K

15 bar 3545K

10 bar 3415K

5 bar 3190K

1 bar 2485K

2713.pdf47th Lunar and Planetary Science Conference (2016)



as low as 8
compositio
Re-evaluat
straints fro
gests a lun
thickness o
longer sup
richment in
normalized
Al, Ti and
have close 
Moon [16]
elements H
vary in a v
ties in vari
main plane
uncertainti
sent directl
Mg throug
ratio of the
about 75. T
have deple
being parti
[10,16]. Th
cussed in 
show pred
model for 
with our in

Figure 2:
silicate D-v

84. More recen
ons with mg# o
tion of lunar 
om the recent G
nar crustal thic
of Apollo-era 
pports refracto
n the Moon. C
d to the refrac
d other refract
to chondritic r

]. The same is
Hf, W, Mo an
very small rang
ious estimates 
et-building ele
ies because of 
ly the lunar ma

gh the possible
e BSE is about
The moderatel
etion factors in
icularly well es
his is a major
this paper. Th

dicted compos
a variety of 

nferred BSM co

: Calculated 
values for the 

ntly [14,15,17]
of 87-90, simi
seismic data 

GRAIL mission
ckness of 30–
estimates. The

ory element (C
Compositions 
ctory element 
tory elements 
ratios in both th
s true for the 
d Pr. The refr
ge due to the 
of their chond

ements Mg and
the lack of sam
antle composit
e range of mg
t 60 while that
ly volatile elem
n the BM of 5
stablished base
r constraint on
he colored lin

sition of the M
conditions and
omposition. 

relationship b
Earth and Moo

] proposed BSM
ilar to the Eart

[18], and con
n [19], now sug
40 km, half th
erefore, [16] n
Ca, Ti, Al) en
in Figure 1 a
Al because C
are believed 

he Earth and th
refractory trac

ractory elemen
small uncertain
dritic ratios. Th
d Si have larg
mples that repr
ion. Fe is tied 
#’s. The Fe/M
t of the Moon 
ments K and N
5 to 10, with 
ed on K/U ratio
n the model di
nes in Figure 
Moon from ou
d are consiste

between meta
on and the lun

M 
th. 
n-
g-
he 
no 
n-

are 
Ca, 

to 
he 
ce 

nts 
n-
he 
er 

re-
to 

Mn 
is 

Na 
K 
os 
is-

1 
ur 
nt 

 
al-
nar 

mass f
Pr/Mo
 

Lu
and P
W(CHU

and M
and 75
lunar c
calcula
DMoon(W

of the 
indicat
the rec
predict
behavi
mation
during
core fo
values
ure 2)
on met
model

 
Re

Abstra
LPS X
(2015)
(2015)
W.F. a
253. [6
Moon 
Royal 
J.W. e
[9] Ri
Moon.
Taylor
spectiv
502 p.
friction
(Spring
A. E., 
[13] T
Crusts
Cambr
(2005)
(2005)
Acta 7
Cosmo
(2015)
Logno
27–44
339, 6

fraction as con
o ratios in the E

unar Core fo
Pr-Mo fractio
UR) = +1.9 ±0.2

Moon. In contra
50 for the Mo
core formation
ate the metal s
W)/DEarth(W) and
lunar core siz

te the core siz
cent GRAIL m
ted by our BS
ior of Mo and
n in the Earth a
g lunar core fo
formation, whil
s for the curve
) are broadly co
tal-silicate par
s for lunar core

eferences:  [1]
act #this vol. [
XLVII, Abstrac
) LPS XLVII, A
) LPS XLVII,
and Sun S. (19
6] Ringwood
16, 425. [7] W
Soc. (London)

et al. (1978) Th
ingwood A. E
. Springer-Ver
r S. R. (1982)
ve. Lunar and 
. [11] Wänke H
n and the Ear

nger-Verlag, 19
et al. (1987) E

Taylor S. R. an
s: Their Com
ridge Univ. P
) Meteoritics 
). [15] Longhi
70, 5919-5934.
ochim. Acta 1
) Earth Plan
onné P. et al. (2
. [19] Wieczo
71. [20] Righte

nstrained by W
Earth, Moon an

rmation, the 
onation: The 
2 are the same
ast, the fPr/Mo o
on apparently 
n. Using these
silicate partitio
d DMoon(Mo)/DE

ze. The results
ze of ~ 1.0 - 1.
models and th

SE vapor conde
d W is differe
and Moon. Mo
ormation comp
le the opposite

es in the range
onsistent with 

rtitioning for W
e formation [20

 Lock S. et al
[2] Lock S. an
ct #this vol. [3
Abstract #2468

Abstract #226
995) Chemical
A.E. and Kess

Wänke H. et al
n), Ser. A 285,
The Moon and 
E. (1979) Orig
rlag Inc., New
) Planetary sc
Planetary Inst

H. and Dreibu
rth’s rotation 
982), pp. 322–
Earth Planet. Sc
nd McLennan 

mposition, Orig
Press, 378 p. 

& Planetary
i J. (2006) Ge
 [16] Taylor S
141, 670-676.
net. Sci. Let
2003) Earth P
orek M.A. et 
er K. (2002) Ic

W isotopes, Hf/W
nd chondrites.

182Hf-182W s
fHf/W ~ 18 ±

e for both the
of ~ 50 for the

reflect the eff
e constraints w
on coefficient 
arth(Mo), as a fu

s shown in Fig
.5 % consisten
he amount of 
ensation mode
ent during cor
o is more sider
pared to the E
e is true for W

e 0.015 to 0.02
experimental r

W and Mo and 
0]. 

. (2015) LPS X
nd Stewart S. (
3] Petaev M.I.
8. [4] Huang S
61. [5] McDo
l Geology 120
son S.E. (1977
. (1977) Phil. 
, 41-48. [8] M
the Planets 18

gin of the Eart
w York, 307 p
cience: A luna
titute, Houston

us G. (1982) in
II, B. P., S. J

–344. [12] Ring
ci. Lett. 81, 10
S. (2009) Pla

igin and Evo
[14] Warren

y Science 40
eochim. Cosmo
.R. (2014) Geo
. [17] Hauri 
tt. 409, 252.

Planet. Sci. Let
al., (2013) S

carus 158, 1-13

W and 

system 
±2 and 
e Earth 
e Earth 
fect of 

we can 
ratios, 

unction 
gure 2 
nt with 

metal 
el. The 
re for-
rophile 
Earth’s 
W. The 
2 (Fig-
results 
earlier 

XLVII, 
(2015) 
 et al. 
. et al. 

onough 
0, 223-
7) The 
Trans. 

Morgan 
8, 465. 
th and 
p. [10] 
ar per-
n, TX, 
n Tidal 
J., eds. 
gwood 
5-117. 
netary 
lution. 

n P.H. 
0, 477 
ochim. 
ochim. 
et al. 

. [18] 
tt. 211, 
Science 
3. 

2713.pdf47th Lunar and Planetary Science Conference (2016)


