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Introduction:  The 182Hf-182W system with a half-
life of 8.9 Myr has been successfully applied to date 
the core formation of planetary bodies and provide 
time constraints on their formation [1-4]. The dating 
results are sensitive to core-formation models used in 
interpreting W isotope data [4]. For instance, using 
similar samples, Kleine et al. [2] concluded that the 
core formation age of Mars is 12±5 Myr, while Jacob-
sen [4] obtained a core formation age of 3.3 or 9.7 
Myr. A core-formation model with a global magma 
ocean is well accepted and widely used for the Hf-W 
system. However, the model does not provide a good 
explanation on the non-homogeneous W isotope com-
position in Martian meteorites (Shergottites (S mete-
orites) have an εW(CHUR) of 2.0~3.0 and Nakhlites and 
Chassignites (NC meteorites) have an εW(CHUR) of 
4.65~5.65 [5]). Moreover, current results on some si-
derophile elements (Ni, Co, V, W, Ga, Cu and Sn) are 
consistent with a deep magma ocean model where 
newly segregated core material is assumed to have 
equilibrated at the bottom of the magma ocean, whose 
depth is ~750 to 1450 km [6-9]. The solid lower man-
tle reservoir between the magma ocean and core is 
supposed to be separated from the direct metal segre-
gation that occurred in the upper magma ocean and 
would consequently develop a Hf/W ratio and W iso-
tope composition different from the magma ocean re-
servoir. Here we present a core-formation model with 
a deep magma ocean and a solid lower mantle for the 
Hf-W system, which can produce the W isotope signa-
ture of Martian meteorites and lead to a mean age of 
Mars (0.3~1.6 Myr after formation of the solar sys-
tem). We also discuss its application to the Earth. 

 
Model and Results:  Our planet-building model 

has an early global magma ocean phase (stage I) and a 
consequent deep magma ocean phase (stage II). For 
simplicity, we initially assume that the solid lower 
mantle reservoir started to form when the mantle mass 
of the growing planet reached half the present mantle 
mass. For stage I (global magma ocean phase) we use 
a global magma ocean model with exponentially-
decreasing accretion and continuous core formation as 
described earlier [4]. In stage II (deep magma ocean 
phase), a new reservoir (the early solid lower mantle) 
will grow between the magma ocean and core. Metal 
droplets produced from the upper magma ocean pond 
in a layer at the bottom of the deep magma ocean. The 
growing metal layer eventually becomes unstable and 
breaks into large blobs, which descend rapidly to the 

core without equilibrating with the solid lower mantle. 
This model is consistent with published partition coef-
ficients between silicate melt and perovskite (main 
mineral in lower mantle), which suggests that the solid 
lower mantle would have higher Hf/W and Sm/Nd 
ratios than the upper mantle reservoir [9,10] and that 
the two mantle reservoirs would have  different 
εW(CHUR) and ε142Nd(CHUR) values over time (Fig. 1). We 
name the solid lower mantle as the early lower mantle 
(ELM) and the upper magma ocean reservoir as the 
early upper mantle (EUM)).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 1. Schematic εW(CHUR) evolution during planet 

building process (a. Mars; b. Earth and Moon) in terms 
of our model. Stage I is the phase of early global 
magma ocean; Stage II is the deep magma ocean phase 
as described in text. The ELM reservoir started to form 
at T, when the mantle mass of the growing planet 
reached half the mass in the present mantle. 

 
Our model implies that NC meteorites with 

εW(CHUR) of +5.15 ± 0.50 and ε142Nd(CHUR) of +0.75 ±0.35 
come from a source of ELM of Mars and enriched S 
meteorites with εW(CHUR) of +2.23 ± 0.21 and 
ε142Nd(CHUR) of -0.17 ±0.17 come from a source of Mar-
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tian EUM. The wide variation of ε142Nd(CHUR) of S 
meteorites may be due to consequent mantle differen-
tiation processes after metal segregation [5]. 

An age constraint for Martian core formation is ob-
tained from our modeling by using estimated fHf/W of 
2±0.8 and 6±1 for Martian EUM and ELM respective-
ly from [4]. This yields mean ages of Mars ranging 
from 0.3~7 Myr from NC meteorites and <1.6 Myr 
from S meteorites (Fig. 2) (the mean ages are the time 
that is required to build ~63% of Mars mass [11]). A 
common mean age of Mars (0.3~1.6 Myr) supports 
that Mars formed via runaway growth [12] and its ac-
cretion timescale was ~1 Myr. However, as we see, 
these results strongly depend on fHf/W values in reser-
voirs and we are presently investigating the range of 
Hf/W ratios in early mantle reservoirs to determine a 
more accurate age constraint for Mars. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Present εW(CHUR) value as a function of the 

mean time of accretion (<t>) and fHf/W values assuming 
exponentially decreasing accretion rates. Two horizon-
tal shade areas are ranges of εW(CHUR) of NC (+5.15 ± 
0.50) and enriched S (+2.23 ± 0.21) meteorites and the 
vertical shade area shows the common <t> range of S 
and NC meteorites (0.3~1.6 Myr). 

 
Earth and Moon:  In contrast with Martian mete-

orites, most terrestrial and lunar rocks show a homo-
geneous W isotope ratio (εW(BSE) = 0~0.19), which re-
quires that either the Moon is derived mainly from 
Earth’s mantle or tungsten isotopes in the Moon and 
Earth's mantle equilibrated in the aftermath of the giant 
impact [17]. Dynamical models support that the Moon 
mainly formed from the debris ejected from the impact 
of a Mars-sized body onto the forming Earth [18] and 
the terrestrial magma ocean and lunar-forming material 
possibly underwent turbulent mixing and equilibration 
in the aftermath of the giant impact [19].  

One possibility is that a high-energy convection 
process in Earth’s mantle, resulting from the giant im-
pact, had homogenized the EUM and ELM reservoirs 
of Earth. This process also resulted in W isotope equi-
libration with the lunar material, similar to the current 
explanation of identical oxygen isotope compositions 
in Earth and the Moon [19]. Another possibility is that 
the ELM reservoir of Earth with more radiogenic W 
has separated and survived from the giant impact and 
still exists in deep Earth’s mantle (Fig. 1b). However, 
so far no variation have been found in terrestrial rocks, 
including OIBs and basalts which likely sample the 
deep mantle [13-17]. Further work on modeling the 
giant impact and W-isotopic measurement of terrestrial 
rocks are needed to evaluate the above two possibili-
ties and whether our present model works for the Earth 
and Moon.  

 
Conclusions:  A core-formation model with a deep 

magma ocean and a solid lower mantle, which is con-
sistent with current results on siderophile elements, has 
been formulated for the Hf-W system. Based on this 
model, W isotope data of Martian meteorites imply 
that the mean age of Mars is 0.3~1.6 Myr after forma-
tion of the solar system, which is supported by the 
hypothesis that Mars formed during a runaway growth 
stage (<1 Myr [12]). Such a model appears to be in-
consistent with data for the Earth-Moon system.  
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