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Introduction:  Calculated Lu-Hf and Sm-Nd ini-

tial isotope compositions of shergottites and ALH 
84001 indicate a hybridized upper-mantle is a likely 
source of these materials.  The hybridized mantle 
formed during crystallization of a Mars magma ocean 
where cumulates with depleted Sm/Nd and Lu/Hf ra-
tios and late-stage residual liquids with enriched 
Sm/Nd and Lu/Hf ratios represent the depleted and 
enriched mantle end-member compositions, respec-
tively [1-3].    

Discussion: Shergottites span a range in source 
176Lu/177Hf and 147Sm/144Nd ratios of 0.028 – 0.052 and 
0.18 – 0.28, respectively.  Source 176Lu/177Hf and 
147Sm/144Nd compositions of ALH 84001 (ALH), cal-
culated for the measured Lu-Hf age of 4.091 Ga, are 
0.018 and 0.172, respectively [2].  Although ALH is 
distinct both in age and lithology, its source composi-
tions are consistent with mixtures of depleted and en-
riched mantle end-member components that describe 
the Lu-Hf and Sm-Nd mixing array of shergottites 
(Figure 1).  Furthermore, calculated source composi-
tions of ALH indicate that it is derived from a source 
that has the highest proportion of the enriched compo-
nent relative to recognized shergottites.   

Modeling of a crystallizing 2000 km thick magma 
ocean by Debaille et al. [3,4] provides a data set of 
mantle reservoir Sm-Nd and Lu-Hf compositions we 
have tested for compatibility with the observed source 
variation of shergottites.  An upper mantle (200 - 750 
km) assemblage consisting of olivine, CPX, OPX, and 
garnet (with a majorite component) cumulates and 
trapped residual liquid in equilibrium with the cumu-
lates [3] is consistent with the inferred depth of mantle 
partial melting (250 – 400 km [5]). Furthermore, mix-
ing of the cumulates and trapped liquid in this upper-
mantle assemblage can describe the Lu-Hf and Sm-Nd 
source characteristics of shergottites and ALH (Figure 
1).  This upper mantle assemblage formed during 
magma ocean crystallization of the remaining ~35 – 
7% liquid [3].  The calculated 147Sm/144Nd and 
176Lu/177Hf ratios of the very late stage residual liquid 
after ~ 98% magma ocean crystallization are < 0.16 
and < 0.017 [3], respectively.  Although the 
176Lu/177Hf composition of this very late stage liquid is 
compatible (within uncertainty) with the model, the 
147Sm/144Nd ratio is too low to be a major component 
of the enriched end-member [2]. In light of both en-
riched shergottite and ALH source data, Lu-Hf and 

Sm-Nd compositions of very late stage residual liquids 
and associated cumulates are not consistent with the 
enriched component of shergottites sources.   

The shergottites and ALH do not appear to sample 
highly incompatible element enriched source material 
reflective of a late stage residual liquid after >98% 
magma ocean crystallization [2]. If this is the case, this 
material was removed during impact processing or it 
was not uniformly distributed such that it did not de-
velop near the volcanic centers and influence shergot-
tite compositions. 

References:  [1] Borg L. and Draper D. (2003) MAPS, 
38, 1713-1731. [2] Lapen TJ et al. (2010) Science, 328:347-
351. [3] Debaille V. et al. (2008) EPSL, 269, 186-199. [4] 
Debaille V. et al. (2007) Nature, 22, 525-528. [5] Kiefer W. 
(2003) MAPS, 39, 1815-1832. [6] Borg L. et al. (2003) 
GCA, 67, 3519-3536. [7] Borg L. et al. (2008) LPSC 
XXXIX. [8] Bouvier A. et al. (2005) EPSL, 240, 221-233. 
[9] Bouvier A. et al. (2008) EPSL. [10] Blichert-Toft J. et al. 
(1999) EPSL, 173, 25-39. [11] Nyquist L. et al. (2001) Space 
Sci. Rev., 96, 105-164. [12] Bouvier A. et al. (2008) EPSL, 
273, 48-57. 

0.15

0.20

0.25

0.30

0.35

0.015 0.025 0.035 0.045 0.055 0.065
176Lu/177Hf source

14
7 Sm

/14
4 N

d 
so

ur
ce

ALH ES

IS

DS

0.5

0.06

0.02

0.25

Cumulates 

Liquid in equilibrium
with cumulates 

Figure 1. Mixing diagram for shergottites and ALH 
147Sm/144Nd and 176Lu/177Hf source compositions.  
Red dots are shergottites; DS = depleted shergot-
tites; IS – intermediate shergottites;  ES = enriched 
shergottites; ALH = ALH 84001.  The black binary 
mixing line is based on source compositions of cu-
mulates and liquids in equilibrium with the cumu-
lates in the upper mantle assemblage (UM1) of [3] 
produced in a 2000 – 1350 km deep MO.  Isotope 
data used for the source calculations of shergottites 
come from [2-12]. Labeled mixing proportions 
(black symbols) are based on the fractions of resid-
ual trapped liquid.   
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