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Introduction: The short-lived 182Hf-182W chro-
nometer with a half-life of 9 My has previously 
been applied to constrain early metal-silicate 
differentiation (i.e., core formation) in planetary 
bodies [1-6]. In Mars, the ε182W value of the 
primitive Martian mantle (PMM) (i.e., the sili-
cate mantle after core segregation) was estimated 
using the short-lived 146Sm-142Nd chronometer, 
with a half-life of 103 My.  The reasoning is that 
because the 146Sm-142Nd system is not influenced 
by core formation, considering samples with 
chondritic ε142Nd should provide a direct esti-
mate of the ε182W of the PMM [4, 6].   

However, this approach may be limited 
as a result of two factors. First, Hf/W fractiona-
tion is produced by two processes, metallic core 
formation, and silicate differentiation.  In par-
ticular, the presence of garnet and majorite po-
tentially can strongly fractionate Hf/W in early 
silicate differentiation [7]. Second, after the clo-
sure time of 182Hf-182W systematics, i.e. when 
182Hf became effectively extinct (~50 My after 
solar system formation), 146Sm was still active 
and may have recorded later differentiation 
events in ε142Nd not observed in ε182W values.  
 New measurements for the chondritic 
ε142Nd value [8, 9] raises several issues when 
determining the ε182W of the PMM using 146Sm-
142Nd systematics as a proxy.  For example, 
Foley et al. [6] used the regression line observed 
between ε142Nd and ε182W systematics for the 
shergottite suite (both incompatible trace ele-
ments (ITE) depleted and enriched shergottites) 
to estimate that PMM is characterized by a 
ε182W=0.34 for a ε142Nd=0. Using the new chon-
dritic value ε142Nd=-0.18 [9], the ε182W of the 
PMM is now estimated to be 0.29 using that line 
of reasoning.  This new value is not resolvable 
from the previous one, but is very close of what 
is observed in ITE enriched shergottites Zagami 
and Shergotty. However, those meteorites are 
likely generated by mixing between ITE depleted 
and enriched end-members.  As such their chon-
drite-like ε142Nd is likely fortuitous and results 
from the mixing process instead of being repre-
sentative of the PMM.  Hence, observing a 
chondritic ε142Nd in a SNC meteorite does not 

necessarily imply that such a sample is represen-
tative of the PMM. 
 To illustrate the discrepancy between 
182Hf-182W and 146Sm-142Nd systematics, new 
176Hf/177Hf, 143Nd/144Nd and 142Nd/144Nd have 
been obtained in three nakhlites (Nakhla, 
MIL03346 and Yamato000593). Nakhlites are 
characterized by high ε182W among the SNC 
suite of approximately +3 [1, 4, 6] and an ε142Nd 
similar to depleted shergottites of +0.6-0.9 [6, 
10, 11]. It has hence been proposed that the 
source of nakhlites was established very early in 
Mars history (~8-10 My [4, 6]) in moderately 
fractionated source (Fig. 1).  This time interval is 
during the time of live 182Hf and thus constrain-
ing the origin of both Lu/Hf and Sm/Nd frac-
tionation in the source of nakhlites will aid in 
interpreting the variation observed in ε182W in 
the SNC’s. 
Discussion: The three nakhlites studied here are 
characterized by homogeneous isotope composi-
tions with 176Hf/177Hf= 0.282998±31 to 
0283108±10, 143Nd/144Nd= 0.512854±1 to 
0.512873±1 and ε142Nd= 0.61±0.02 to 
0.67±0.03, with all errors at 2σ. The εHf/εNd ra-
tios of all nakhlites range from 0.8 to 1.2. This is 
consistent with melts derived from residues with 
ancient garnet segregation [12]. Nakhlites do not 
plot in a two-stage evolution diagram for 
142Nd/144Nd versus 143Nd/144Nd ([10, 13], this 
study), indicating that their source has not al-
ways been a closed system. Thus, their source 
requires a more complex origin, which may be 
related to garnet/majorite segregation.  
 High ε182W anomalies are predicted in a 
moderately fractionated source formed early in 
planet differentiation (Fig. 1). An alternative way 
to generate high ε182W value is from crystalliza-
tion of a more fractionated source (i.e., in pres-
ence of majorite, Fig. 1), but later in planetary 
differentiation.  The presence of majorite will 
increase both Sm/Nd and Hf/W ratios (e.g., [7]).  
This could result in large excesses in ε142Nd and 
ε182W if fractionation occurs early in a planet’s 
history (Fig. 1), in addition to Hf/W fractionation 
resulting from core formation affecting the 182Hf-
182W system.  Between 17 and 23.5 GPa, the 
Martian mantle is thought to be composed of 
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~45% of majoritic garnet [14]. A ε182W value of 
+3 is expected, with a ε142Nd of +1.1 for a 
nakhlite source formation in the majorite stabil-
ity field at ~40 My after solar system formation 
(grey arrow, Fig.1). However, such a high ε142Nd 
value is not observed in nakhlites ([6], this 
study), indicating that their source did not remain 
a closed-system since its differentiation at 
~40My, likely because of garnet/majorite has 
been removed. This observation is consistent 
with a scenario where the nakhlite source acted 
as a closed-system when 182Hf was extant (~50 
My), but then, garnet/majorite was removed 
from the source and the nakhlites source could 
never reach a ε142Nd value of +1.1.  
 

 
Figure 1: ε142Nd vs. ε182W in the nakhlites (adapted from [6]). 
Black square: Nakhla; white square: average value for all 
nakhlites (ε142Nd: this study, ε182W; [1, 6]). Error bars are 2σ. 
Symbols on the curves represent the present-day ε182W and 
ε142Nd attained in a source region for the age indicated in 
My. (147Sm/144Nd, 180Hf/183W) pairs are indicated for each 
curves The black curves show the results for a majorite-
bearing deep mantle source (MDMS) and for a garnet-
bearing shallow mantle source (GSMS) [6]. Grey curves are 
three depleted mantle source compositions from [4]. The grey 
arrow indicates the ε142Nd vs. ε182W value that nakhlite 
source should have reached when crystallizing in the majorite 
stability field ~40 My after solar system formation if no 
garnet segregation has occurred after 182Hf extinction. 
 
Using an initial 147Sm/144Nd of 0.303 [6], and 
using the 147Sm/144Nd of majoritic garnet (~1.89) 
[15], mass balance indicates that 4% of majoritic 
garnet has to be removed from the nakhlites 
source to generate the observed 147Sm/144Nd in 
nakhlites  (0.235).  
 If garnet segregation occurred as a sin-
gle event, the nakhlite source can be modeled by 
a three-stage model, where T0 = 4.567 Gy, t1 is 
the time of differentiation in majorite stability 
field (closed-system), t2 the time of garnet segre-
gation (unknown) and t3 is the crystallization age 
of the nakhlites (~1.3 Gy). Because garnet segre-
gation is postulated from the discrepancy in 

ε142Nd (i.e. ~+0.63 versus predicted +1.1), but 
not in ε182W, t2 must lie between 50 My and 500 
My after solar system formation. In Fig.1, t1 is 
estimated at 40 My after T0 for a ε182W of ~3 in 
the majorite stability field (grey arrow). Using 
time-integrated source ratios calculated from 
143Nd/144Nd and 176Hf/177Hf measured in 
nakhlites (= source t2; i.e., after majoritic garnet 
segregation) and source ratios before majoritic 
garnet segregation (= source t1; closed-system in 
majorite stability field) estimating 4% of ma-
joritic garnet loss, a value of t2=100 My gives 
ε143Nd(t3) = +17.1; ε176Hf(t3) = +15.6 and ε142Nd 
= +0.61. These values can be compared to the 
average measured values in nakhlite, respec-
tively +16.4, +15.3 and +0.63. Thus, a nakhlite 
source that first crystallized ~40 My after solar 
system formation in the majorite stability field 
and then experienced majoritic garnet segrega-
tion ~60 My later can reproduce values observed 
in nakhlites.  
Conclusions: New 176Hf/177Hf, 143Nd/144Nd and 
ε142Nd and previous ε182W measured in nakhlites 
are consistent with a three-stage model in their 
source. A first differentiation event occurred ~40 
My after solar system formation in the majorite 
garnet field.   Majoritic garnet was removed from 
the nakhlite source ~60 My later. These conclu-
sions show that the 182Hf-182W and 146Sm-142Nd 
systematics are decoupled in nakhlites and 
hence, that a concomitant use of these systemat-
ics do not provide constraints on source crystal-
lization timing. It also implies that the nakhlite 
source differentiation timing is longer than pre-
viously estimated. As demonstrated for shergot-
tites, ε142Nd cannot necessarily be used to esti-
mate the ε182W of the PMM. However, a SNC 
meteorite showing an “actual” chondritic ε142Nd, 
i.e. not artificially acquired by mixing, could be 
the key-sample. 
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