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Introduction:  MIL 03346 is a newly discovered 
clinopyroxenite belonging to the nakhlite class of 
SNC (martian) meteorites [1]. Although the 
petrographic and geochemical characteristics of MIL 
03346 are broadly similar to those of previously 
known nakhlites, there are also some differences. In 
particular, it has the highest abundance of glassy 
mesostasis among the nakhlites, possibly indicative 
of rapid cooling close to the top of a cumulate pile 
(e.g., [2,3]). Preliminary data suggest that its 
crystallization age is similar to that of the other 
nakhlites (i.e., ~1.3 Ga) [4]. In contrast, ALH 84001 
is an orthopyroxenite that is unique among the 
martian meteorites in having the oldest crystallization 
age of ~4.5 Ga [5,6]. Here we report ε142Nd values 
for MIL 03346 and ALH 84001. We also report rare 
earth element (REE) abundances in minerals of MIL 
03346, with particular focus on obtaining the precise 
abundances of Eu and Gd in the augites to constrain 
the magmatic redox conditions. The goal of these 
investigations was to constrain the isotopic and 
geochemical characteristics of mantle sources on 
Mars. 

Analytical Techniques: Chemical separation of 
Nd was performed at the University of New Mexico 
using procedures similar to those described earlier 
[7,8]. The neodymium isotopic compositions of 
whole rock aliquots of MIL 03346, ALH 84001, and 
two terrestrial basalt standards (BCR-1 and BHVO-
1), as well as a +0.50 ε142Nd standard, were measured 
by multicollector inductively coupled plasma mass 
spectrometry at the Field Museum using analytical 
protocol described in [8]. Abundances of the REE 
were measured in various phases in MIL 03346 with 
the Washington University modified Cameca ims 3f 
ion microprobe using the techniques described by [9]. 

Results: The three standards yielded ε142Nd 
values of +0.01 ± 0.10 (BCR-1), –0.03 ± 0.09 
(BHVO-1), and +0.49 ± 0.08 (+0.50 ε142Nd 
standard). Both MIL 03346 and ALH 84001 have 
resolvable excesses in the 142Nd/144Nd ratio relative to 
the terrestrial standard. While MIL 03346 yields a 
ε142Nd value of 0.75 ± 0.06, ALH 84001 has a value 
of 0.19 ± 0.13 (errors are 2σmean). Figure 1 shows the 
ε142Nd values for MIL 03346 and ALH 84001 
reported here along with the ε142Nd and ε182W values 
reported earlier for the various martian meteorites 
([8] and references therein). 
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Figure 1. ε142Nd versus ε182W in the martian meteorites. ε142Nd values for 
MIL 03346 and ALH 84001 are from this study; the ε182W value for ALH 
84001 is from [8] while that for MIL 03346 is assumed to be the 
weighted average of the values for the other nakhlites [8]. All other 
ε142Nd and ε182W values are as shown in Fig. 2 of [8].  
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Figure 2. Representative REE abundances in phases of MIL 03346. 
Whole rock REE abundances (thick solid line) are from [3]. 

Figure 2 shows representative REE abundances 
measured in olivine, augite cores and glassy mesostasis of 
MIL 03346. These results are broadly in agreement with 
those of [3]. The REE pattern of the glassy mesostasis 
mimics the LREE-enriched pattern of the whole rock. 
Augite cores have the concave-downward REE pattern 
characteristic of this mineral in other nakhlites [10,11]. 
One of the eight augite cores analyzed by us showed a 
large Ce anomaly (Ce/Ce*~3.7) indicative of weathering in 
the Antarctic (Fig. 1). Another indicator of terrestrial 
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alteration of this meteorite is the V-shaped REE 
pattern in the olivine (resulting from addition of 
LREE).  

Implications for Mars: Given the 4.5 Ga 
crystallization age of ALH 84001, its mantle source 
must have been established prior to this time. If it is 
assumed that (i) its mantle source was established at 
the same time as the shergottite source reservoirs 
(i.e., at 4525 Ma [8]), (ii) the REE pattern of its 
parent melt was not significantly fractionated 
compared to that of its mantle source, and (iii) the 
aliquot analyzed here is representative of its whole 
rock, then a ε142Nd of 0.19 ± 0.13 for ALH 84001 
indicates that its mantle source was characterized by 
a 147Sm/144Nd ratio of 0.214 ± 0.012, i.e., moderately 
depleted relative to the chondritic value of 0.1967. 
Assuming an older age of source differentiation as is 
inferred for the nakhlites (i.e., >4542 Ga [8]) does not 
affect the 147Sm/144Nd ratio inferred for the ALH 
84001 source outside of the errors noted above. The 
ε142Nd value reported here for MIL 03346 agrees 
with the values reported earlier for other nakhlites 
(Fig. 1) [12,13] and supports their origin from a 
common mantle source reservoir on Mars. 

As also discussed by [3], REE microdistributions 
in phases of MIL 03346 indicate that this nakhlite 
had a petrogenetic history broadly similar to that of 
the other known nakhlites [10,11] and that closed-
system fractional crystallization was the dominant 
process between formation of the earliest cumulus 
phases and final emplacement of the flow. This 
further implies that the whole rock REE patterns of 
the nakhlites are parallel to those of their parent 
melts. As such, it is possible to estimate the DEu/DGd 
for the augite cores, which are among the earliest 
crystallizing phases in the nakhlites, and to infer 
magmatic redox conditions. We have calculated a 
DEu/DGd of 1.0 ± 0.1 for the augite cores in MIL 
03346, which is in agreement with the values for 
other nakhlites [10,11]. As discussed in more detail 
by [11], this implies that all nakhlites crystallized 
under similar magmatic redox conditions that were 
relatively oxidizing (most likely ≥ IW + 3.5). In the 

case of ALH 84001, orthopyroxene cores have large Eu 
anomalies (Eu/Gd = 0.26 ± 0.05) [14]. If, as inferred by 
[14], the ALH 84001 parent melt is only slightly LREE-
depleted (chondrite-normalized Eu/Gd ~0.94), a DEu/DGd

 of 
~0.3 may be calculated for orthopyroxene. Comparison of 
the results of experimental studies (e.g. [15,16]) that have 
calibrated the relationship of DEu/DGd with fO2 for 
pyroxenes with different compositions demonstrates that, 
within the analytical uncertainties, this relationship is quite 
similar for pyroxenes with very different compositions. As 
such, using the calibration curve for low-Ca pyroxenes 
(“dry” curve in Fig. 4 of [16]), we estimate a magmatic 
redox of ~IW for ALH 84001. 

Based on the new constraints discussed here, Table 1 
extends the information provided in Table 3 of [8] and 
summarizes the geochemical and isotopic characteristics of 
silicate reservoirs on Mars as sampled by the various 
classes of the SNC meteorites. At least four distinct 
reservoirs characterized by distinct redox conditions and 
Hf/W-Sm/Nd fractionations are required. Nevertheless, all 
these reservoirs were established prior to ~4.5 Ga. Given 
the relatively reduced redox conditions inferred for the 
mantle source of the oldest martian meteorite, it is likely 
that the initial differentiation of the Mars mantle resulted 
in reduced mantle sources (~IW). The oxidized nature of 
the source reservoirs required for some of the younger 
martian meteorites (e.g., shergottites Shergotty, Zagami 
and Los Angeles, and all the nakhlites) may be the result 
of later processes such as metasomatism of these reservoirs 
by oxidizing (possibly hydrous) fluids. 
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Table 1. Geochemical and isotopic characteristics of silicate reservoirs on Mars (based on this study, [8] and references therein). 
 
Silicate reservoirs 
on Mars 

 
SNCs sampling the 
reservoir 

 
Redox 
state 

 
ε182W 

 
ε142Nd 

 
180Hf/183W 

 
147Sm/144Nd 

 
Formation time  

Depleted mantle 
reservoir I 

Shergottites QUE94201, 
DaG 476, SaU 008 

Reduced 
(~IW) 

≥ 0.6 ≥ 0.9 ≥ 18 ≥ 0.285 4525+19/-21 Ma 

Enriched (crustal or 
mantle) reservoir 

Shergottites Shergotty, 
Zagami, Los Angeles 

Oxidized 
(>IW +2) 

≤ 0.3 ≤ –0.2 ≤ 11 ≤ 0.182 4525+19/-21 Ma 

Depleted mantle 
reservoir II 

All nakhlites 
 

Oxidized 
(≥IW + 3.5) 

2.95±0.08* 0.74±0.05* ~22-43 ~0.255-0.266 ≥ 4542 Ma 

Depleted mantle 
reservoir III 

ALH 84001 Reduced 
(~IW) 

0.49±0.33 0.19±0.13 ~19 ~0.214 >4500 Ma 

*Weighted average of all ε182W and ε142Nd values reported for the nakhlites (this study; [8,10]). 
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