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Main-group pallasites (MGPs) are meteorites mainly composed of Fe-Ni metal and
olivines, the latter being considered as one of the largest sampling of extraterrestrial
mantle material available for study on Earth. We analysed the rare earth element
(REE) concentrations of olivines from six MGPs to understand better the processes
of formation of their parentmantle. All the investigated samples display very lowREE
abundances, and enrichments in both light REEs and heavy REEs. We interpret the
light REE enrichments as a fingerprint of terrestrial contamination. The least conta-
minated olivines have higher heavy REE enrichments than those inferred for olivines
directly crystallised in a magma ocean. Such enrichments in heavy REEs are possible
if themantle of theMGPs parent body is a residue of partial melting from a chondritic
source. Alternatively, re-melting of magma ocean cumulates would explain both
the homogeneity of the Δ17O values of MGPs, and the heavy REE enrichments of
the olivines.
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Introduction

Some meteorites (achondrites and irons) and samples collected
during the Apollo and Luna missions represent materials from a
few differentiated bodies, such as the Moon, Mars, and 4-Vesta,
but also from other bodies accreted at 4.5Ga, and nowdisrupted.
Many of these samples are magmatic rocks. They are an invalu-
able source of information to reconstruct the differentiation
history of their parent bodies, but also to understand the mech-
anisms of magma generation. Unfortunately, these rocks only
allow an indirect approach to derive their parental mantle com-
positions and to understand the mantle processes involved in
their formation. Among the achondrites, samples of mantles
from fully differentiated rocky bodies are very uncommon. An
additional source of mantle samples is provided by the pallasites,
a relatively rare type of stony-iron meteorites of which about a
hundred are known. Pallasites are essentially composed of
metal and olivine (i.e. from isolated single crystals and/or poly-
crystalline aggregates to fragments of “dunitic pebbles”), with
variable (low) amount of sulfide (troilite), minor schreibersite,
phosphates, and in some cases chromite (e.g., Buseck and
Holdsworth, 1977; Scott, 1977). Although only a relatively small
number of pallasites are known, their petrographic features and
isotopic oxygen compositions show that they originate from at
least six distinct parent bodies (e.g., Greenwood et al., 2017).
The most abundant ones, the MGPs, represent ≈85 % of all
the pallasites. They display rather homogenous Δ17O values

and are thought to derive from one (Greenwood et al., 2006,
2015) or perhaps two parent bodies (Ali et al., 2018).

While pallasites are recognised to be mixtures of mantle
and core materials, their formation is still debated (Boesenberg
et al., 2012; McKibbin et al., 2019; and references therein). Since
the 1960s, they are usually seen as samples of the core-mantle
transition zone of a differentiated body (e.g., Anders, 1964;
Wasson and Choi, 2003), but this hypothesis has been repeat-
edly challenged. Although there is no consensus on a precise for-
mation model yet, the variety of textures shown by these
meteorites, the diversity of cooling rates recorded by the metal
among others, and also geophysical models suggest that the
core-mantle mixing is related to catastrophic impacts (e.g.,
Scott, 1977; Yang et al., 2010; Tarduno et al., 2012; Bryson et al.,
2015; Nichols et al., 2016; Walte et al., 2020), or is from an
unknown type of volcanism (Johnson et al., 2019). In any case,
if the metal is well understood today (e.g., Wasson and Choi,
2003), it is not the case for the mantle fragments and olivines
they contain. Some have suggested that mantle fragments could
be melting residues after extraction of a large fraction of magma,
or alternatively produced by the accumulation of olivines during
the crystallisation of a global magma ocean (e.g., Buseck, 1977;
Mittlefehldt, 1980; Boesenberg et al., 2012). The latter possibility
would be consistent with the observed homogeneity of theΔ17O
values for olivineswhich suggest a highly homogeneous or awell
homogenised body (Δ17O=−0.187 ± 0.008 ‰ (1 σ, n= 103),
Greenwood et al., 2015), however, this is not confirmed by trace
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element chemistry data (Mittlefehldt and Herrin, 2010;
McKibbin et al., 2013). Therefore, the origin of mantle fragments
remains open. Nevertheless, the behaviour of incompatible
trace elements, and among them the REEs, should in principle
allow their origin to be deciphered. The few pallasite olivines
previously analysed showed totally unexpected light REE

enrichments (Schmitt et al., 1963, 1964;Masuda, 1968; Saito et al.,
1998; Minowa and Ebihara, 2002; Greenwood et al., 2015).

In this study, we analysed a series of olivine fractions
and a dunite prepared from six main-group pallasites (samples
and methods are described in Supplementary Information;
Table S-1), with the aim of explaining the light REE enrichments

Figure 1 REE patterns of MGP olivines (Schmitt et al., 1963; Masuda, 1968; Saito et al., 1998; Barrat et al., 2016a; and this work) and
phosphates (Davis and Olsen, 1991; Hsu, 2003) normalised to CI chondrite (Barrat et al., 2012).
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described in previous studies, but also to constrain the formation
processes of the mantle component contained in pallasites.

Results and Discussion

Olivine separates were analysed after a very strong leaching step
using hot HCl. Results are given in Table S-2. Abundances of Co
(<115 μg/g) and P (<60 μg/g) are low and confirm that our leach-
ing procedure has removed most traces of weathering (such as
rust), and adhering traces of metal and/or phosphates. Calcium
(from 27 to 281 μg/g) and Sc (from 0.31 to 2.16 μg/g) abundances
are in the range of reported values for pallasite olivines (e.g.,
Mittlefehldt, 1980; Hsu, 2003; McKibbin et al., 2013). The REE
concentrations in pallasite olivines are low but highly variable,
ranging from 6 × 10−5 to 0.6 times the CI abundances (including
literature values; Fig. 1). All our samples display U-shaped REE
patterns, due to light and heavy REE enrichments [(La/Lu)n=
0.04–6.9, (Er/Lu)n= 0.02–0.74]. Furthermore, the samples dis-
playing the lowest light REE abundances also exhibit the most
pronounced heavy REE enrichments (Fig. 1). An excellent rela-
tionship is obtained between (La/Lu)n and (Er/Lu)n ratios
(Fig. 2). This is indicative of a mixing line between olivines (with
low light REE abundances and heavy REE enrichments [i.e.
extremely low Er/Lu ratios]), and another component (or other
components) highly enriched in light REEs. This implies that the
diversity of REE abundances displayed by the analysed olivines
likely simply reflect the presence of impurities which need to be
identified.

Among the different phases contained in pallasites, only
phosphates and possibly melt inclusions would be rich enough
in REEs to affect olivine concentrations. Phosphates in the
Springwater pallasite are light REE enriched (Davis and Olsen,

1991), and could explain the shape of the REE pattern displayed
by the olivine fraction prepared from this meteorite (Fig. 1; Saito
et al., 1998). However, phosphates measured in other pallasites
are generally light REE-depleted (Fig. 1), and, therefore, cannot
account for the observed mixing line (Figs. 2, 3a). In addition,
because we leached our samples before dissolution, and since
their P contents are very low (Table S-2), this possibility is very
unlikely.

It is known that the presence of a few melt inclusions can
significantly change the shape of the REE pattern of an olivine
(e.g., Barrat and Bachèlery, 2019). However, unlike in magmatic
rocks, the olivines in pallasites are very poor in glassy inclusions.
Inclusions composed of tridymite and Al, K-rich glasses have
been described in olivines from the Fukang pallasite
(Dellagiustina et al., 2019). Such inclusions are extremely rare,
and, thus, it seems difficult to imagine that they could explain
the light REE enrichments seen for all pallasite olivines analysed
so far.

Alternatively, the light REE enriched end members could
be due to terrestrial contamination (Minowa and Ebihara, 2002).
Olivines from Esquel (Fig. 1c) show a positive anomaly in Ce
(Ce/Ce* = 1.58), which is obviously related to some traces of rust
not entirely removed by leaching (e.g., Braun et al., 1990). The
occurrence of trace amounts of dust or clays in the samples,
not removed by leaching, should also be considered. Indeed,
the REE patterns of the olivines with the highest REE abundan-
ces strongly resemble those of Earth’s continental crust rocks.
The possibility that all the pallasite olivines analysed to date
may be more or less contaminated, either during terrestrial res-
idence time (i.e. weathering, soil contamination, etc.) or during
sample preparation, should be seriously considered. We have
tested this hypothesis using the mean composition of the

Figure 2 (Er/Lu)n vs. (La/Lu)n plot for MGP olivines. Data from Saito et al. (1998), Barrat et al. (2016a), and this work.

Geochemical Perspectives Letters Letter

Geochem. Persp. Let. (2021) 16, 47–52 | doi: 10.7185/geochemlet.2103 49

https://www.geochemicalperspectivesletters.org/article2103/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2103/#Supplementary-Information


terrestrial upper continental crust (Rudnick and Gao, 2014). On
the (Ba/Lu)n or (Er/Lu)n vs. (La/Lu)n plots (Fig. 3), the pallasite
olivines show a perfect match with the average terrestrial
continental crust, strengthening the hypothesis of a contamina-
tion. We calculated that the fraction of olivines richest in REEs
contain about 0.3 % of terrestrial material, whereas the poorest
ones contain below 0.01 % of terrestrial material. Although this
terrestrial contribution is extremely limited, it has a huge influ-
ence on the concentrations of incompatible elements in olivines.

However, this contamination by a terrestrial component
does not mask all the REE features of the olivines, in particular
their extremely high heavy REE enrichments (Fig. 2): the least
contaminated olivines, from Brenham, are characterised by
(Er/Lu)n≤ 0.03,≤ 0.04 for Fukang,≤ 0.05 for Admire, and ≤ 0.10
for Jepara and Finmarken meteorites. These values place very
strong constraints on the formation of the olivines.

Our results allow us to evaluate some of the characteristics
of the cumulates produced during the crystallisation of a magma
ocean formed in the case of a planetesimal. Although the REE
abundances of such a body are unknown, the relative propor-
tions of those elements are certainly chondritic since they were
not fractionated by core formation, and are also strongly

lithophile. Partition coefficients for olivine are not constant but
the ratios of heavy REE partition coefficients vary relatively little.
For example, the data obtained by Evans et al. (2008) allow us to
calculate that the DEr/DLu ratio of olivine is close to 0.3 (see
Supplementary Information). The (Er/Lu)n ratios of olivines
produced during the cooling of a magmatic ocean should be
identical. Because the formation of a cumulate is invariably
accompanied by magma trapping and possibly subsolidus redis-
tribution, even minute amounts of trapped melt would tend to
increase the Er/Lu ratio of olivines and of dunitic cumulates
(Barrat and Bachelery, 2019). Therefore, the (Er/Lu)n ratios of
dunites accumulated in amagma ocean cannot be less than≈0.3.

Nonetheless, the abundances of many trace elements,
such as Ti, V, Cr and Ni were significantly modified in olivines
during the mixing and cooling with metal (e.g., Hsu et al.,
2003), and it is thus questionable whether REE distributions
were also affected. We see at least two arguments suggesting
that the heavy REE contents of the olivines were preserved.
Firstly, REEs, as also Al and P, diffuse very slowly into olivine.
The observed preservation of heterogeneities in Al and P, and
the absence of diffusion profiles for these elements in the olivines
(McKibbin et al., 2013) support our hypothesis. Secondly, we
have analysed olivines that have undergone different degrees
of interaction with the metal (i.e. including a dunite sample,
and both angular and rounded olivines), and the least contami-
nated of these samples are similarly enriched in heavy REEs.
Therefore, it is very unlikely that interactions with core material
fractionated heavy REEs in olivines.

The (Er/Lu)n ratios of pallasite olivines, comprised
between 0.03 and 0.1, are way too different from those estimated
for olivines formed in a magma ocean (i.e. ≈0.3), and, thus, we
can rule out this hypothesis. On the other hand, high heavy REE
enrichments are an expected characteristic for partial melting
residues, and, therefore, for dunites derived from a chondritic
precursor (Fig. 4). However, it is impossible to estimate accu-
rately the degree of partial melting of the pallasite mantle. The
results are extremely model dependent (initial composition,
phase proportions, fractional or dynamic melting, etc.), but in
any case require very high melting degrees (probably above
40 %) to account for both the exhaustion of pyroxene and the
low heavy REE abundances of the olivines (i.e. Lu concentration
ranging from 3.10−3 to 4.10−2 ×CI). The olivine contained in the
main-group pallasites would have to be derived from a mantle
even more residual or more refractory than the ureilites, for
which melting degrees did not exceed 30 % (Barrat et al., 2016b).

The very high homogeneity of the Δ17O values shown by
MGP olivines is however puzzling. One can of course imagine
that the parent body was very homogeneous in oxygen isotopes,
but such a level of homogeneity, although conceivable, is not
observed among any of the different groups of primitive mete-
orites (Greenwood et al., 2017). It is questionable to what extent
the isotopic oxygen composition of the residues is preserved by
partial melting. Greenwood et al. (2005) estimated that at melt-
ing rates greater than 40%, theΔ17O values are homogenised. In
the case of fractional melting, or dynamic melting with low
porosity, most of the melt is rapidly extracted from the restites,
thus limiting the possibility of homogenisation, independent of
the level of melting. Although the ureilites did not undergo such
high fusion rates, their oxygen isotopic heterogeneities are still
very well preserved, illustrating that the ability of partial melting
to homogenise the Δ17O values was probably overestimated.
Thus, if the dunites were derived from chondritic precursors,
more variability in O isotopes would be expected. However,
the O isotopic homogeneity of the main-group pallasites is very
comparable towhat is observed for the Earth,Moon,Mars, Vesta
and the parent body of the angrites, for which magma oceans

Figure 3 (Er/Lu)n and (Ba/Lu)n vs. (La/Lu)n plot for MGP olivines.
Data from Saito et al. (1998), Greenwood et al. (2015), Barrat et al.
(2016a), and this work. Contamination trend uses the average
upper continental crust composition fromRudnick andGao (2014).
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have been considered (Greenwood et al., 2005, 2017). Thus, re-
melting of ultrabasic cumulates formed in the magma ocean can
also lead to dunitic residues characterised by large heavy REE
enrichments but also by homogeneous Δ17O.

While there is no doubt that pallasite olivines derive from
a residual mantle, we cannot specify whether this mantle simply
formed from the melting of chondrites, or whether its formation
was much more complex and involved the crystallisation of a
magma ocean, then the melting of the produced cumulates.
The homogeneity of the Δ17O values displayed by MGPs is,
however, in favour of the second hypothesis.
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Samples and Analytical Procedures 
 
We analysed 12 olivine fractions prepared from 6 main-group pallasites. Details of the meteorite samples used in this 

study are given in Table S-1. Olivines (typically 200–250 mg) were leached in 6 M HCl at 120 °C during one hour 

before dissolution in order to remove adhering traces of metal and phosphates. Samples were examined carefully under 

a binocular microsope, and no inclusions were observed. Samples were rinsed twice in ultrapure water and dried before 

weighing. They were digested by sequential mixtures of HF/HNO3, HNO3 and HCl. Elemental abundances were 

determined using a high-resolution inductively coupled plasma-mass spectrometer Thermo Element 2 at the Institut 

Universitaire Européen de la Mer (IUEM), Plouzané (France), following a well-established procedure (see e.g., Barrat 

et al., 2012). Rare earth elements (REEs) were separated and concentrated (Barrat et al., 1996) in order to improve the 

quality of the analyses. Results using the same methodology on many international standards (BCR-2, BIR-1, WS-E, 

Allende USNM 3529, UB-N, PCC-1) have been repeatedly reported elsewhere (Barrat et al., 2012, 2014, 2016). Based 

on standards and many sample duplicates, the precision for abundances and trace element ratios [e.g., Er/Lu or Ce/Ce*, 

where Ce* is the expected Ce concentration for a smooth CI-normalised REE pattern, such that Cen = (Lan x Prn)1/2] are 

in most cases much better than 5 % [two relative standard deviations (2 x RSD)]. 
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Table S-1 Details of meteorite samples investigated in this study. 

 

 Sample provenance Mass (g) Remarks 

Admire-A 

Admire-B 

 

Brenham-A  

Brenham-B 

Brenham-C 

Brenham-D 

Brenham-E 

Brenham-F 

Brenham-G 

 

 

Esquel 

Finmarken 

Fukang 

Jepara 

 

J.A. Barrat 

J.A. Barrat 

 

D. Stimpson 

D. Stimpson 

D. Stimpson 

D. Stimpson 

D. Stimpson 

D. Stimpson 

D. Stimpson 

 

 

NHM Vienna, #2432 

NHM Vienna, #2533 

J.A. Barrat 

J.A. Barrat 

 

0.266 

0.275 

 

0.292 

0.257 

0.369 

0.235 

0.248 

0.322 

 

 

 

0.288 

0.270 

0.312 

0.285 

Dunite 

Olivine fragments 

 

Olivine 

Olivine 

Olivine 

Olivine 

Olivine 

Olivine 

Olivine, data from Greenwood et al. (2015) and Barrat 

et al. (2016) 

 

Olivine fragments 

Olivine fragments 

Olivine 

Olivine fragments 
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Table S-2 Trace element abundances of olivines from MGP. 
 
  Y Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Sc Co Ca P 

 
ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g µg/g µg/g µg/g µg/g 

Brenham 
                   

Brenham-A 7.8 149 8 14.08 1.45 5.07 0.88 0.21 0.98 0.14 0.95 0.23 0.828 1.75 0.461 0.70 5.49 33 17 

Brenham-B 6.12 267 9.63 15.94 1.73 5.5 0.86 0.18 0.92 0.14 0.93 0.22 0.729 1.44 0.395 0.58 5.33 27 14 

Brenham-C 0.25 2.97 0.22 0.31 0.025 0.08 0.013 <0.004 <0.017 <0.002 0.022 0.0102 0.096 1.19 0.47 0.70 115 62 64 

Brenham-D 0.24 4.03 0.3 0.53 0.064 0.261 0.047 <0.01 <0.017 <0.002 0.0139 0.0083 0.108 1.8 0.73 0.77 9.25 53 16 

Brenham-E 0.37 4.63 0.9 0.88 0.075 0.28 0.028 <0.01 <0.02 <0.005 0.0239 0.0094 0.089 1.15 0.428 0.68 35.89 43 35 

Brenham-F 3.67 140 4.89 8.79 0.9 3.07 0.49 0.12 0.47 0.074 0.54 0.13 0.5 1.94 0.588 0.31 6.5 33 14 

Brenham-G* 35.2 1122 51.4 91.6 11.2 38.3 6.5 1.29 6.09 0.96 6.03 1.3 3.9 4.6 0.782 0.47 5.5 N.D. 16 

                    
other pallasites 

                   
Admire-A (dunite) 0.14 16.80 0.099 0.24 0.026 0.11 0.023 <0.02 <0.04 <0.007 0.0238 0.0042 0.0167 0.137 0.054 1.04 5.49 44 4 

Admire-B (olivine) 0.42 11.03 0.62 1.08 0.091 0.3 0.048 0.011 0.047 0.0059 0.047 0.0135 0.079 0.51 0.15 1.55 6.83 105 7 

Esquel 6.26 245 8.33 24.59 1.73 6.85 1.13 0.21 1.04 0.16 0.97 0.22 0.74 1.68 0.56 1.66 8.07 193 15 

Finmarken 1.75 N.D. 0.83 0.69 0.067 0.23 0.047 <0.02 <0.04 0.0093 0.111 0.055 0.396 2.04 0.591 1.27 7.66 281 23 

Fukang 0.21 5.11 0.21 0.38 0.045 0.16 0.021 <0.01 <0.03 <0.006 0.0223 0.0067 0.038 0.393 0.156 2.16 11.35 135 11 

Jepara 1.09 11.05 0.43 0.73 0.094 0.35 0.071 0.015 0.062 0.01 0.097 0.041 0.27 1.43 0.391 1.20 6.84 43 35 

Jepara (dupl.) 1.13 11.35 0.44 0.72 0.091 0.35 0.066 0.017 0.067 0.0095 0.094 0.041 0.283 1.44 0.391 N.D. N.D. N.D. N.D. 

                    
Standard 

                   
PCC1 (n=2) 86.15 825 31.76 61.29 7.55 28.33 5.33 1.09 6.11 1.15 9.32 2.71 11.05 21.95 4.51 8.09 101 3668 5 

                                       

*Brenham-G corresponds to results previously published in Greenwood et al. (2015) and Barrat et al. (2016). 

dupl. = duplicate (the same sample was analysed twice for replication purposes). 

N.D. = not determined.  
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Estimation of the DEr/DLu Ratio for Olivine 

 
We used the experimental results obtained by Evans et al. (2008) to estimate the partition coefficient ratios for 

olivine. In a log(DX/DLu) vs. Ionic radius diagram (Fig. S-1), the mean values obtained are very well modelled using a 

Lagrangian (3rd order polynomial) regression, as shown by a correlation coefficient close to 1 (r = 0.9987). A DEr/DLu 

ratio = 0.34 is obtained. 

 

 
 

Figure S-1 Log10(DX/DLu) vs. ionic radius for the olivines based on experimental results obtained by Evans et al. 

(2008). 
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