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Abstract

Ureilites are among the most common achondrites and are widely believed to sample the mantle of a
single, now-disrupted, C-rich body. We analyzed 17 ureilite samples, mostly Antarctic finds, and determined
their incompatible trace element abundances. In order to remove or reduce the terrestrial contamination,
which is marked among Antarctic ureilites by light-REE enrichment, we leached the powdered samples with
nitric acid. The residues display consistent abundances, which strongly resemble those of the pristine rocks.
All the analyzed samples display light-REE depletions, negative Eu anomalies, low (St/Eu*),, and (Zr/Eu*),
ratios which are correlated. Two groups of ureilites (groups A and B) are defined. Compared to group A,
group B ureilites, which are the less numerous, tend to be richer in heavy REEs, more light-REE depleted,
and display among the deepest Eu anomalies. In addition, olivine cores in group B ureilites tend to be more
forsteritic (Mg# = 81.9-95.2) than in group A ureilites (Mg# = 74.7-86.1). Incompatible trace element
systematics supports the view that ureilites are mantle restites. REE modelling suggests that their precursors
were rather REE-rich (ca. 1.8-2 x CI) and contained a phosphate phase, possibly merrillite. The REE
abundances in ureilites can be explained if at least two distinct types of magmas were removed successively
from their precursors: aluminous and alkali-rich melts as exemplified by the Almahata Sitta trachyandesite
(ALM-A), and Al and alkali-poor melts produced after the exhaustion of plagioclase from the source. Partial
melting was near fractional (group B ureilites, which are probably among the least residual samples) to
dynamic with melt porosities that did not exceed a couple of percent (group A ureilites). The ureilite parent
body (UPB) was almost certainly covered by a crust formed chiefly from the extrusion products of the
aluminous and alkali-rich magmas. It is currently uncertain whether the Al and alkali-poor melts produced
during the second phase of melting reached the surface of the body. The fact that initial silicate melting of
ureilitic precursors would have produced relatively low density liquids capable of forming an external crust

to the UPB casts doubt on models that invoke chondritic outer layers to achondritic asteroids.
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1. Introduction

The early history of the Solar System was marked by the accretion of numerous asteroid-sized bodies
(large asteroids and embryos). Many of them underwent rapid internal heating, leading to melting and
subsequent differentiation. Among the most significant issues for understanding the differentiation of rocky
bodies are the exact processes of melting, the compositions of the generated magmas and how these were
then segregated from their sources. Melt migration may have involved ascent to the surface to form a crust,
or alternatively escape to space by explosive volcanism. It has recently been argued that partial melting of
carbonaceous chondrite-like bodies (e.g. CV or CM), could have produced melts too dense to erupt through
buoyancy alone. Consequently, the differentiation of such bodies could have generated distinctive internal
structures, with a preserved chondritic carapace at the surface covering an igneous layer, and possibly a
metallic core at their centers (Weiss and Elkins-Tanton, 2013; Fu and Elkins-Tanton, 2014). If true, these
bodies could have harbored magnetic dynamos when their cores were still molten. The discovery that some
CM and CV chondrites recorded ancient magnetic fields has strengthened such a view, although the origin of
these fields, whether internal or linked to an early stage of solar activity, remains a matter for debate (e.g.

Carporzen et al., 2011; Cournéde et al., 2015).

The structure and differentiation history of C-rich bodies can be studied directly using meteorite samples.
Unfortunately, no representative sampling of a single body, i.e. from the core to the crust, is currently
available. However, the ureilites, one of the largest families of achondrites (ca. 400 different meteorites and
17 % of the known achondrites currently reported in the Meteoritical Bulletin Database), represent a unique
collection from the mantle of a single, now-disrupted, C-rich body (Downes et al., 2008). These rocks are
coarse-grained peridotites, consisting chiefly of olivine and pyroxene (pigeonite, and more rarely augite and
orthopyroxene), abundant carbon (up to7 wt%, graphite and diamond), with accessory metal and sulfides

(e.g., Mittlefehldt et al., 1998). It is noteworthy that these peridotites are virtually devoid of feldspar.

Ureilites have been the focus of many geochemical studies. Even though uncertainties remain concerning
the differentiation of the UPB, thermal modeling and extinct isotope systematics make it possible to
reconstruct its overall history (e.g., Wilson et al., 2008; Budde et al., 2015; Goodrich et al., 2015). It accreted
no more than 1.6 Ma after CAls, i.e. later than the parent bodies of the magmatic irons, and about half a
million years before most of the chondrite parent bodies. The UPB was definitely C-rich, but was
isotopically distinct from the carbonaceous chondrites (Yamakawa et al., 2010; Warren, 2011). However, it
contained enough *°Al to be heated by the decay of this isotope, which allowed the segregation of S-rich
metallic melts (e.g., Warren et al., 2006; Rankenburg et al., 2008; Budde et al., 2015), more likely before the
onset of silicate melting (Barrat et al., 2015). Subsequent extraction of silicate melts is demonstrated by the
presence of feldspar-rich rock debris in ureilitic breccias (e.g., Ikeda et al., 2000; Cohen et al., 2004;
Bischoff et al., 2014), but the melting experienced by the UPB was more limited than in other early bodies,
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such as the angrite parent body or Vesta, where magma oceans homogenized the O isotope compositions
(Greenwood et al., 2005). Indeed, ureilites display a wide range of A'’O values which are well correlated
with various mineral compositions (Clayton and Mayeda, 1996, and Fig. 1). Systematics of short-lived
isotopes (**Mn-"Cr, '"Hf-'"**W, *°Al-**Mg) indicate that the differentiation occurred between 3 and 7 Ma
after the CAls (Yamakawa et al., 2010; Goodrich et al., 2010, Bischoff et al., 2014; Budde et al., 2015). It
stopped soon after, with the catastrophic breakup of the body following a large impact, while its mantle was

still hot.

Although it is now widely accepted that most ureilites are mantle restites (e.g., Boynton et al., 1976;
Takeda, 1987; Warren and Kallemeyn, 1992; Scott et al., 1993; Warren et al., 2006; Goodrich et al., 2015
among others), the melting processes and the involvement of C during their formation are matters of intense
debate. During the ureilite disruption event, C locally reduced olivine crystals, and produced their distinctive
iron-depleted rims and veins (e.g., Miyamoto et al., 1985). Except for these rims and veins, olivines are quite
uniform in Mg# number [=100Mg/(Mg +Fe), atomic] within any given ureilite. However, between different
samples their compositions display a huge variation, as shown by the olivine-core Mg# (=forsterite content),
which range from 74 to 97. The Fe/Mn ratios (ranging from 3 to 57) are correlated with this parameter (e.g.,
Clayton and Mayeda, 1996; Mittlefehldt et al., 1998, Fig. 1). A similar relationship is also shown by
pyroxenes, which are in equilibrium with the olivines. It has been often proposed that varying degrees of
partial reduction coincident with partial melting (a process named “smelting”) produced the range of olivine
(and pyroxene) core compositions, from an initial proto-ureilitic material, displaying a near-uniform olivine-
core Mg# number (e.g., Goodrich, 1992; Singletary and Grove, 2003). Alternatively, the diversity of the
silicate compositions could be inherited from the pre-igneous (nebular) history of the accreted materials [see
Warren and Huber (2006), Warren (2012) and Goodrich et al. (2007, 2013a) for extensive discussions of

these models].

In this paper, we report on trace element abundances obtained by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) of a suite of unbrecciated ureilites. Our aim is to evaluate the full range of refractory
lithophile element distributions displayed by these meteorites, in order to model the partial melting processes
that occurred in the mantle of the ureilite parent body (UPB) and to discuss the diversity of the melts and
also the possible structure of this C-rich body.

2. Samples and analytical procedures

We analyzed 15 Antarctic ureilites kindly provided by the NASA meteorite working group (MWG)
and the National Institute of Polar Research (NIPR), and an additional 2 from the Sahara. The details of the
meteorite samples used in this study are given in Table 1. These samples are among the least weathered
ureilitic finds and their olivine cores cover nearly the full range of compositions known for these meteorites

(Fo = 74 to 95 %). One of the samples is anomalous. Unlike other samples which are peridotites, MET
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01085 is a pyroxenite devoid of olivine. Notice that we do not include in our study polymict ureilites nor

samples of the rare “Hughes” group ureilites.

Fragments were crushed to a fine powder using a boron carbide mortar and pestle. Splits of the
powders (typically 200-250 mg) were leached in 4 M HNO; at room temperature during 30 minutes (“R1”
residues; two distinct splits of GRO 95575 were independently leached) before dissolution. A subsample of
NWA 8049 (“R2” residue) was leached for 90 minutes under the same conditions in order to evaluate the
effects of a longer leaching duration. MET 01085, which is devoid of olivine, was leached at 120 °C during
30 minutes (“R3” residue). Residues were rinsed twice in ultrapure water and dried before weighing.
Powders (unleached powders and residues) were digested by sequential mixtures of HF/HNO;, HNO; and
HCI. Elemental abundances were determined using a high-resolution inductively coupled plasma-mass
spectrometer Thermo Element 2 at Institut Universitaire Européen de la Mer (IUEM), Plouzané, following a
well-established procedure (e.g., Barrat et al., 2012). For the residues, Rare Earth Elements (REE) were
separated and concentrated (Barrat et al., 1996) in order to improve the quality of the analyses. Results on
international standards (BCR-2, BIR-1, WS-E, Allende USNM 3529, UB-N, PCC-1) have been repeatedly
reported (Barrat et al., 2012, 2014, 2016). Based on standards and many sample duplicates, the precisions for
abundances and trace element ratios [e.g., Eu/Eu*, where Eu* is the expected Eu concentration for a smooth
Cl-normalized REE pattern, such that Eu,= (Sm, x Gd,)"?] are in most cases much better than 5 % [two

relative standard deviations (2 x RSD)].

3. Results

Analysis of the seventeen ureilites examined in this study involved three ICP-MS runs per sample: one
complete run for each unleached and leached aliquot, and a supplementary one for each leached aliquot after
REE separation and concentration, which always confirmed the previous complete run. The results are given
in Table 2. For the leached samples (samples “R” in table 2), the reported REE abundances are those

obtained after separation.

Our results are in good agreement with literature values (e.g., Boynton et al., 1976; Goodrich et al.,
1991; Spitz and Boynton, 1991; Warren and Kallemeyn, 1992; Warren et al., 2006; Friedrich et al., 2010;
Barrat et al., 2016). Peridotites are poor in lithophile trace elements, and ureilites are no exception. However,
they display a wide range of abundances for these elements, as exemplified by La ranging from 0.28 to 22.6
ng/g in the unleached samples. Results obtained with the leached samples duplicate those obtained with the
unleached samples for most of the determined elements. The rational for leaching the sample powders was to
remove or reduce any traces of terrestrial alteration they might contain, particularly for the light-REE
elements, and this point is discussed further below. A direct examination of Table 2 shows that Li, Sc Ti, V,
Zn, Zr, Y and heavy REEs concentrations are very similar in the unleached and leached aliquots. P, Ga, Cu,
Rb, Sr, Cs and light REE abundances are sometimes lower in the leached samples, and this could reflect

either preferential dissolution of phases by HNO; (e.g., sulfides for Cu, schreibersite for P) or removal of a
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terrestrial contaminant (e.g., La, Ce and Sr), possibly scavenged by the secondary Fe-hydroxides or adsorbed
by the interstitial, fine-grained, C-rich material (Guan and Crozaz, 2000). In the following sections, we will

focus our discussion on the classical incompatible trace elements.

4. Discussion

4.1.Fingerprints of terrestrial weathering and how to remove them in ureilites

The low incompatible trace element abundances found in ureilites make them especially sensitive to

terrestrial weathering.

Indeed, many ureilites display marked light REE enrichments and distinctive V-shaped REE patterns
(Fig. 2a) that indicate the involvement of components enriched in light REE, which were first thought to be
indigenous to the ureilite parent body (e.g., Boynton et al., 1976), but were more likely introduced into the
rocks during terrestrial residence (e.g., Guan and Crozaz, 2000). Two falls in particular display V-shaped
REE patterns: Novo Urey (Boynton et al., 1976) and Haveré (Wénke et al., 1972). However, Novo Urey was
not collected immediately after its fall, and terrestrial contamination easily explains its light-REE enrichment
(Guan and Crozaz, 2000). The case of Haverd is more ambiguous because this meteorite was recovered
shortly after its fall. One may suggest that it contains minute amounts of an indigeneous light-REE rich
phase, such as titanite. Such light-REE rich phases are exceptional in ureilites (Guan and Crozaz, 2000), and
this hypothesis is unlikely at best. Only 70 ng/g of La were measured in Haverd by Wénke et al. (1972), and
we believe that contamination during the handling and processing of the meteorite is a more probable

explanation.

The secondary light-REE enriched components can be removed in Antarctic ureilites by HNO; (e.g.,
Boynton et al., 1976, Spitz and Boynton, 1991). Leaching procedures are difficult to test for samples
available in very small quantities: if the leaching is too weak, the secondary component is not totally
eliminated; if the leaching is too strong, the compositions of the residues could be controlled by those of the
most resistant phases, and could be very different to those of the pristine rocks. Because our allocated
samples were small, it was not possible to completely evaluate the effectiveness of the various leaching
procedures. After a few preliminary tests using strongly weathered Saharan ureilites, we concluded that a
leaching step with 4 N HNO; for half an hour at room temperature, does not alter the pyroxene/olivine ratios
in the residues, and so provides satisfactory results. The lithophile trace element abundances of the residues
are often very similar to those of the unleached samples but the irregularities displayed by the REE patterns
of the unleached samples (e.g., the Ce anomalies, see Fig. 2a) are erased or reduced. As exemplified by
NWA 8049, a longer leaching duration does not produced very different results, and seems unnecessary

(Table 2).

For each sample, the residues display lower La/Sm ratios than the unleached powders, which indicates

that all the samples contained traces of a secondary light-REE enriched components (Fig. 2b). Only two
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residues (ALH 81101 R1 and LAP 03587 R1) display patterns with slight La or Ce irregularities, suggesting
a “residual” contribution of secondary light-REE enriched components, which should not be
overemphasized. It is important to note that ureilites do not contain phosphates. P is largely controlled by
phosphides that are devoid of REEs. The partial dissolution of phosphides by HNO; (Table 2), has obviously
no impact on the incompatible trace element abundances of interest, except of course for P. The situation
would be different for phosphate-bearing achondrites for which such a leaching procedure is not suitable and
is not recommended. We leached MET 01085 more severely because this rock is a pyroxenite and the

possible preferential dissolution of olivine was not a problem.

The lithophile trace element abundances of the residues are certainly very close to those of the pristine
ureilites. Indeed, the REE abundances in the residues are very similar to those measured in the fresh
Almabhata Sitta ureilites (Fig. 3). Only these data and the P abundances of the unleached fractions will be
used in the following sections and drawn in the various figures. In contrast with Antarctic samples, the hot
desert finds contained secondary phases such as barite, which are not easily leachable and account for high
Ba and Sr abundances and sometimes anomalous REE distributions (e.g., Barrat et al., 2010). Therefore,

only two mildly weathered Saharan ureilites were selected for this study.

4.2.Diversity of incompatible trace element abundances and ratios in ureilites

The diversity of the trace element abundances in ureilites are well illustrated by their trace element
patterns normalized to CI (Figs. 3 and 4). The range of abundances is huge, with values that are spread over
two orders of magnitude for the most incompatible elements (e.g., Rb, Ba, La). The REE patterns display
variable light REE depletions [e.g., (La/Sm),= 0.022-0.65, (Pr/Sm),= 0.11-0.73] and heavy-REE enrichments
[(Dy/Lu),= 0.18-0.62] and always show marked negative Eu anomalies (Ew/Eu*= 0.14-0.68). These
anomalies are accompanied by low Zr/Eu* and Sr/Eu* ratios [(Zr/Eu*),= 0.03-0.75, (St/Eu*),= 0.08-0.60,
except NWA 8049 whose Sr/Eu* ratio is explained by hot desert weathering]. Interestingly, a positive Eu
anomaly and high (Sr/Eu*),, (Zr/Eu*), ratios were previously observed in ALM-A, a trachyandesitic clast
collected in the Almahata Sitta strewnfield (Bischoff et al., 2014).

The trace element patterns allow us to distinguish two groups of ureilites. The first group (group A)
comprises: A 881931, ALH 77257, ALH 81101, EET 96042, GRA 95205, GRO 95575, LAP 03587, PCA
82506, Y 790981, Y 981810 and NWA 8049. The second group (group B) comprises: ALH 82130, EET
83225, LAR 04315, Y 791538, and NWA 7686. Compared to group A, group B ureilites tend to be richer in
heavy REEs, more light-REE depleted, and display among the lowest (St/Eu*),, (Zr/Eu*), ratios and deepest
Eu anomalies. This separation in to two groups may appear somewhat arbitrary as the range of their
respective trace element ratios display some overlap (e.g., Fig. 5). Nonetheless, the ureilites from these two
groups are well separated in a (Dy/Lu), vs. Euw/Eu* plot (Fig. 5) or in (Pr/Sm), or Eu/Eu* vs. Sm plots (Fig.
6). The MET 01085 pyroxenite exhibits a trace element pattern very similar to the group B ureilites, and so is

most likely a member of this group.
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The Eu/Eu*, (St/Eu*), and (Zr/Eu*), ratios are strongly correlated. In (Sr/Eu*), and (Zr/Eu*), vs.
EwEu* plots, our analyses display well defined trends which can be extended through the chondritic
reference and up to ALM-A (Fig. 5). Similarly, the Eu anomalies of the ureilites are well correlated with
their light-REE depletions, and a clear trend is obtained in a (Pr/Sm), vs Ew/Eu* plot, that extends to the
chondritic ratios but not to ALM-A. The behavior of the heavy REEs seems more complex and a broad trend
is only obtained for the group A ureilites in a (Dy/Lu), vs. Eu/Eu* plot (Fig. 5). We noticed that the poorer a
ureilite is in incompatible trace elements (as exemplified by Sm), the more it is enriched in heavy-REE (Fig.
6). No relationships are evident between Eu-anomalies, light-REE depletions and incompatible trace element
abundances (Fig. 6). Collectively, these observations support the view that the ureilites represent mantle
restites, but also point to the complexity of the melting and melt segregation processes, which can be further

evaluated using trace element systematics.

4.3. Partial melting in the UPB body

Various partial melting models have been tentatively proposed to explain the REE abundances of
ureilites (e.g., Warren and Kallemeyn, 1992; Goodrich et al., 2007), but these do not provide a good match
for the fine structures the REE patterns (see Fig. 16 in Goodrich et al., 2007).

The recent discovery of felsic brachinites (Day et al., 2009), suggests that the crust of many small
differentiated bodies could have been silica-rich instead of basaltic, as previously thought. Furthermore,
recent experimental studies have shown that at low fO, conditions (i.c., at IW or below), partial melting of a
chondritic protolith can generate magmas characterized by high alkali and silica contents (Gardner-Vandy et
al., 2014; Usui et al., 2015). Seen in this light, the feldspathic debris found in polymict ureilites (e.g., Ikeda
et al., 2000; Cohen et al., 2004), and more importantly the discovery of a “large” ureilitic trachyandesite
(Bischoff et al., 2014) demonstrate that such magmas were generated by the melting of the UPB. Indeed, as
pointed out by Goodrich and Wilson (2013), the early magmatism produced on the UPB could have been
largely trachyandesitic. The extraction of these melts from chondritic precursors would yield residues with
low alkalis and superchondritic Ca/Al ratios, precisely matching some of the distinctive chemical features

observed in the ureilites.

Assuming a chondritic composition for the UPB, we propose that its melting history can be summarized

as having taken place in three principal stages:

a/ melting of the sulfides at a temperature close to the troilite-metal eutectic and segregation of a small
S-rich core before the onset of significant silicate melting; this step is required to explain the average 8°°Fe
of the ureilites, that is significantly higher than that of chondrites (Barrat et al., 2015); it is in agreement with

the marked S-depletions and the siderophile element abundances of the ureilites (e.g., Warren et al., 2006);
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this step would not have had an impact on the incompatible trace element distributions which are neither
chalcophile nor siderophile. After core segregation, the ureilite precursors would have displayed flat REE
patterns, but their incompatible trace element abundances were likely to have been higher than that of Cls,
probably close to 2 x CI, as suggested by the Sc abundances (Fig. 4). For the following calculations, we will

assume concentrations = 1.8 x CI at the end of this step;

b/ first step of silicate melting, and formation of silica and alkali-rich melts; the proportions of the
phases that melted during this step are uncertain; we used proportions similar to the ALM-A trachyandesite
mode and assumed that these proportions were constant throughout this step. This stage would have
terminated when plagioclase became exhausted. At the end of this step, we have assumed that the residual

pyroxene would have been pigeonitic.

¢/ second step of silicate melting, and melting of an ureilitic lithology; the residual lithology after the
previous step contained mainly olivine and pigeonite. The highest temperatures attained by the ureilitic
lithologies are not easy to estimate but were probably largely below 1400 °C based on melting experiments

of harzburgites conducted at low pressure (e.g., Klingenberg and Kushiro, 1996).

In order to better characterize the differentiation process, we need a quantitative model of melting.
Melt/residue partition coefficients can be calculated if the proportions of the phases in the residue are known.
Several options are possible: batch or fractional, equilibrium or disequilibrium. When a restricted number of
elements are considered, the various models can fit the data within uncertainties, provided that appropriate
values for the unconstrained parameters are selected. However, when a large number of elements with
different properties are selected, some of the models must be rejected, which is the major merit of modeling.
This is illustrated below.

Fractionation models can be evaluated using REEs. However, they depend on many parameters (e.g.,
starting modal proportions in the ureilite precursors, melting proportions of the phases, partition coefficients)
and assumptions, which are summarized in Tables 3 and 4. The mineralogical compositions of the chondritic
precursors of the ureilites are among the most important parameters. Various models of partial melting of
chondrites can be found in the literature, and usually invoke olivine-pyroxenes-plagioclase assemblages in
agreement with the mineralogy of the least metamorphosed chondrites (type 3). However, the metamorphism
of chondrites not only resulted in a coarsening of the textures but also led to the development of phosphate
grains (merrillite and apatite), chiefly by oxidation of P, which would initially have been contained by metal,
as first suggested by Ahrens (1970). REEs migrated into phosphates during metamorphism (e.g., Murrell and
Burnett, 1983), and these phases usually dominate the budget of these elements when present: REE
abundances in chondritic phosphates are generally high, often on the order of 100 x CI for merrillite (e.g.,
Jones et al., 2014). Therefore, the presence of phosphates during the melting of the ureilite precursors cannot

be neglected and needs to be fully evaluated in order to derive a realistic differentiation model for the
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ureilites. In the following, we will consider three different assemblages with phases in chondritic
proportions: one free of phosphate, an apatite-bearing source and a merrillite-bearing source. Because
phosphates are easily melted, they certainly involved in during the formation of the silica and alkali-rich
melts. We assume that they are totally consumed at the same time as plagioclase. The apatite partition
coefficients we have used are those that were experimentally determined by Prowatke and Klemme (2006).
Partition coefficients for merrillite are more uncertain, but are certainly much higher than those for apatite.
We selected the apparent partition coefficients determined using a merrillite analysis obtained in a shergottite
(Basu Sarbadhikari et al., 2009), that are consistent with the behavior of REEs in this phase (e.g., Jolliff et
al., 1993). In addition, the Eu partition coefficients are generally dependent of the oxygen fugacity. During
ureilite formation, fO, was low (close to IW-2, and possibly lower, Goodrich et al., 2013b), and the
behaviors of Eu and Sr were probably very similar. This is confirmed by the excellent correlation between
Euw/Eu* and Sr/Eu* ratios (Fig. 5). Consequently, the Eu and Sr partition coefficients are likely to have been

similar during the melting of the ureilite precursors.

We initially assume that the melts were efficiently extracted from their sources, and consequently the
melting processes would be analogous to fractional melting (Goodrich et al., 2007). The results of our
calculations are shown in Figure 7. Using our set of parameters, plagioclase is exhausted and consequently
no longer present in the residue after 16.5 % of melting. The first important observation that emerges from
our calculations is that the presence and the nature of the phosphate in the initial assemblage have a strong
impact on the shapes of the REE patterns obtained for the residues. Fractional melting of a precursor devoid
of phosphate (Fig. 7 at left), or containing apatite (Fig. 7 middle), cannot account for the REE abundances
measured in ureilites. Thus, the REE pattern of the residue calculated at the end of the first step of silicate
melting (red pattern “plagioclase out”) crosses the ureilite fields, which is inconsistent with the lack of
plagioclase in ureilites. On the other hand, fractional melting of a merrilite-bearing source produces residues
with REE abundances that resemble group B ureilites. However, the calculated residues are much more light-
REE depleted than the actual group A ureilites. A possible explanation for this discrepancy could be a
disequilibrium partitioning limited by slow diffusion in pyroxenes during fractional melt extraction, as
proposed by Goodrich et al. (2007, 2013). We have evaluated this possibility using the equations for
disequilibrium fractional melting given by Liang and Liu (2016). We calculated the residues of melting for a
range of disequilibrium parameter values (€) for the same three sources as above (phosphate free, apatite and
merrilite-bearing). The results obtained for F (degree of melting experienced by the bulk solid) =0.2 are
compared in Figure 8 with the compositions of the ureilites. Disequilibrium fractional melting can potentially
explain the less-marked light REE depletions of the group A compared to the group B ureilites. However, it
can only marginally account for the fine structure of the REE patterns. While this process cannot be firmly
ruled out, other processes are possible, and we believe more likely. Thus, it is important to note that if a
limited melt porosity developed during melting, then melting can no longer be considered to have been

perfectly fractional. Dynamic melting is thus a more likely process (e.g., Zou, 1998). In Figure 8, we
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calculate the residues obtained by dynamic melting with a critical mass porosity (¢) of 2 %. Residues
obtained with the merrilite-bearing sources display REE abundances similar to those of the group A ureilites
(Fig. 9). From this we conclude that the dynamic melting of a merrillite-bearing source with ¢ ranging from
0 (fractional melting) to a couple of percent, can perfectly explain the REE abundances of both groups of
ureilites (Figs. 6, 7 and 9). This model is consistent with F values ranging from 0.17 to 0.28. We emphasize
that these values are just indicative because they are model dependent. Calling for disequilibrium during
partial melting is not necessary to explain the data, and in the absence of robust evidence looks more ad hoc

than anything else.

Our new data and calculations have a number of important implications for the evolution of the ureilite

parent body:

a) at least two types of magmas were generated by the partial melting of the UPB. When plagioclase was still
present in the mantle, melts were probably aluminous; relics of these melts are rare and are at present limited
to the feldspathic debris found in polymict ureilites and to the ALM-A lava (e.g., Ikeda et al., 2000; Cohen et
al., 2004; Bischoff et al., 2014). It is likely that these magmas were alkali and silica rich. The segregation of
these melts would have removed most of the aluminum in the UPB mantle, and consequently most of its
*6Al, which is classically considered to provide the heat necessary for the melting of the small bodies.
However, the exhaustion of *°Al from the residues did not turn off magma formation; further melting of the
residues after the exhaustion of plagioclase would necessarily have produced a different type of melt,
certainly Al-poor and nearly alkali-free, which has not yet been identified. According to the model
calculations, the average degree of melting of ureilites is between 0.2 and 0.25, so that the mass of these Al

and alkali-poor melts would have been about a third of that of the initial alkali and silica-rich magmas.

b) the bulk density at 1100°C of the ALM-A melt (calculated with the KWare Magma software) is 2.70
g/em’, and is lower than the average grain density of ureilites (3.35 g/cm’) and carbonaceous chondrites
(2.93 g/em® for C2 chondrites, 3.6 g/cm® for C3-4 chondrites) determined by Macke et al. (2011a,b).
Consequently, these lavas reached the surface of the body. If volcanism was explosive, part of these melts
could have been lost to space (e.g., Warren and Kallemeyn, 1992). However, the feldspathic clasts found in
polymict ureilites (e.g., Ikeda et al., 2000; Cohen et al., 2004) and the ALM-A trachyandesite (Bischoff et
al., 2014) unambiguously indicate that at least some (if not all) of these volcanics were retained by the body.
As a consequence, at least part of the melts generated during the first step of silicate melting could have
formed a crust at the surface of the UPB. The density of the second type of magma was likely to have been
higher than that of the initial feldspathic melts. At present we do not know the exact compositions of these
second stage melts and so it is not possible to estimate their density contrast with their ureilitic residues. We
speculate that these melts were unlikely to have reached the surface of the UPB, especially if a

trachyandesitic crust covered the body. The possibility that these low-Al melts were slightly denser than
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ureilites, and could have formed an igneous layer below the ureilitic mantle requires further detailed

evaluation.

¢) the compositions of the olivine cores are not linked to the incompatible trace elements in ureilites (Fig.
10). Both smelting and gasless melting of ureilitic precursors can explain the data. If the ureilite precursors
were C-rich chondrites with rather homogeneous Mg# numbers, smelting would be required to generate the
range of olivine compositions. In that case, this process was particularly complex and independent of the
behavior of incompatible elements. On the other hand, gasless melting of precursors with various Mg#
values is in perfect agreement with the decoupling between olivine core compositions and incompatible trace
elements. It is noteworthy that ureilites with the highest Mg#s and the highest temperatures of equilibrium
estimated from pigeonite compositions using the method of Singletary and Grove (2003) belong to group B
and display among the highest Sm abundances (Fig. 10) or Yb abundances (Fig. 4). Consequently they are
among the least residual samples, which is rather astonishing should they be the most smelted samples.
Moreover, the temperatures of equilibrium calculated with pigeonite compositions are probably not good
estimates of partial melting conditions. They more likely mirror subsolidus reequilibration temperatures and

cannot be used to discuss the partial melting history of the ureilites.

5. Conclusions

The incompatible trace element systematics of 17 ureilites confirms that they are mantle restites. They
display a wide range of incompatible trace element abundances and ratios, and among them, striking light
REE depletions, negative Eu anomalies, low Zr/Eu* and Sr/Eu* ratios which are strongly correlated. Our

modelling of the REE abundances shows that:

a) the REE abundances of the residues from a chondritic precursor depend strongly on the presence of
phosphates; this remark is important not only for ureilites, but should be taken into account to
explain the REE distributions of other types of achondrites, especially the primitive ones. We
suggest that the chondritic precursors of ureilites contained REE-rich phosphates, chiefly merrillite;

b) the REE abundances of the urcilites can be explained if at least two types of magmas were
successively removed from their precursors. The first produced liquids consisted of aluminous melts
whose existence is confirmed by feldspathic clasts known in polymict ureilites (e.g., lkeda et al.,
2000; Cohen et al., 2004) and by ALM-A, a trachyandesite found in the Almahata Sitta strewnfield
(Bischoff et al., 2014). Partial melting continued after the exhaustion of plagioclase from the source,
and REEs indicate that Al and alkali-poor melts were produced. Partial melting was near fractional

to dynamic with melt porosities that did not exceed ca. a couple of percent.

Rocks formed from the low-Al, low-alkali magmas are totally unknown in the meteorite record, but

our sampling of the UPB is far from being complete and representative. It would be interesting to
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determine the compositions of such melts. Experimental melting of ureilitic assemblages should now be

undertaken to determine these compositions and to estimate the buoyancy of these melts within the UPB.

The successive eruptions of trachyandesitic lavas would almost certainly have built up a crust on the
surface of the UPB. The formation of such magmas in a C-rich body casts doubts on the arguments of
Weiss and Elkins-Tanton (2013) and Fu and Elkins-Tanton (2014) who suggested that magmas
generated by partial melting of carbonaceous chondrites and possibly ordinary chondrites, were too
dense to ascend to the surface of their parent bodies. However, this interpretation was obtained using
previous experimental results. Subsequently, recent studies have shown that the melting of chondrites
can generate at low fO,, silica and alkali enriched melts which are buoyant with respect to their
precursors (Usui et al., 2015). Therefore, we suggest that the hypothesis of the preservation of a
chondritic crust on some differentiated bodies needs a reappraisal. Clearly additional experimental work
is required to explore the possible melting conditions and the diversity of magmas potentially generated

by the various types of chondrites.
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566  Table 1. Details of meteorite samples studied. Olivine compositions are from Downes et al. (2008)°, Warren
567  and Rubin (2010)"%, and Barrat et al. (2015).

568
source mass olivine core Remarks
Fo%
Antarctica
A 881931,71 NIPR 05¢g 78.7%
ALH 77257,105 NIPR 05¢g 86.1°
ALH 81101,63 MWG 13¢g 78.9°
ALH 82130,43 MWG 08g 952°
EET 83225,37 MWG 08¢ 88.3°
EET 96042.,48 MWG 12¢g 81.3°
GRA 95205,64 MWG 12¢ 79.2°
GRO 95575,46 MWG 13g 78.6°
LAP 03587,10 MWG 08¢ 74.7VR
LAR 04315,46 MWG 08¢ 81.9WR
MET 01085,23 MWG 0.7¢g no olivine  px Mg#=88.8 "
PCA 82506,125 MWG l4g 79.2°
Y 790981,85 NIPR 06g 77.5°
Y 791538,109 NIPR 05¢g 91.3°
Y 981810,76 NIPR 05¢g 78.3°
Sahara
NWA 7686 JAB 18¢ 91.0"
NWA 8049 JAB 20g 84.3"°
569

570



Table 2. Trace element abundances in unleached fractions (U) and residues after leaching (R1, R2, R3, see the text for details) of ureilites.

A A ALH ALH ALH ALH ALH ALH EET EET EET EET GRA GRA GRO GRO GRO LAP LAP
881931 881931 77257 77257 81101 81101 82130 82130 83225 83225 96042 96042 95205 95205 95575 95575 95575 03587 03587
u R1 u R1 u R1 u R1 u R1 u R1 u R1 u R1a R1b u R1
Ca0o wt% 1.67 0.91 0.96 2.62 2.32 1.42 0.63 1.56 1.47 0.71
Li ug/g 1.78 1.44 1.43 1.46 1.88 1.69 1.3 1.4 0.86 0.91 1.92 1.84 1.66 1.74 1.71 1.94 1.79 1.71 1.78
P ug/g 189 147 235 199 90 82 335 255 501 411 379 301 263 219 310 253 266 170 152
Sc ua/g 9.08 10.25 7.06 713 7.42 6.83 11.32 12.63 13.83 14.03 8.68 8.78 6.67 6.79 8.61 9.37 9.04 7.32 7.77
Ti ug/g 201 206 120 120 89.3 73.8 335 378 274 276 201 199 125 124 123 148 139 61.3 69.3
\ ug/g 97 91 91 92 86 82 116 113 106 112 96 96 82 84 96 103 101 88 89
Cu ua/g 9.33 7.31 2.51 2.05 6.16 4.02 5.28 3.07 2.27 1.59 8.91 5.71 4.34 2.67 3.32 2.12 2.59 5.03 3.82
Zn ug/g 240 198 204 212 114 110 180 193 99 107 221 220 154 146 130 139 133 238 233
Ga ug/g 2.16 2.08 1.64 1.37 1.25 0.87 2.55 1.14 1.55 1.3 2.56 1.73 1.78 1.37 1.64 1.36 1.49 1.33 1.09
Rb ng/g 96 85 3.1 4.9 7 6.4 12 14 5.3 1.8 38 42 40 42 7.4 5.9 12 17 8.8
Sr ng/g 704 623 42 35 21 11 456 504 137 126 444 413 209 178 20 25 16 135 57
Y ng/g 465 465 152 151 106 102 755 859 670 677 383 404 209 212 104 113 112 98 102
Zr ng/g 258 224 26 25 15 12 145 157 20 19 113 119 131 124 11 10 11 24 21
Cs ng/g 8.04 5.71 1.35 0.6 n.d. 4.61 1.1 0.85 0.51 0.33 2.61 5.45 2.37 4.37 0.47 n.d. n.d. 1.53 0.98
Ba ng/g 233 187 8.51 4.67 6.66 2.46 324 20.9 38.0 14.2 55.9 54.1 59.6 55.3 4.9 22 10.1 43.7 23.8

La ng/g 18.6 14.0 0.80 0.59 0.64 0.22 8.32 7.76 1.42 0.69 5.98 5.27 6.01 4.94 0.28 0.25 0.13 3.81 1.28
Ce ng/g 46.8 35.2 3.47 1.88 1.78 0.74 31.2 311 5.13 3.13 18.1 16.2 15.6 13.3 1.12 0.68 0.40 8.63 3.18
Pr ng/g 7.69 6.00 0.52 0.38 0.22 0.093 7.68 7.51 1.71 1.33 3.34 3.28 2.52 2.22 0.12 0.12 0.076 1.13 0.45
Nd ng/g 42.9 34.9 3.22 2.72 1.03 0.674 54.2 60.8 19.9 18.0 23.0 225 14.0 12.8 0.76 0.78 0.63 5.24 2.63
Sm ng/g 18.4 17.2 2.22 2.02 0.92 0.712 321 36.0 20.4 20.2 12.9 13.3 6.29 5.87 0.70 0.77 0.73 2.07 1.64
Eu ng/g 5.29 4.67 0.56 0.337  0.137  0.118 3.81 4.39 1.76 1.60 3.04 3.10 1.85 1.67 0.169 0.176  0.157 0.44 0.49
Gd ng/g 36.3 35.1 6.45 6.23 2.90 2.81 67.6 78.6 59.9 55.8 26.6 27.8 12 1.7 2.93 3.19 3.09 4.79 4.61
Tb ng/g 8.51 8.31 1.95 1.85 0.97 0.959 15.2 17.4 13.8 13.1 6.3 6.47 2.92 2.84 0.95 1.08 1.06 1.21 1.31
Dy ng/g 68.5 68.6 18.4 18.5 10.7 10.6 116 136 107 106 50.6 53 243 247 10.6 1.9 11.6 11.6 12.1
Ho ng/g 18.3 18.2 5.79 5.64 3.46 3.43 28.8 34.6 27.3 27 13.1 13.8 6.81 6.85 3.38 3.87 3.74 3.4 3.57
Er ng/g 61.9 61.9 22.5 22.6 15 14.3 96 111 89.5 85.2 44.8 47.5 25 25.3 14.6 16.2 15.9 13.7 141
Yb ng/g 82.8 82.6 40.4 38.8 26.7 27.0 116 133 106 105 61.1 65.9 38.8 39.9 28.6 31.5 30.8 24.8 26.3
Lu ng/g 14.4 14.0 7.52 7.20 5.37 5.36 18.9 215 17.7 16.6 10.9 11.5 7.16 7.31 5.91 6.37 6.15 4.99 5.26
(La/Sm)s, 0.66 0.532 0.234 0.19 0.453  0.201 0.169 0.14 0.045 0.022 0.302 0.258 0.622 0.548 0.262 0213 0.113 1.20 0.507
(Pr/Sm), 0.702  0.587  0.391 0.317  0.397 0.22 0.402 0.35 0.141 0.111 0436 0415 0675 0.637 0298 0255 0.175 0919 0.458



(Dy/Lu), 0.46 0.475 0.237 0.249 0.192 0.191 0.597 0.612 0.586 0.619 0.45 0.446 0.328 0.327 0.173 0.181 0.183 0.225 0.223
Eu/Eu* 0.619 0576 0446 0288 0253 0254 0248 0250 0152 0144 0497 0489 0643 0611 0357 0339 0316 0428 0.540
(ST/EU*), 0.625 0582 0252 0225 029 018 0225 0217 009 008 0552 0495 055 0493 0319 0361 0243 0984 0.479
(Zr/Eu*), 0.504 0.460 0.348 0.359 0.466 0.442 0.157 0.148 0.028 0.029 0.308 0.314 0.76 0.754 0.381 0.330 0.370 0.386 0.392
Table 2 (continue)
LAR LAR MET MET PCA  PCA Y Y Y Y Y Y NWA NWA NWA NWA  NWA
04315 04315 01085 01085 82506 82506 790981 790981 791538 791538 981810 981810 7686 7686 8049 8049 8049
U R1 U R3 U R1 U R1 U R1 U R1 U R1 U R1 R2
Ca0  wi% 1.69 2.23 1.16 1.09 1.65 0.98 1.39 116 1.12
Li uglg 166 155 069 069 154 161 1.8 1.71 146 152 157 167 149 153 141 148 153
P wglg 257 255 506 182 270 220 337 284 546 401 276 223 526 474 261 230 233
Sc ug/g 8.82 10.04 16.66 17.35 8.24 8.89 7.49 7.9 10.2 10.49 8.4 7.76 8.41 9.27 7.69 8.06 8.67
Ti ug/g 167 199 556 590 141 154 163 161 297 298 138 119 204 224 112 117 126
Vv uglg 89 94 110 117 99 103 85 80 91 92 85 84 88 92 87 92 95
Cu wglg 733 565 518 196 329 229 1255 971 3.82 293 1138 913 554  3.76 4.2 182 1.51
Zn ug/g 161 152 89 96 170 174 252 232 228 237 227 245 236 235 199 215 229
Ga ug/g 1.96 1.31 2.95 2.43 2.02 1.72 2.39 2.06 2.51 1.76 1.72 1.23 2.47 212 1.57 1.34 1.39
Rb nglg 7.7 5.1 14 13 15 13 117 108 12 12 82 75 6.1 6.4 12 7.6 7.1
Sr nglg 121 113 645 525 65 59 785 727 148 144 519 396 224 235 132 177 172
Y ng/g 298 345 1181 1188 164 172 425 424 542 534 293 248 375 420 167 165 169
Zr ng/g 52 50 264 242 22 24 339 332 24 30 196 176 24 17 28 25 22
Cs ng/lg 077 065 113 082 n.d. 152 9.51 7.82 271 099 849 683 084 058 074 063 053
Ba nglg 564  7.69 113 39.7 966  7.34 295 233 197 143 201 124 13 10 392 80 83
La ng/g 2.41 1.63 9.33 5.76 0.72 0.66 22.6 19.5 1.35 1.08 18.6 11.7 0.88 0.86 1.79 1.42 1.18
Ce ng/g 7.45 6.25 31.6 221 3.17 21 55.3 48.9 5.72 4.09 47.1 30.8 4.26 3.85 4.9 3.99 3.49
Pr ng/g 1.89  1.71 7.21 524 049 042 911 814  1.36 1.1 7.4 5.1 1.11 118  0.84 068  0.63
Nd ng/lg 146 158 526 445 298 295 492 463 113 108 379 286 107 121 465 = 4.21 3.96
Sm ng/g 10.7 11.9 35.3 31.7 2.04 218 20.4 20.6 10.9 11.1 14.4 11.7 9.13 11.0 2.88 2.70 2.67
Eu ng/g 1.21 1.31 6.45 5.23 0.56 0.592 6.39 6.27 1.53 1.40 4.05 3.30 1.94 2.1 0.52 0.644 0.603
Gd ng/lg 236 283 858 8.6 600 636 359 377 323 326 252 202 232 287 723 724 763
Tb ng/lg 535 668 208 205 179 190  8.01 8.3 873 876 548 443  6.01 723 235 206 214



Dy
Ho
Er
Yb
Lu
(La/Sm),
(Pr/Sm),
(Dy/Lu),
Eu/Eu*
(Sr/Eu*),
(Zr/Eu*),

ng/g
ng/g
ng/g
ng/g
ng/g

45.0

11.6

40.4

60.4

11.4
0.147
0.297
0.382
0.231
0.175
0.167

53.8
141
471
64.5
1.1
0.089
0.243
0.471
0.217
0.142
0.137

172
44.6
159
206
34.1
0.172
0.343
0.489
0.355
0.269
0.242

174
46.3
159
204
33.1
0.118
0.278
0.51
0.314
0.239
0.242

18.1
5.48
217
37.1
7.7
0.230
0.401
0.244
0.484
0.424
0.323

19.0
5.81
231
39.4
7.43
0.197
0.324
0.248
0.482
0.362
0.331

64.5
15.9
54.7
70.2
11.8
0.723
0.752
0.532
0.716
0.667
0.632

66.0
16.8
56.4
734
12.5
0.616
0.663
0.512
0.681
0.599
0.601

79.5
21.3
74.4
102
17.4
0.081
0.209
0.442
0.246
0.181
0.064

77.9
214
75.3
102
17.3
0.063
0.167
0.436
0.224
0.174
0.080

42.5
11.0
38
52.7
9.65
0.838
0.863
0.427
0.644
0.626
0.519

35.5
9.19
32.2
47.3
8.60
0.65
0.732
0.399
0.65
0.592
0.576

52.1
14.6
50.6
721
13.1
0.062
0.204
0.386
0.404
0.354
0.082

63.3
17.3
60.8
82.7
14.1
0.051
0.182
0.434
0.361
0.305
0.049

21.5
6.37
24.7
43.5
8.30
0.405
0.489
0.25
0.345
0.664
0.304

20.2

6.04

23.6

40.6

7.62
0.344
0.427
0.257
0.441
0.918
0.282

20.5
6.18
23.8
40.8
7.68
0.288
0.395
0.258
0.404
0.873
0.244




Table 3. Starting modal compositions, and melting proportions (melting step, 1: with plagioclase; 2: after plagioclase exhaustion).

starting compositions, step 1
phosphate-free source
apatite-bearing source

merrillite-bearing source

melting proportions, step 1
phosphate-free source
apatite-bearing source

merrillite-bearing source

melting proportions, step 2

olivine

53

52.7
52.7

50

orthopyroxene

31
31
31

13.9
12.1
12.1

clinopyroxene

19.4
19.4
19.4

pigeonite

50

plagioclase

11
11
11

66.7
66.7
66.7

apatite

0.3

1.82

merrillite

0.3

1.82




Table 4. Mineral-melt partition coefficients and desequilibrium parameter used for calculations (melting step, 1: with plagioclase; 2: after plagioclase
exhaustion). For each phase, the REE partition coefficients (except Eu) were recalculated using the best-fit order-3 polynome in a Log D vs. ionic radius plot
from literature data (a: Evans et al., 2008 ; b : Severs et al., 2009 ; ¢ : Prowatke and Klemme, 2006 ; d : Basu Sarbadhikari et al., 2009 ; e : McKay et al.,
1991). The Eu and Sr partition coefficients were assumed to be similar during ureilite melting. This assumption is justified by the strong correlation between
Euw/Eu* and Sr/Eu* (Fig. 5). The disequilibrium parameters for REE (Ergr) are deduced from their diffusion parameters in diopside at 1200°C (Van Orman et
al., 2001), with &, fixed at 1.

olivine orthopyroxene clinopyroxene plagioclase apatite merrillite pigeonite

EREE
reference a b b b c d
melting step 1,2 1 1 1 1 1 2 1,2
Sr 4.60E-05 0.003 0.101 2.42 43 2.73 0.002
La 4.87E-06 0.003 0.082 0.087 10.99 68.6 0.0008 1.00
Ce 1.23E-05 0.0051 0.15 0.079 13.36 75.1 0.0017 0914
Pr 3.00E-05 0.0088 0.249 0.068 15.15 79.4 0.0033 0.772
Nd 7.04E-05 0.0148 0.376 0.057 16.06 81.3 0.0056 0.609
Sm 2.94E-04 0.0355 0.635 0.037 15.29 79.2 0.0118 0.349
Eu = Dg;, = Dg; = Dg;, = Dg, = Dg, = Dg; 0.005 0.262
Gd 9.56E-04 0.0724 0.835 0.025 12.67 73.1 0.0203 0.193
Tb 0.0017 0.101 0.908 0.02 11.02 69.2 0.0262 0.140
Dy 0.00298 0.14 0.957 0.017 9.3 64.9 0.0338 0.101
Ho 0.00499 0.186 0.981 0.014 7.77 60.7 0.0433 0.0736
Er 0.00798 0.238 0.986 0.012 6.46 57.0 0.0550 0.0551
Tm 0.0122 0.295 0.978 0.011 5.38 53.6 0.0695 0.0424
Yb 0.0179 0.354 0.962 0.010 4.51 50.6 0.0873 0.0336

Lu 0.0251 0.414 0.942 0.009 3.82 48.1 0.109 0.0274
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Figure 1. Plots of molar Fe/Mn ratios in olivine cores and A0 (Clayton and Mayeda, 1996) vs. the composition
of the olivine cores (data mainly from Downes et al., 2008, Singletary and Grove, 2003, Goodrich et al., 2006;
Barrat et al., 2015 and references therein).
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Figure 2. a) Selected REE patterns obtained for ALH 77257 normalized to CI chondrite (Barrat et al.,
2012). Results obtained with unleached fractions display the fingerprints of a secondary component
(positive Ce anomaly, light REE enrichment). These features are removed after leaching. Notice that
the results obtained after leaching display the same Sm and heavy-REE abundances as the unleached
powder (this work), and indicate that the residue is not pyroxene-enriched (no effect of selective
dissolution of olivine). b) (La/Sm), ratios in the residues compared to the same ratios in the unleached
powders. The residues display lower (La/Sm), ratios than the unleached powders, demonstrating that
light-REE enriched secondary components were removed by the leaching step for all the samples.



Ureilites,

0.1

sample/Cl

0.001 ___ Almahata Sitta
(Friedrich et al., 2010)

LaCePrNd SmEuGdTbDyHoEr YbLu LaCePrNd SmEuGdTbDyHoEr YbLu

LR RLL |
PRI |
LRLRAL |
sl

Figure 3. REE patterns of ureilites (Ileached samples), normalized to CI chondrite (Barrat et al., 2012).
The patterns of three Almahata Sitta ureilites are shown for comparison (Friedrich et al., 2010).
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Figure 4. Trace element patterns of ureilites (concentrations obtained with the leached samples, except
for P for which the concentrations in the unleached fractions were selected) and for the ALM-A
trachyandesite (Bischoff et al., 2014) normalized to CI chondrite (Barrat et al., 2012). Ba and Sr
abundances in the two Saharan samples have been omitted.
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Figure 5. (St/Eu*),, (Zr/Eu*),, (Pr/Sm),, (Dy/Lu), vs. EuW/Eu* plots for ureilites (leached samples). Hot
desert weathering (HDW) is responsible of the high St/Eu* ratios displayed by NWA 8049.
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Figure 6. (Dy/Lu),, (Pr/Sm),, and Eu/Eu* vs. Sm, plots for ureilites (leached samples). The partial
melting curves obtained for a merrillite-bearing assemblage are shown for comparison.



Fractional melting

- Phosphate-free source Apatite-bearing source Merrillite-bearing source -
0 -

T T llllll'l
1 lllllld

T lllllll
L IlIllld

rock/Cl chondrite

o
T lllllll

Ll llllld

ureilites,
i | group B

-3
10

7

ureilites,

Figure 7. Results of REE modelling using three different ureilite precursors and the fractional melting
law. The compositions of the sources, the melting proportions of the phases and the selected partition
coefficients are given in Tables 3 and 4. The red pattern “plag. out” marks the end of the first step of
silicate melting and the exhaustion of plagioclase. The fields for group A (blue) and group B (red)
ureilites are shown for comparison.
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Figure 8. Results of REE modelling using three different ureilite precursors and a disequilibrium
fractional melting law for F=0.2. The compositions of the sources, the melting proportions of the
phases, the selected partition coefficients and the disequilibrium parameters are given in Tables 3 and
4. The fields for group A (blue) and group B (red) ureilites are shown for comparison.
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Figure 9. Results of REE modelling using three different ureilite precursors and assuming a dynamic
melting model (Zou, 1998). The compositions of the sources, the melting proportions of the phases
and the selected partition coefficients are given in Tables 3 and 4. The red pattern “plag. out” marks
the end of the first step of silicate melting and the exhaustion of plagioclase. The fields for group A
(blue) and group B (red) ureilites are shown for comparison.
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Figure 10. olivine core compositions vs. Sm abundances (normalized to CI) for ureilites (leached
samples). Possible melting curves for smelting and gasless melting for three different hypothetical
sources are shown for comparison. The vertical black arrow shows the evolution of the temperatures
of equilibrium for ureilites estimated from pigeonite compositions using the method of Singletary and

Grove (2003).
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