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The hydrophilic nature of halogens makes these elements ideal for probing potential hydrous geologic 
processes. Generally, in magmatic settings the stable isotopes of Cl may fractionate when H is in low 
concentrations and little fractionation occurs when the H concentration is high. We determined the Cl 
isotope composition and halogen content (F, Cl, Br, and I) of apatite and merrillite in seven basaltic 
eucrites, which are meteorites linked to the asteroid 4-Vesta, by using secondary ion mass spectrometry. 
We compare our halogen results with H isotope data, existing bulk rock concentrations, and petrologic 
models. The inferred Cl isotope composition of eucrites from this study, expressed in standard δ37Cl
notation, which ranges from −3.8 to 7.7�, correlates with the bulk major- and trace-element content, 
e.g., the Cl isotope composition positively correlates with Mg and Sc, while Cl isotope composition 
negatively correlates with K, V, and Cr. Here we suggest that eucrites preserve evidence of a degassing 
magma ocean as evidenced by the decreasing bulk rock K content with increasing δ37Cl. If the eucrite 
parent body, 4-Vesta, accreted with a negative δ37Cl of −3.8 ± 1.1�, at least some parts of the solar 
nebula would have been isotopically light compared to most estimates of the Earth, which on average is 
close to 0�.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Eucrites are differentiated meteorites that group together with 
howardites and diogenites to from a genetically linked suite of 
rocks, the HED group of meteorites. Eucrites can be further sub-
divided into basaltic or cumulate rocks, which sample some of 
the oldest asteroidal crusts in the solar system (e.g. Touboul et 
al., 2015). Most eucrites are thought to derive from the asteroid 
4-Vesta (McSween et al., 2012 and refs. therein), but some eucrites 
probably sample other geochemically similar asteroids (Sarafian 
et al., 2014, 2013; Scott et al., 2009; Takeda and Graham, 1991). 
Here we will use the asteroid 4-Vesta as a proxy for all eu-
crite parent bodies. Basaltic eucrites can be classified into three 
geochemical groups by plotting proxies for fractional crystalliza-
tion, such as Mg# (molar Mg/(Mg+Fe)) or Sc content ([Sc]) vs. 
an incompatible element, e.g., [Ti] or [Hf] (Fig. 1). Main group 
eucrites define a trend consistent with fractional and/or equi-
librium crystallization (Fig. 1; Mandler and Elkins-Tanton, 2013;
Warren and Jerde, 1987), although their petrogenesis is subject to 
some debate. Some models require partial melting of the mantle 
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Fig. 1. Bulk rock Hf vs. Sc concentrations. Note that Stannern trend eucrites (Stan-
nern and NWA 5073) are enriched in Hf compared to main group eucrites.

(Stolper, 1977), while most models predict direct extraction from a 
magma ocean (Mandler and Elkins-Tanton, 2013; McSween et al., 
2012; Barrat et al., 2007). The most recent and quantitative geo-

chemical modeling suggests that eucrites originate directly from 
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a crystallizing magma ocean (Mandler and Elkins-Tanton, 2013;
McSween et al., 2012). The Stannern trend eucrites are charac-
terized by an enrichment in incompatible elements, independent 
of their crystallization index, e.g., Mg# or [Sc] (Fig. 1). This trend 
was likely generated by contamination of a main group magma 
with a crustal partial melt (Yamaguchi et al., 2009; Barrat et al., 
2007), but could have been generated by low degrees of partial 
melting of the vestan mantle (Stolper, 1977). The third group of 
basaltic eucrites are residual eucrites, which are depleted in in-
compatible trace elements and likely represent a residual crustal 
rock that was partially melted (Yamaguchi et al., 2009). Ther-
mal alteration among eucrites is nearly ubiquitous. Eucrites can 
be classified into seven types on the basis of increasing ther-
mal alteration, type 1 eucrites are extremely rare and repre-
sent no evidence of thermal alteration, whereas type 7 eucrites 
exhibit evidence of partial melting (Takeda and Graham, 1991;
Yamaguchi et al., 2009).

Eucrites contain two phosphates, merrillite (Ca9NaMg(PO4)7) 
and apatite (Ca5(PO4)3(OH,F,Cl)), whilst the latter is mostly F-rich 
apatite (Sarafian et al., 2013). In eucrites apatite and merrillite gen-
erally occur in late stage melt pockets, i.e., mesostasis (Sarafian et 
al., 2013) since basaltic melts have a high solubility of P (Harrison 
and Watson, 1984). Similar to other incompatible elements, P be-
comes enriched during the late stages of fractional crystallization, 
resulting in precipitation of apatite and/or merrillite. In planetary 
basalts, apatite is the main carrier of halogens and H, while merril-
lite is nearly devoid of H, F, and Cl. Several studies have examined 
H, F, and Cl exchange between apatite and melt (McCubbin et al., 
2015), as well as the partitioning of halogens between apatite and 
fluid (Kusebauch et al., 2015a). Thus, the apatite H, F, Cl, Br, and I 
content can be related to the magmatic and hydrothermal condi-
tions apatite formed under and/or equilibrated with.

Eucrites are systematically depleted in volatile elements com-
pared to carbonaceous chondrites and the Earth. For example, 
the geochemically similar pair Ga (volatile) and Al (refractory) 
should remain invariant during magmatic processes, yet the Ga/Al 
of eucrites, Earth and carbonaceous chondrites are 0.32, 1.7, 11, 
respectively (McDonough and Sun, 1995; Warren et al., 2009). 
While eucrites are depleted in volatile elements, there are multiple 
lines of evidence that fluids may have interacted with the eucritic 
crust. For example, fluids may have precipitated observed quartz 
veins (Treiman et al., 2004), apatite veins (Sarafian et al., 2013), 
Fe-rich olivine veins (Roszjar et al., 2011), and Fe-enrichment 
along pyroxene grain boundaries (Barrat et al., 2011; Roszjar et 
al., 2011). The source of magmatic water has been determined 
to have a carbonaceous chondrite signature (Barrett et al., 2016;
Sarafian et al., 2014), but the source of water for fluid-generated 
features, such as the quartz, apatite, and Fe-rich olivine veins, are 
unknown.

The Cl isotope composition of planetary basalts is extremely 
variable compared to magmatic rocks on Earth (Halldórsson et 
al., 2016; Williams et al., 2016; John et al., 2010; Sharp et al., 
2010b). Chlorine has two stable isotopes, 35Cl and 37Cl, with natu-
ral abundances of 75.77% and 24.23%, respectively. Chlorine isotope 
ratios can be represented in standard delta notation, as: δ37Cl =
(37Cl/35Clsample/37Cl/35ClSMOC − 1) × 1000, where SMOC is stan-
dard mean ocean chloride, with a δ37Cl value defined as zero. 
Multiple studies of δ37Cl of lunar and martian rocks are widely 
used to decipher interactions between lithospheric, atmospheric 
and hydrospheric components. For example, δ37Cl has been used 
to show crustal/fluid assimilation processes on Mars (Sharp et al., 
2016; Williams et al., 2016) and degassing processes on the Moon 
(Barnes et al., 2016; Boyce et al., 2015; Sharp et al., 2010b). Delta 
37Cl is an extremely sensitive indicator of crustal contamination 
in martian rocks, as crustal fluids on Mars are thought to be ex-
tremely saline (Knauth and Burt, 2002) and have an elevated δ37Cl

(Sharp et al., 2016; Williams et al., 2016). Chlorine isotope ratios 
in some lunar samples are extremely enriched in 37Cl, which is 
thought to be due to metal–chloride degassing (Barnes et al., 2016;
Boyce et al., 2015; Sharp et al., 2010b). The latter could be due to 
in-situ degassing of low H content of lunar magmas (Sharp et al., 
2010b), or from degassing of a magma ocean (Barnes et al., 2016;
Boyce et al., 2015). If a magma ocean on 4-Vesta existed and de-
gassed, then δ37Cl should correlate with key bulk rock indicators 
of magma ocean crystallization.

Here, we report the H, F, Cl, Br, and I content of eucritic apatite 
and merrillite as well as the δ37Cl and H-isotope composition of 
eucritic apatite. We show that the Cl isotopic composition of ap-
atite in eucrites strongly correlate with bulk rock major and trace 
element concentrations. We determined a light δ37Cl signature for 
4-Vesta that is similar to that of the unequilibrated chondrites 
Parnallee and NWA 8276 (Sharp et al., 2016, 2013b; Williams et 
al., 2016), the former was confirmed by in-situ analysis of apatite 
grains. We suggest that 4-Vesta accreted a light Cl isotope reser-
voir that may be distinct from other solar system bodies, like the 
Earth and Moon.

2. Sample description

We chose seven samples (Cachari, GRA 98098, Juvinas, NWA 
1908, NWA 5073, Pasamonte, and Stannern) to evaluate the halo-
gen (F, Cl, Br, and I) concentrations and stable Cl isotopes in apatite 
and merrillite and two samples (GRA 98098 and NWA 1908) to 
measure apatite D/H and water contents. Our samples are selected 
from the main group and Stannern trend, and represent a wide 
range of thermal alteration types (types 2–6). In the following sec-
tions we provide relevant petrographic descriptions of our selected 
samples.

2.1. Cachari

Cachari (N513, NHM Vienna) is a heavily-shocked monomict 
basaltic eucrite that has vesicular glass veins attributed to shock 
melting by impact (Bogard et al., 1985). It is mainly composed 
of fractured and mosaicised pyroxenes of 0.2–2.5 mm, i.e., or-
thopyroxene and augite and each containing exsolution lamellae 
of each other, and plagioclase of 0.2–2 mm in size and with mot-
tled extinction when viewed in cross-polarized light. Apatite and 
merrillite are 10–150 μm in apparent diameter and typically oc-
cur adjacent or interstitial to pyroxene, plagioclase, chromite, and 
zircon. Apatite grains are larger and more abundant compared to 
merrillite. Sarafian et al. (2014) measured H isotopes in Cachari 
and found this sample to have a H isotope composition similar to 
other measured eucrites.

2.2. GRA 98098

Graves Nunataks (GRA) 98098 is an unbrecciated coarse-grained 
type 4 main group eucrite. Our thick section of GRA 98098,65 has 
0.2–1 mm laths of plagioclase with rounded edges and 0.2–1 mm 
blocky exsolved pyroxene. Graves Nunataks 98098 is absent of any 
late stage melt pockets and merrillite, but it does contain abundant 
and large apatite often 100 μm in the long direction. The sample 
has distinctive tridymite veins throughout the main mass that are 
associated Cl-rich apatite (Sarafian et al., 2013).

2.3. Juvinas

Juvinas is a main group type 5 monomict basaltic eucrite. We 
analyzed two thin sections of Juvinas, WWU Münster (apatite mea-
surements) and Juvinas AMNH 466-2 (merrillite measurements). 
Our sections of Juvinas have lathy plagioclase up to ca. 2 mm in 
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