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Abstract
Troilite-orthopyroxene intergrowths are present as a common material in the brecciated diogenite Northwest Africa
(NWA) 7183. In this study, we report on the petrographic, mineralogical, and rare earth element abundances of the
troilite-orthopyroxene intergrowths to constrain their origin and assess their implications for the diverse petrogenesis of
diogenites.
Two groups of troilite-orthopyroxene intergrowths with various grain sizes and mineral chemistry have been observed in
NWA 7183. One group of intergrowths contains ﬁne-grained (<5 lm) olivine and chromite as inclusions in orthopyroxene
(10–20 lm in size). The other group, in which orthopyroxene is more ﬁne-grained (<10 lm in size), is closely associated with
coarse irregular olivine grains. The orthopyroxene grains in both groups of troilite-orthopyroxene intergrowths are depleted
in Cr, Al, Ti, and Ca compared with diogenitic orthopyroxene. Based on the texture and mineral chemistry, we suggest that
the two groups of troilite-orthopyroxene intergrowths formed via reactions between diogenitic olivine and S-rich vapors,
probably at diﬀerent temperatures. The fact that some of the intergrowths are included in diogenitic lithic clasts indicates that
the formation of the host diogenite should postdate the formation of the majority of troilite-orthopyroxene intergrowths. This
relationship further implies that not all of the diogenites are cumulates that directly crystallized from the Vestan magma
ocean. Instead, they probably originated from partial melting and recrystallization of magma ocean cumulates. The replacement of olivine by troilite and orthopyroxene intergrowths can partly explain why the expected olivine-rich lithologies were
not detected at the two south pole impact basins on Vesta.
Ó 2017 Elsevier Ltd. All rights reserved.
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The howardite-eucrite-diogenite (HED) meteorite clan
represents a large group of achondrites (n = 1900) composed of broadly basaltic (eucrite), orthopyroxene ± olivine
cumulate (diogenite) and breccia (howardite) materials.
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They are considered to originate from Asteroid 4 Vesta
based on the similarity of reﬂectance spectra between
HED meteorites and the surface materials of Vesta
(McCord et al., 1970; Mittlefehldt et al., 1998; McSween
et al., 2011; Mittlefehldt, 2015). The HED meteorites are
important samples for constraining the diﬀerentiation and
evolution of this unique proto-planet (Russell et al., 2012)
and subsequent processing events (Treiman et al., 2004;
Barrat et al., 2011; Day et al., 2012; Zhang et al., 2013;
Warren et al., 2014; Miyahara et al., 2014; Pang et al.,
2016). The eucritic components are composed mainly of
pyroxene and plagioclase. Based on textural diﬀerences,
they are subdivided into cumulate eucrites and basaltic
eucrites. It is widely accepted that eucrites are samples from
the upper crust of the eucrite parent body, regardless of
their detailed formation models (Mittlefehldt, 1994;
Mittlefehldt et al., 2012; McSween et al., 2011; Mandler
and Elkins-Tanton, 2013; Mittlefehldt, 2015). Diogenitic
components are composed predominantly of orthopyroxene and olivine with minor diopside/augite, chromite, and
plagioclase. They can be subdivided into orthopyroxenitic,
harzburgitic, and dunitic diogenites based on the relative
abundances of orthopyroxene and olivine (Mittlefehldt,
2015). The petrogenesis of diogenites is still an issue of controversy. Some investigators have proposed that diogenites
could have formed as cumulates from a magma ocean
(Righter and Drake, 1997; Ruzicka et al., 1997; McSween
et al., 2011; Mandler and Elkins-Tanton, 2013;
Mittlefehldt, 2015). On the other hand, other investigators
have argued that at least some diogenites might have a
more complex petrogenesis (Barrat et al., 2008, 2010;
Yamaguchi et al., 2011; Barrat and Yamaguchi, 2014).
For example, based on trace element geochemistry (e.g.,
Eu anomalies and Dy/Yb ratios) of orthopyroxene in certain diogenites, Barrat et al. (2008, 2010) suggested that
some diogenites might have formed by the remelting of
magma ocean cumulates and that others were contaminated
with melts derived by partial melting of the eucritic crust.
Based on the presence of chemically zoned orthopyroxene,
Yamaguchi et al. (2011) argued that diogenites are not the
products of the crystallization of the Vestan magma ocean.
Instead, they proposed that diogenites are cumulates
associated with a later stage of magmatism on Vesta.
Although the origin of diogenites remains an issue of
debate, the earliest diﬀerentiation and evolution of Vesta
is generally well understood based on magma-ocean models. Olivine-rich diogenites were expected to be present in
the mantle of Vesta (Righter and Drake, 1997; Ruzicka
et al., 1997; Mandler and Elkins-Tanton, 2013). However,
no olivine-rich diogenites were detected at the most probable locations (deep south pole basins) on the surface of
Vesta by the Visible and Infrared Mapping Spectrometer
on board the NASA Dawn spacecraft (De Sanctis et al.,
2012; Ammannito et al., 2013a, 2013b; McSween et al.,
2013; Palomba et al., 2015; Le Corre et al., 2015; Nathues
et al., 2015). Several scenarios have been proposed to
explain the non-detection of olivine-rich lithologies at the
two deep south pole basins on Vesta. They include the
following: (1) the Dawn Visible and Infrared Mapping
Spectrometer cannot distinguish harzburgites from

orthopyroxenites due to the low initial olivine abundance
(10–30%; Beck et al., 2013; Nathues et al., 2015); (2) olivine
dilution occurs through impact gardening (Beck et al.,
2013); (3) the Vestan crust could be thicker than previously
thought (Nathues et al., 2015; Turrini et al., 2016); and (4)
the magma-ocean models cannot be straightforwardly
applied to Vesta (Palomba et al., 2015). However, whether
and how olivine-rich lithologies on Vesta have been modiﬁed by secondary processes remains unknown.
Troilite usually occurs as an accessory mineral in HED
meteorites (Day et al., 2012; Mittlefehldt, 2015). However,
it has been observed as a major constituent mineral within a
few lithic clasts and mineral fragments in brecciated HED
meteorites (Hewins, 1981; Patzer and McSween, 2012;
Zhang et al., 2013; Eckley et al., 2016). One occurrence of
troilite as a major phase is in a few fragments of vermicular
intergrowth with orthopyroxene in howardites (Patzer and
McSween, 2012) and two brecciated diogenites (Garland,
Hewins, 1981; NWA 10451, Eckley et al., 2016). Hewins
(1981) suggested that the orthopyroxene associated with
troilite formed through reaction of olivine with liquid.
Patzer and McSween (2012) and Eckley et al. (2016) proposed that the troilite-orthopyroxene intergrowth might
have developed via impact-induced localized melting of diogenitic orthopyroxene in the presence of troilite. The other
occurrence of troilite as a major phase is ﬁne-grained troilite closely associated with high-Ca pyroxene and silica in
the brecciated eucrite NWA 2339 (Zhang et al., 2013).
Zhang et al. (2013) suggested that such a troilite-rich mineral assemblage might have formed via an interaction
between Fe-rich pyroxene and S-rich vapors at the Vestan
surface.
Recently, we observed that troilite-orthopyroxene intergrowths are commonly present in the brecciated diogenite
meteorite Northwest Africa (NWA) 7183. In some lithic
clasts of NWA 7183, the troilite-orthopyroxene intergrowths show a close association with typical diogenitic
orthopyroxene, providing an important clue to constrain
the petrogenesis of diogenite. In this study, we report
detailed petrography, mineral chemistry, and rare earth element (REE) abundances of the troilite-orthopyroxene intergrowths in NWA 7183 and discuss their origins and
implications for the diverse petrogenesis of diogenites. We
also discuss their potential implications for the nondetection of olivine-rich lithologies at the two large south
pole basins on Vesta.
2. SAMPLE AND ANALYTICAL METHODS
The meteorite NWA 7183 is a polymict brecciated diogenite that was found in Morocco (Ruzicka et al., 2014).
In this study, we analyzed three thin sections of NWA
7183. Petrographic textures of lithic clasts in NWA 7183
were mainly observed with a JEOL 7000F Field Emission
Gun Scanning Electron Microscope (FEG-SEM) at Hokkaido University, Japan. The FEG-SEM instrument was
operated with an accelerating voltage of 15 kV and a beam
current of 2 nA. Back-scattered electron (BSE) images were
used to determine the modal abundances of major constituent minerals in the troilite-orthopyroxene intergrowths
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by obtaining the pixel numbers corresponding to troilite,
orthopyroxene, olivine, and the whole intergrowth. The
modal abundance was calculated based on the ratio
between the pixel numbers for a certain mineral and for
the whole intergrowth. X-ray elemental mapping was performed on several troilite-orthopyroxene intergrowths
using an energy dispersive X-ray spectrometer (EDS,
Oxford X-Max 150) installed on this FEG-SEM instrument. A beam current of 10 nA accelerated at 15 kV was
used for the X-ray elemental mapping. Crystallographic
orientation mapping of troilite and orthopyroxene was
obtained using an Electron BackScatter Diﬀraction (EBSD)
detector equipped on a JEOL 6490 SEM at Nanjing
University and controlled by the Aztec Software. The accelerating voltage was 20 kV.
The mineral chemistry of silicate, oxide, and sulﬁde minerals was determined with a JEOL 8100 electron probe
micro-analyzer (EPMA) using wavelength dispersive spectrometers at Nanjing University, China. A focused beam
current (1 lm in diameter) of 20 nA, accelerated at 15
kV, was used for the silicate and oxide minerals. Sulﬁde
minerals in this study were analyzed with an accelerating
voltage of 20 kV and a beam current of 20 nA. A few natural and synthetic materials were used as standards for calibration. All data were reduced with the ZAF correction
procedure. Typical detection limits for most elements in
silicate minerals were 0.02 wt%.
The REE compositions of pyroxenes in NWA 7183 were
determined with the Cameca IMS-6f instrument at Hokkaido University. The procedure has been described elsewhere (Yurimoto et al., 1989; Wang and Yurimoto, 1993;
Zhang et al., 2014). The primary beam was mass ﬁltered
16 
O of –14.5 keV and irradiated on the sample surface to
a diameter of 25 lm. The primary beam current was
10–15 nA. Kinetic energy ﬁltering was used to reduce interferences from molecular ions by oﬀsetting the sample acceleration voltage (–60 eV). The energy bandwidth was 20 eV.
The entrance and exit slits and the ﬁeld aperture were fully
open with a mass resolving power of 500. Positive secondary ion intensities of rare earth elements were counted
for 10 s with an electron multiplier detector in magnetic
peak-jumping mode, while the secondary ion intensity of
30
Si was counted for 1 s with the same electron multiplier
detector. Each analysis included 15 cycles. The relative sensitivity factors between secondary ion intensity and concentration for each REE (relative to Si) were determined using
the Takashima augite, whose REE contents have been well
determined by instrumental neutron activation analysis
(Onuma et al., 1968).
To constrain the potential source of sulfur in the troiliteorthopyroxene intergrowths from NWA 7183, we measured
the concentrations of siderophile and chalcophile elements
including Os, Ir, Ru, Rh, Pd, Pt, Au, As, Se, Te, Sb, and
Bi in troilite. These elements were measured using the Agilent 7700x mass spectrometer coupled to a Newwave NWR
213-nm laser ablation system at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. The
troilite grains were analyzed using individual spots with a
20-lm diameter. Each analysis consisted of 70 s of data
collection. Backgrounds on the ICP-MS sample gas were
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collected for approximately 20 s followed by approximately
50 s of laser ablation of the sample. Three major elements
and twelve trace elements were analyzed using following
isotopes 29Si, 34S, 57Fe, 75As, 77Se, 101Ru, 103Rh, 104Pd,
105
Pd, 121Sb, 125Te, 189Os, 193Ir, 195Pt, 197Au, and 209Bi.
57
Fe was measured as an internal standard, and 29Si was
measured to monitor the contribution of silicate minerals
adjacent to troilite. PGE-A, a synthetic NiS bead doped
with platinum group elements, Au, and a few chalcophile
elements, was used as an external standard for most of
the above trace elements. Mass-1 was used as an external
standard for Se. The silicate glass GSE-1G, a synthetic
basaltic glass, was used as another external standard to
determine the relative sensitivity factors of Si and Fe. The
57
Fe counts contributed by orthopyroxene were subtracted
from those for the troilite-orthopyroxene mixture, assuming that the orthopyroxene had relative sensitivity factors
of Si and Fe identical to those in the GSE-1G glass due
to similar matrix eﬀects. Then, 57Fe was used as an internal
standard to calibrate the concentrations of siderophile and
chalcophile elements. The standards were measured before
and after the analyses on the troilite in NWA 7183. Because
siderophile and chalcophile elements have very high aﬃnities for sulﬁde relative to silicate or oxide minerals (Day
et al., 2016), we assumed that the measured signals for
the siderophile and chalcophile elements were mainly from
troilite rather than from surrounding orthopyroxene.
3. RESULTS
3.1. Petrography and mineralogy
The meteorite NWA 7183 shows a texture typical of
brecciated samples (Fig. 1), consisting mainly of angular
mineral fragments and minor amounts of lithic clasts
(60–1300 lm in size). The most common mineral fragments
are pyroxene and plagioclase. Pyroxene fragments are generally larger in size than plagioclase fragments and can be
as large as 2  7 mm (Fig. 1). Many of the orthopyroxene
fragments in NWA 7183 have bright rims (20 lm in
width) along grain boundaries or fractures (Fig. 2). A few
diogenitic clasts contain rounded olivine grains (10–200
lm in size) as inclusions within orthopyroxene. In addition
to the abundant orthopyroxene fragments, some of the
pyroxene fragments in NWA 7183 are pigeonite and contain thin exsolution augite lamellae (<3 lm in width). A
few pigeonite fragments are partially replaced by a ﬁnegrained mineral assemblage of augite, silica, and troilite
(Fig. 3), resembling those described in the brecciated eucrite
NWA 2339 (Zhang et al., 2013). Individual fragments of
olivine, chromite, and ilmenite are also observed in NWA
7183 but are much less abundant than pyroxene and plagioclase. A few eucritic lithic clasts with subophitic or cumulate textures are observed in NWA 7183. A few crystalline
impact breccias and possible chondritic materials (e.g.,
Fe-Ni metal grains) are also present in NWA 7183. Some
Fe-Ni metal (1.65–1.72 wt% Ni) and troilite grains have
been partially weathered. However, no mineralogical evidence of terrestrial weathering is observed in the pyroxene
and plagioclase of NWA 7183.
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Fig. 1. Mosaic backscattered electron images of NWA 7183 polymict diogenite. The rectangular outlines show the positions of the two clasts
(Figs. 4e and 8a) containing two sets of troilite-orthopyroxene intergrowth with diﬀerent grain sizes. Opx: orthopyroxene; pgt: pigeonite; ilm:
ilmenite; pl: plagioclase; tro-opx: troilite-orthopyroxene intergrowth.

More than ﬁfty clasts of the troilite-orthopyroxene intergrowths are observed in this study, and representative textures are shown in Fig. 4. They usually exhibit irregular
outlines and vary in size from 100 to 1400 lm. Most
of them consist predominantly of orthopyroxene and troilite, with minor amounts of olivine and chromite. It is noteworthy that Fe-Ni metal is present in a few intergrowths of
troilite-orthopyroxene (e.g., Fig. 4c and e), although it is

not observed in most of the intergrowths in NWA 7183.
The orthopyroxene (abbreviated as Opx-I hereafter) and
troilite have similar grain sizes (10–20 lm), with anhedral
troilite ﬁlling the interstitial regions between orthopyroxene
grains. In some cases, troilite grains are interconnected
(Fig. 4a). Optical observations show that the orthopyroxene grains in some of the intergrowths display optical continuity. However, some intergrowths contain multiple
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Fig. 2. Backscattered electron image (a) of a coarse-grained
diogenitic orthopyroxene grain with a thin, bright zone along
grain rim and fractures. (b) Close-up image of the rectangle region
indicated in (a). White arrows indicate the locations of fractures
with bright zones.

Fig. 3. Backscattered electron image of a lithic clast in which Fepigeonite has been partially metasomatized to augite, silica, and
troilite.

discontinuous domains, but within each domain, the
orthopyroxene also displays optical continuity (Fig. 5).
The EBSD Euler mapping result reveals more complex
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crystallographic orientations of both orthopyroxene and
troilite (Fig. 6). For example, the orthopyroxene in the
upper-left region in Fig. 6c displays crystallographic continuity; however, troilite therein displays varying orientations. The apparent modal abundance of troilite varies
from 8 to 21 vol% in diﬀerent intergrowths (Fig. 7). In
the troilite-orthopyroxene intergrowths, olivine and chromite, if present, mainly occur as very ﬁne-grained (<5 lm)
mineral inclusions in orthopyroxene (Fig. 4b–d). In some
troilite-orthopyroxene intergrowths, however, olivine has
a high modal abundance up to 12 vol%, and its grain size
is up to 150 lm (Fig. 4e). Almost all of the coarse olivine
grains are irregular in shape (Fig. 4e and f). In the
troilite-orthopyroxene intergrowths with coarse olivine
grains, some regions are composed of more ﬁne-grained
intergrowths (<10 lm in size) of troilite and orthopyroxene
(abbreviated as Opx-II hereafter). The more ﬁne-grained
(<10 lm) troilite-orthopyroxene intergrowths have a close
association with the coarse olivine grains (Fig. 4f).
Although the troilite-orthopyroxene intergrowths in
NWA 7183 occur mainly as individual lithic clasts
(Fig. 4), some of them are closely associated with typical
diogenitic clasts (Figs. 8 and 9). The fragments of the
troilite-orthopyroxene intergrowths are included or
embayed in typical diogenite clasts (Fig. 8). Both of the
fragments of troilite-orthopyroxene intergrowths shown in
Fig. 8 have smooth and rounded boundaries with surrounding diogenitic orthopyroxene grains. Shown in Fig. 8a is a
diogenite clast approximately 1.5 mm in size and containing
an inclusion of troilite-orthopyroxene intergrowth. This
lithic clast consists dominantly of coarse-grained orthopyroxene crystals, with minor amounts of plagioclase and
chromite located at the grain boundaries between orthopyroxene crystals (Fig. 8a). The coarse orthopyroxene grains
in this clast also show bright rims (20 lm in width) along
grain boundaries (Fig. 8a and b). In this diogenite clast, the
troilite-orthopyroxene intergrowth has a high modal abundance of olivine (8 vol%). Some of the olivine grains are
also coarse and irregular in shape. Texturally, the troiliteorthopyroxene intergrowth is similar to those present as
individual fragments with coarse-grained olivine (e.g.,
Fig. 4e and f). Both groups of troilite-orthopyroxene intergrowths are present, and the Opx-II and associated troilite
also appear replacing olivine grains (Fig. 8b and c). In the
lithic clast shown in Fig. 9a, the troilite-orthopyroxene
intergrowth, which contains a small irregular olivine grain,
partly encloses a coarse orthopyroxene grain. The X-ray
mapping of Ca indicates a sharp grain boundary between
the intergrowth and the enclosed orthopyroxene grain
(Fig. 9b). The orthopyroxene grain enclosed by the
troilite-orthopyroxene intergrowth also has a bright rim
(20 lm in width) in the BSE image (Fig. 9a), consistent
with the enrichment of Fe (Fig. 9c).
3.2. Mineral chemistry
The EPMA results reveal that all plagioclase grains
observed in NWA 7183 are anorthitic in composition
(An76.2 to An94.5), which is in the compositional range for
plagioclase in HED meteorites (Mittlefehldt, 2015). The
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Fig. 4. Backscattered electron images of troilite-orthopyroxene intergrowth in NWA 7183. (a) The troilite grains connect with each other,
with a wetting texture. (b–d) Fragments of troilite-orthopyroxene intergrowth that contain olivine and chromite as small inclusions. Note that
a Fe-Ni metal grain of 6 lm in size is present in (c). (e) A fragment of olivine-bearing troilite-orthopyroxene intergrowth. This fragment
contains two groups of troilite-orthopyroxene intergrowth with various grain sizes. Note that a Fe-Ni metal grain is also present in this
intergrowth. (f) Close-up image of the rectangle region indicated in (e) showing the association between ﬁner-grained troilite-orthopyroxene
intergrowth and olivine.

majority of pyroxene grains in NWA 7183 are orthopyroxene, and their Fe-Mn compositions are consistent with the
trend for HED pyroxenes (Fig. 10). Generally, our petrographic and mineralogical observations support the idea
that NWA 7183 is a brecciated diogenite meteorite
(Ruzicka et al., 2014).
Chemically, the pyroxenes in NWA 7183 have large
variations in composition, ranging from orthopyroxene
through pigeonite to augite (Fig. 11). Representative
compositions are given in Table 1. Most grains of the diogenitic orthopyroxene in NWA 7183 have a limited

compositional range (En68.8–75.9Fs22.1–28.4Wo2.1–4.1) with
Mg# (=100 * Mg/(Mg + Fe) in mole) values of 71.0–77.6,
consistent with those of typical diogenitic orthopyroxene
in previous studies (see Mittlefehldt, 2015; Fig. 11 and
Table 1). However, the bright rims of some diogenitic
orthopyroxene grains are Fe-rich (En55.7–64.0Fs33.5–42.5
Wo1.7–4.1) with Mg# values of 56.7–65.7 (Table 1). The
contents of TiO2 (0.02–0.74 wt%), Al2O3 (0.68–1.60 wt%),
and Cr2O3 (0.32–0.94 wt%) in the diogenitic orthopyroxene
from NWA 7183 are generally consistent with those
reported in the literature (Mittlefehldt, 2015; Fig. 12).
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Fig. 5. Reﬂected light (a) and cross-polarized transmission light (b)
microscopic images of an orthopyroxene-troilite intergrowth in
NWA 7183. Note the optical discontinuity of orthopyroxene in the
outlined region in (b).

Eucritic pyroxenes in NWA 7183 have a large compositional range and are generally more Fe-rich than diogenitic
orthopyroxenes (Fig. 11 and Table 1). The orthopyroxene
in the troilite-orthopyroxene intergrowth is also more
Fe-rich compared with the majority of diogenitic
orthopyroxene but is comparable to the Fe-rich rims of
diogenitic orthopyroxene (Table 1). The Opx-I in troiliteorthopyroxene intergrowths has compositions of En54.9–62.6
Fs37.0–43.9Wo0.9–1.5 with Mg# values of 55.6–62.7. Their Al
and Cr concentrations are much lower than those in diogenitic orthopyroxene and Ti and Ca concentrations
slightly lower than those in diogenitic orthopyroxene from
NWA 7183 (Fig. 12 and Table 1). The Opx-II in the
intergrowths contains even lower Fs and Wo contents
(En61.0–64.3Fs35.1–38.4Wo0.5–0.7; Fig. 11 and Table 1) with
Mg# values of 61.4–64.6. Meanwhile, the Al, Cr, Ti, and
Ca concentrations in Opx-II are slightly lower than those
in Opx-I (Fig. 12 and Table 1).
The chemical compositions of olivine in a few lithic
clasts were also determined in this study (Table 2).
Rounded olivine grains have diﬀerent chemical compositions in two diﬀerent diogenitic clasts. In one diogenitic
clast, the olivine grains, which are 10–20 lm away from
the Fe-rich rim of orthopyroxene, have Mg# values of
69.7–69.9. These Mg# values are within the compositional

Fig. 6. Secondary electron image (a), Phase map (b), and EBSD
Euler map (c) of a typical area of troilite-orthopyroxene intergrowth in NWA 7183. Note that both orthopyroxene and troilite
grains have various crystallographic orientations, with diﬀerent
colors in the Euler map. Opx: orthopyroxene; tro: troilite. (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

range for diogenitic olivine described in previous studies
(Mittlefehldt, 2015; Fig. 13). However, in another diogenitic clast, an olivine grain that is located at the bright
(Fe-rich) margin of orthopyroxene has an Mg# value of
54.0, which is out of the range in Mittlefehldt (2015). The
Cr2O3 contents of olivine within both diogenitic clasts are
0.08–0.10 wt%, and the Al2O3 and TiO2 contents are below
detection limits (Table 2). Compared with the diogenitic
olivine in NWA 7183, all the olivine grains in troilite-
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Fig. 7. Distributions of troilite modal abundance (vol%) in the
troilite-orthopyroxene intergrowth from NWA 7183.

orthopyroxene intergrowths have almost identical compositions. The Cr2O3 contents of olivine in the troiliteorthopyroxene intergrowths vary from below detection
limit to 0.04 wt%, and the Al2O3 and TiO2 contents are
below detection limits (Table 2). Nickel is not detected in
olivine with a detection limit of 0.02 wt%. The chromite
grains in diogenitic clasts have compositions of Chr64.7–67.6
Spl28.6–32.1Usp2.5–3.7 with low Mg# values of 5.2–6.6. The
chromite grains in troilite-orthopyroxene intergrowths
have similar compositions (Chr70.0–72.7Spl21.2–25.0Usp5.0–6.2,
Mg# = 5.1–5.5; Table 2). It is noteworthy that the Mg#
values of chromites from both diogenitic clasts and the
troilite-orthopyroxene intergrowths are lower than those
(7.7–31.7) for chromite in typical diogenitic clasts compiled
by Mittlefehldt (2015). Troilite contains minor Co (0.09–
0.12 wt%), and no Ni is detected. The molar values for
S/(Fe + Co) are 0.981–1.024 (Table 3). Fe-Ni metal in a
few troilite-orthopyroxene intergrowths contains 1.6–1.7 wt%
Ni, comparable to the relatively coarse-grained Fe-Ni metal
in NWA 7183 that is not associated with the troiliteorthopyroxene intergrowths.
3.3. Rare-earth elements of pyroxene

orthopyroxene intergrowths are Fe-rich (Mg# = 39.4–53.3;
Fig. 13). The coarse-grained olivine and the tiny grains
within individual lithic clasts with the troilite-

We measured rare earth element concentrations in a few
pyroxene grains within lithic clasts and mineral fragments

Fig. 8. Backscattered electron images of the troilite-orthopyroxene intergrowth included in diogenitic orthopyroxene. (a) A diogenitic clast
contains a fragment of olivine-bearing troilite-orthopyroxene intergrowth. The diogenitic orthopyroxene grains are associated with
plagioclase and chromite (lower part of the clast). The fragment has a smooth boundary with surrounding diogenitic orthopyroxene. (b and c)
Close-up images of the rectangle regions indicated in (a). Note that a FeNi metal grain is present in (b). There are two groups of troiliteorthopyroxene intergrowth. The ﬁner group of troilite-orthopyroxene intergrowth shows a close association with irregular olivine grains. (d)
A small diogenitic orthopyroxene containing troilite-orthopyroxene intergrowth. The intergrowth also has a rounded shape. Opx:
orthopyroxene; pl: plagioclase; chr: chromite; ol: olivine; tro: troilite.

A.-C. Zhang et al. / Geochimica et Cosmochimica Acta 220 (2018) 125–145

133

Fig. 9. Backscattered electron image (a) and X-ray mapping results (b–d) of a clast containing the troilite-orthopyroxene intergrowth. Note
that the troilite-orthopyroxene intergrowth partly encloses a fragment of diogenitic orthopyroxene. An irregular olivine grain is included in
orthopyroxene. The white arrow in (b) indicates the sharp boundary between diogenitic orthopyroxene and the troilite-orthopyroxene
intergrowth. Tro: troilite; ol: olivine; opx: orthopyroxene; opx-I: orthopyroxene in the troilite-orthopyroxene intergrowth.

Fig. 11. Chemical compositions of major elements of pyroxenes
(symbols in color) in NWA 7183, in comparison with diogenitic
pyroxene in the literature (Mittlefehldt, 2015). (For interpretation
of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 10. Fe-Mn compositions of pyroxene grains in NWA 7183.
The trends for pyroxene in HED meteorites and lunar samples are
from Papike et al. (2003).

using the SIMS technique (Table 4). One large (2  7 mm)
diogenitic orthopyroxene grain (En73.1Fs24.1Wo2.8) has the
lowest REE concentrations in this study (blue patterns in
Fig. 14a). This diogenitic orthopyroxene grain is enriched

in heavy REE (HREE) with negative Eu anomalies
(Eu/Eu* = 0.2–0.5; Eu*  (Sm + Gd)/2), although there
are elevated abundances of La and Ce. Diﬀering from this
typically diogenitic orthopyroxene, the coarse-grained
orthopyroxene (En71.9–72.2Fs24.5–24.7Wo3.2–3.6) shown in
Fig. 8a has much higher REE concentrations (black patterns in Fig. 14a). The Opx-I (En54.9–59.9Fs38.9–43.9Wo1.2–1.4)
in troilite-orthopyroxene intergrowths contains HREE
concentrations comparable to those of the coarse-grained
orthopyroxene shown in Fig. 8a. Diﬀerent Opx-I grains in
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Table 1
Representative EPMA results (wt%) for pyroxene in NWA 7183.
Diogenitic orthopyroxene

Troilite-opx intergrowth
Rim

Opx-I

Eucritic pigeonite shown in Fig. 3
Opx-II

SiO2
TiO2
Al2O3
Cr2O3
MgO
FeO
MnO
CaO
Total

53.0
0.14
1.01
0.64
25.7
17.4
0.54
1.10
99.53

50.5
0.16
1.10
0.36
19.16
25.9
0.85
1.10
99.13

52.0
0.35
0.68
0.43
21.5
22.2
0.75
1.37
99.28

51.7
0.12
0.93
0.40
22.6
21.3
0.63
1.25
98.97

52.0
0.08
0.17
0.08
19.4
26.4
0.94
0.71
99.78

52.5
0.03
0.09
0.03
21.3
24.7
0.76
0.56
99.97

52.6
0.06
0.07
0.04
22.2
23.8
0.77
0.54
99.67

53.0
0.06
0.05
0.05
23.3
23.0
0.72
0.37
100.6

51.0
0.03
0.04
0.03
22.5
25.5
0.75
0.33
100.2

50.6
0.23
1.07
0.64
18.6
23.9
0.87
3.88
99.79

50.3
0.28
0.93
0.79
16.6
25.7
0.83
4.51
99.94

49.1
0.32
0.60
0.27
13.6
28.7
1.02
4.88
98.49

Si
Ti
Al
Cr
Mg
Fe
Mn
Ca
Sum

Calculated on the basis of 6 oxygen atoms
1.946
1.945
1.962
1.944
0.004
0.003
0.002
0.005
0.044
0.050
0.039
0.050
0.019
0.021
0.022
0.011
1.415
1.434
1.421
1.107
0.532
0.482
0.495
0.831
0.017
0.017
0.017
0.028
0.043
0.064
0.048
0.045
4.019
4.017
4.006
4.021

1.961
0.010
0.030
0.013
1.216
0.698
0.024
0.055
4.007

1.948
0.003
0.041
0.012
1.278
0.668
0.020
0.050
4.024

1.985
0.002
0.008
0.002
1.111
0.840
0.030
0.029
4.008

1.981
0.001
0.004
0.001
1.207
0.775
0.024
0.023
4.016

1.974
0.002
0.003
0.001
1.250
0.744
0.024
0.022
4.020

1.971
0.002
0.002
0.001
1.300
0.713
0.023
0.015
4.027

1.935
0.001
0.002
0.001
1.280
0.806
0.024
0.013
4.062

1.935
0.007
0.048
0.019
1.067
0.762
0.028
0.159
4.025

1.941
0.008
0.042
0.024
0.961
0.827
0.027
0.187
4.017

1.958
0.010
0.028
0.008
0.813
0.954
0.034
0.208
4.013

Mg#
Fe/Mn
En
Fs
Wo

72.7
31.8
71.1
26.7
2.2

63.5
29.2
61.8
35.4
2.8

65.7
33.1
64.0
33.5
2.5

56.9
27.7
56.1
42.4
1.5

60.9
32.0
60.2
38.6
1.1

62.7
30.5
62.0
36.9
1.1

64.6
31.5
64.1
35.2
0.7

61.4
33.5
61.0
38.4
0.6

58.3
27.1
53.7
38.3
8.0

53.8
30.5
48.7
41.9
9.5

46.0
27.7
41.2
48.3
10.6

53.1
0.11
1.15
0.72
26.1
15.8
0.56
1.63
99.17

74.8
27.8
72.4
24.4
3.2

53.7
0.09
0.91
0.75
25.9
16.2
0.54
1.22
99.31

74.2
29.6
72.4
25.2
2.4

57.1
30.0
55.8
41.9
2.3

Mg# = 100 * Mg/(Mg + Fe) in mole.
En = 100 * Mg/(Mg + Fe + Ca); Fs = 100 * Fe/(Mg + Fe + Ca); Wo = 100 * Ca/(Mg + Fe + Ca).
Bd: below detection limit.
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The other two data are from two pigeonite grains
(En41.1–41.2Fs46.3–48.3Wo10.6–12.6) within a cumulate eucritic
clast. They have high REE concentrations and exhibit
strong negative Eu anomalies (Eu/Eu* = 0.1–0.3; desert
blue patterns in Fig. 14b; Table 4).
3.4. Siderophile and chalcophile elements in troilite
Six measurements were performed on the troilite in
troilite-Opx-I intergrowths. The ﬁne-grained troilite closely
associated with Opx-II was not measured, considering
potential contaminations from surrounding troilite associated with Opx-I due to the hole of 30 lm during LAICP-MS measurements. Two irregular troilite grains, which
are associated with Fe-Ni metal (that now has been altered
to Fe-hydroxide), in a typical diogenitic lithic clast were
also measured for comparison. Most of the siderophile
and chalcophile elements (Os, Ir, Ru, Rh, Pd, Pt, Au, As,
Te, Sb, and Bi) were not detected in either type of troilite.
This result indicates that the concentrations of these elements are lower than their detection limits (2.3 ppm for
Os, 0.4 ppm for Ir, 0.3 ppm for Ru, 0.06 ppm for Rh, 0.3 ppm
for Pd, 0.7 ppm for Pt, 0.2 ppm for Au, 3.0 ppm for As,
5.4 ppm for Te, 0.3 ppm for Sb, and 0.1 ppm for Bi). One
of the six measurements on troilite in the intergrowth shows
a Se concentration below the detection limit (8.7 ppm).
However, the other ﬁve measurements show Se signals
slightly higher than the background. Their Se concentrations are approximately 30 to 60 ppm. The troilite grains
in the typical diogenitic lithic clast contain 38–47 ppm Se.
4. DISCUSSION

Fig. 12. Chemical compositions of minor elements (Ti, Al, and Cr)
of low-Ca pyroxene in diogenitic clasts and the troilite-orthopyroxene intergrowth from NWA 7183.

the troilite-orthopyroxene intergrowths show variations in
HREE by a factor of 2. However, the Opx-I shows an
anomalous enrichment in light REE (LREE) and positive
Eu anomalies (red patterns in Fig. 14a), which is also
observed in typically diogenitic orthopyroxene with cracks
and ﬁne-grained olivine during the REE measurements in
this study (not shown in this paper). This anomalous
enrichment in LREE and Eu observed in Opx-I could be
due to contamination during sample preparation or in the
Northwest African desert and is excluded from the
discussion.
Compositions of rare earth elements in a few eucritic
pigeonite grains in NWA 7183 were also measured for comparison. Two pigeonite fragments, with compositions of
En48.7Fs41.9Wo9.5 and En53.6Fs38.4Wo8.0, have various
REE concentrations and Eu anomalies (Eu/Eu* = 0.2–0.5;
orange and green patterns in Fig. 14b). Although both
grains are HREE-enriched, they diﬀer greatly in LREE.

Most of the lithic clasts and mineral fragments in NWA
7183 show petrographic textures similar to those described
in howardites and brecciated diogenites (Hewins, 1981;
Patzer and McSween, 2012; Eckley et al., 2016). However,
some of the orthopyroxene, olivine, and chromite grains
in NWA 7183 show compositional ranges diﬀerent from
those in typical diogenites or diogenitic clasts
(Mittlefehldt, 2015). Therefore, we ﬁrst discuss possible
eﬀects on the major and trace elements in these silicate
and oxide minerals from terrestrial weathering and postmagmatic processes on the parent body. Then, we discuss
the origin of the troilite-orthopyroxene intergrowth and
its implications for the petrogenesis of diogenites.
4.1. Eﬀects of terrestrial alteration on REE in low-Ca
pyroxene from NWA 7183
Previous investigations demonstrated that the chemical
features of meteorites from cold and hot deserts could have
been altered to various degrees, although visible mineralogical evidence was not always observed (Floss and Crozaz,
1991; Barrat et al., 1999, 2015; Crozaz and Wadhwa,
2001; Crozaz et al., 2003; Hyde et al., 2014). Systematic
investigations by Crozaz et al. (2003) revealed that lowCa pyroxene and olivine are the two minerals readily
aﬀected by terrestrial weathering, with enrichment in
LREE. They also noted that the LREE contamination is
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Table 2
Representative EPMA results (wt%) of olivine and chromite in diogenitic clasts and the troilite-orthopyroxene intergrowth.
Olivine

Chromite
Diogenitic clast

Tro-opx intergrowth

SiO2
TiO2
Al2O3
Cr2O3
MgO
FeO
MnO
CaO
Total

34.7
bd
bd
0.08
25.3
38.8
0.76
bd
99.64

Diogenitic clast
36.5
0.03
bd
0.10
35.2
27.5
0.55
0.02
99.9

Tro-opx intergrowth
33.7
bd
bd
bd
18.4
46.8
1.04
bd
99.94

34.5
bd
0.02
bd
24.6
40.7
0.88
bd
100.7

34.3
bd
bd
0.02
25.2
40.4
0.80
bd
100.7

SiO2
TiO2
Al2O3
Cr2O3
MgO
FeO
MnO
CaO
Total

0.03
1.29
16.1
48.3
1.28
32.8
0.66
0.16
100.6

0.03
1.44
14.1
49.8
1.00
32.4
0.62
0.16
99.55

0.21
1.86
11.9
49.5
1.02
34.2
0.70
0.07
99.46

0.07
2.32
10.2
52.2
1.08
33.7
0.66
0.17
100.4

Si
Ti
Al
Cr
Mg
Fe
Mn
Ca
Sum

Calculated
0.987
bd
bd
0.002
1.082
0.922
0.018
bd
3.011

on the basis of 4 oxygen atoms
0.977
0.986
0.990
0.998
0.001
bd
bd
bd
bd
bd
bd
bd
0.002
0.002
bd
bd
1.414
1.408
0.785
0.820
0.614
0.605
1.207
1.156
0.012
0.012
0.028
0.026
0.001
bd
bd
bd
3.021
3.013
3.010
3.000

0.981
bd
0.001
bd
1.051
0.964
0.021
bd
3.018

0.975
bd
bd
0.000
1.074
0.955
0.019
bd
3.023

Si
Ti
Al
Cr
Mg
Fe
Mn
Ca

0.001
0.033
0.643
1.297
0.065
0.931
0.019
0.006
2.995

0.001
0.037
0.577
1.362
0.052
0.938
0.018
0.006
2.991

0.007
0.049
0.493
1.378
0.054
1.003
0.021
0.002
3.007

0.002
0.061
0.421
1.448
0.057
0.985
0.020
0.006
3.000

Mg#
Fe/Mn
Fa

54.0
50.7
54.0

69.7
49.6
69.7

52.2
45.7
52.2

52.9
49.9
52.9

Mg#
Chr
Spl
Usp

6.6
64.7
32.1
3.3

5.2
67.6
28.6
3.7

5.1
70.0
25.0
5.0

5.5
72.7
21.2
6.1

36.4
bd
bd
0.09
34.7
26.8
0.54
bd
98.53

69.9
49.4
69.9

33.1
bd
bd
bd
17.5
48.5
1.10
bd
100.2

39.4
43.5
39.4

41.5
44.5
41.5

Mg# = 100 * Mg/(Mg + Fe) in mole.
Fa = 100 * Fe/(Mg + Fe). Chr = 100 * Cr/(Cr + Al + 2Ti); Spl = 100 * Al/(Cr + Al + 2Ti); Usp = 100 * 2Ti/(Cr + Al + 2Ti).
Bd: below detection limit.

and Ce) are also observed in some grains of the diogenitic
and eucritic pyroxenes from NWA 7183 (Fig. 14). Here,
we suggest that the observed enrichment of LREE in some
of the low-Ca pyroxene grains in NWA 7183 could be due
to terrestrial alteration in the hot Northwest Africa desert.
The alteration of troilite and Fe-Ni metal grains in a few
lithic clasts supports the conclusion that terrestrial alteration has aﬀected NWA 7183. Compared with the LREE,
the concentrations of HREE in pyroxenes in NWA 7183
appear to be unaﬀected by terrestrial alteration (Crozaz
et al., 2003).
4.2. Post-magmatic Mg-Fe interdiﬀusion in the parent body

Fig. 13. Histogram of Mg/(Mg + Fe) * 100 for olivine in NWA
7183. Red denotes olivine observed in troilite-orthopyroxene
intergrowths, purple denotes diogenitic olivine in NWA 7183,
and blue denotes olivine in diogenitic clasts compiled in
Mittlefehldt (2015). (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this
article.)

highly heterogeneous among diﬀerent grains of a given mineral and even within a single grain (Crozaz et al., 2003). In
this study, similar LREE enrichments (particularly in La

As noted above, some of the diogenitic orthopyroxene,
olivine, and chromite in NWA 7183 show anomalous Fe
enrichment compared with their counterparts in other
HED meteorites (Mittlefehldt, 2015). First, some of the diogenitic orthopyroxene grains are Fe-enriched along the rims
and fractures compared with the compositional range for
diogenitic orthopyroxene compiled in Mittlefehldt (2015).
The Fe enrichment along fractures excludes the possibility
of magmatic zoning. Instead, it is more likely that the Fe
enrichment was due to post-magmatic Mg-Fe interdiﬀusion. Second, chromite grains in typical diogenitic clasts
in NWA 7183 are also Fe-enriched compared with those
compiled in Mittlefehldt (2015). However, the chromite
grains contain Ti concentrations comparable to those of
typical diogenitic chromite (Mittlefehldt, 2015). Third,
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Table 3
Representative EPMA results (wt%) of troilite in troilite-orthopyroxene intergrowth in NWA 7183.

S
Si
Fe
Co
Total
S/(Fe + Co)*
*

1

3

5

6

13

15

16

17

18

36.7
0.10
62.6
0.09
99.49
1.024

36.2
0.11
63.3
0.12
99.73
0.998

36.7
0.04
63.3
0.11
100.2
1.012

36.6
0.05
62.5
0.12
99.27
1.021

36.4
0.16
63.4
0.11
100.1
1.003

36.0
0.04
64.1
0.09
100.2
0.981

36.3
0.03
63.8
0.12
100.3
0.993

36.6
0.03
62.9
0.11
99.64
1.016

36.5
0.03
62.4
0.12
99.05
1.023

Molar ratio.

Table 4
SIMS rare-earth element concentrations (ppm) for pyroxene in NWA 7183.
Diogenitic orthopyroxene
px18
En
Fs
Wo
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

73.1
24.1
2.8
0.19
0.18
0.02
0.13
0.05
0.01
0.11
0.02
0.22
0.04
0.12
0.02
0.22
0.03

1r

px19

0.10
0.06
0.01
0.03
0.02
0.01
0.02
0.01
0.03
0.01
0.02
0.01
0.02
0.01

73.1
24.1
2.8
0.19
0.18
0.02
0.13
0.05
0.01
0.02
0.11
0.22
0.04
0.12
0.02
0.22
0.03

Opx-I in troilite-orthopyroxene intergrowth
1r

px08

0.10
0.06
0.01
0.03
0.02
0.01
0.01
0.02
0.03
0.01
0.02
0.01
0.02
0.01

59.6
39.3
1.2
0.77
2.30
0.19
0.72
0.21
1.57
0.20
0.05
0.24
0.07
0.42
0.07
0.22
0.04

Diogenitic orthopyroxene shown
in Fig. 8a with a troiliteorthopyroxene inclusion
px02
En
Fs
Wo
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

71.9
24.5
3.6
0.16
0.75
0.17
0.71
0.27
0.05
0.34
0.07
0.53
0.11
0.38
0.05
0.47
0.08

1r

px11

0.02
0.14
0.02
0.05
0.03
0.01
0.02
0.01
0.04
0.01
0.03
0.01
0.04
0.01

72.2
24.7
3.2
0.22
1.02
0.18
0.86
0.36
0.07
0.44
0.10
0.82
0.14
0.46
0.08
0.55
0.09

1r

px10

0.04
0.13
0.02
0.04
0.02
0.03
0.02
0.01
0.03
0.01
0.05
0.02
0.02
0.01

59.9
38.9
1.2
0.83
2.10
0.23
1.03
0.32
2.32
0.29
0.06
0.34
0.08
0.38
0.09
0.32
0.05

1r

px07

0.06
0.11
0.02
0.13
0.06
0.01
0.05
0.01
0.05
0.01
0.05
0.02
0.04
0.01

56.8
41.9
1.4
0.98
2.36
0.31
1.39
0.45
1.48
0.54
0.11
0.74
0.17
0.57
0.11
0.82
0.10

1r

px11

1r

px12

1r

54.9
43.9
1.2
0.68
1.50
0.22
0.94
0.36
0.52
0.35
0.08
0.57
0.11
0.33
0.05
0.51
0.06

0.04
0.04
0.01
0.08
0.04
0.02
0.03
0.01
0.03
0.01
0.03
0.01
0.03
0.01

57.1
41.7
1.2
0.70
1.52
0.18
0.85
0.30
0.56
0.33
0.07
0.51
0.14
0.45
0.10
0.57
0.10

0.06
0.07
0.02
0.08
0.05
0.04
0.04
0.01
0.03
0.01
0.06
0.01
0.06
0.01

0.09
0.10
0.03
0.08
0.05
0.04
0.05
0.01
0.06
0.01
0.06
0.01
0.05
0.01

1r

px09

1r

px10

1r

0.02
0.06
0.01
0.03
0.03
0.01
0.03
0.01
0.05
0.02
0.05
0.01
0.05
0.01

41.1
46.3
12.6
0.2
0.61
0.14
0.87
0.54
0.02
0.78
0.19
1.83
0.40
1.26
0.19
1.48
0.23

0.05
0.05
0.01
0.07
0.05
0.01
0.03
0.01
0.05
0.01
0.06
0.01
0.06
0.02

41.2
48.3
10.6
0.16
0.48
0.13
0.84
0.48
0.02
0.84
0.19
1.82
0.39
1.26
0.22
1.45
0.23

0.05
0.04
0.01
0.05
0.05
0.01
0.04
0.01
0.07
0.02
0.06
0.01
0.06
0.01

Eucritic pigeonite grains in NWA 7183

1r

px01

0.03
0.11
0.01
0.04
0.03
0.01
0.02
0.01
0.04
0.01
0.03
0.01
0.03
0.01

53.3
38.5
8.3
0.09
0.10
0.02
0.09
0.07
0.01
0.17
0.04
0.40
0.11
0.38
0.09
0.55
0.10

1r

px02

0.03
0.02
0.01
0.01
0.02
0.01
0.01
0.01
0.03
0.01
0.04
0.01
0.04
0.01

53.6
38.4
8.0
0.08
0.13
0.02
0.11
0.07
0.02
0.15
0.05
0.50
0.11
0.49
0.08
0.59
0.08

some of the rounded olivine grains located at the Fe-rich
margins of typical diogenitic pyroxene grains in NWA
7183 are richer in Fe than those compiled in Mittlefehldt
(2015). However, the rounded olivine grains that are
included in typical diogenitic pyroxene far away (>20 lm)

1r

px06

0.02
0.02
0.01
0.03
0.01
0.01
0.02
0.01
0.04
0.01
0.03
0.01
0.03
0.01

48.7
41.9
9.5
0.13
0.41
0.10
0.60
0.34
0.04
0.44
0.10
0.96
0.20
0.65
0.12
0.93
0.14

from the Fe-rich margin have Mg# values comparable to
those compiled in Mittlefehldt (2015). These observations
indicate that chromite and some of the pyroxene and olivine in typical diogenitic clasts have been aﬀected by
post-magmatic Mg-Fe interdiﬀusion.
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Fe-enriched than those in typical diogenitic clasts
(Mittlefehldt, 2015). Considering that the Mg-Fe interdiﬀusion rate in olivine and chromite is faster than that in
orthopyroxene (Dohmen et al., 2016) and that the grain
sizes of Opx-I and Opx-II are similar to or smaller than
the width of Fe-enriched rims on typical diogenitic orthopyroxene, it is very likely that the Fe-rich features of silicate
and oxide minerals in the troilite-orthopyroxene intergrowths are also due to the post-magmatic Mg-Fe interdiffusion event. Based on the compositions of Opx-I and
associated olivine and chromite in a fragment of troiliteorthopyroxene intergrowth, the metamorphic temperature
is 546 °C with an oxygen fugacity of IW+0.06, assuming
one atmospheric pressure (Sack and Ghiorso, 1989,
1991a, 1991b, 1994a, 1994b, 1994c).
Diﬀering from major elements Mg and Fe in the
Fe-enriched orthopyroxene in NWA 7183, the concentrations of minor elements Cr, Ti, and Al appear unaﬀected
by the post-magmatic process. On one hand, the chemical
ranges of Cr, Ti, and Al in diogenitic orthopyroxene from
NWA 7183 are most consistent with those reported in the
literature (Mittlefehldt, 2015). On the other hand, although
Opx-I and Opx-II have Mg# values comparable to those of
Fe-enriched rims of diogenitic orthopyroxene, they have
Cr, Ti, and Al concentrations diﬀering from those in the
Fe-enriched diogenitic orthopyroxene. Therefore, the low
concentrations of Cr, Ti, and Al in Opx-I and Opx-II
should be primitive features, rather than due to postmagmatic processes, or at least not due to the same process
that resulted in Fe-Mg interdiﬀusion in orthopyroxene,
olivine, and chromite.
4.3. Metasomatic origin of the troilite-orthopyroxene
intergrowth

Fig. 14. REE patterns of pyroxenes in troilite-orthopyroxene
intergrowth (red), diogenitic clasts (blue and pink), and eucritic
clasts (orange, green, and desert blue) from Northwest Africa 7183.
Reference chondrite data is from Anders and Grevesse (1989). (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

Troilite-orthopyroxene intergrowths have been reported
in a few HED meteorites (Hewins, 1981; Patzer and
McSween, 2012; Eckley et al., 2016). Compared with these
orthopyroxene grains in the intergrowths (Mg# = 64–88;
Patzer and McSween, 2012; Eckley et al., 2016), both
Opx-I and Opx-II in NWA 7183 are Fe-rich but have various Mg# values. If these troilite-orthopyroxene intergrowths have a common source, the Fe enrichment of
orthopyroxene in the intergrowths from NWA 7183 and
some of those reported in Patzer and McSween (2012)
might also have been caused by post-magmatic Mg-Fe
interdiﬀusion. All of the olivine grains in the troiliteorthopyroxene intergrowths have Mg# values (39–53)
lower than those (66–72) reported in Eckley et al. (2016);
meanwhile, the chromite grains in the troiliteorthopyroxene intergrowths in NWA 7183 are also more

Only the origin of the intergrowth that is similar to the
troilite-Opx-I intergrowth in this study has been discussed.
In this study, we observe two types of troiliteorthopyroxene intergrowths (troilite-Opx-I and troiliteOpx-II). They share some similarities in texture and mineral
assemblage, but two features distinguish Opx-II from
Opx-I. First, Opx-II and associated troilite are smaller in
grain size than Opx-I and its associated troilite
(Figs. 4f and 8b and c). Second, Opx-II has Mg# values
slightly higher than Opx-I, while the Wo components in
Opx-I are slightly higher than those in Opx-II (Table 1
and Fig. 12). These two diﬀerences indicate that Opx-II
and Opx-I formed at two diﬀerent stages; otherwise, they
would have identical compositions, including Mg# values
and Cr, Al, and Ca concentrations. The diﬀerent Mg# values of Opx-I and Opx-II also argue against the possibility
that both Opx-I and Opx-II formed prior to the postmagmatic Mg-Fe interdiﬀusion event. Therefore, given that
some of the Opx-I are Fe-enriched to an extent similar to
that of the Fe-rich rim of typical diogenitic orthopyroxene
in NWA 7183 (Fig. 11), we suggest that the formations of
Opx-I and Opx-II might predate and postdate the postmagmatic Mg-Fe interdiﬀusion event, respectively, and we
discuss their origins separately.
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4.3.1. The troilite-Opx-II intergrowth
The troilite-Opx-II intergrowth is observed in only two
lithic clasts in NWA 7183, and its constituent minerals
are very ﬁne-grained. Therefore, we discuss its origin based
on the texture and chemical compositions of major and
minor elements.
The Opx-II and related ﬁner-grained troilite, exhibiting
an intimate intergrowth texture, are closely associated with
relatively large, irregular olivine grains (Eckley et al., 2016;
Figs. 4f and 8b and c in this study). Such texture is similar
to the sulﬁde replacement textures in Apollo samples 67016
and 67915 (Roedder and Weiblen, 1974; Norman, 1981;
Norman et al., 1995; Shearer et al., 2012) and in the
ungrouped achondrite Divnoe (Petaev et al., 1994). In the
literature (Norman, 1981; Petaev et al., 1994; Norman
et al., 1995; Shearer et al., 2012), this replacement texture
has been interpreted by the general reaction:
olivine þ S2 ðgÞ () low-Ca pyroxene þ 2FeS þ O2 ðgÞ
ðReaction 1Þ
In this study, reaction (1) can also account for the
observed texture for Opx-II and ﬁne-grained troilite in
NWA 7183. Meanwhile, such an explanation based on
the petrographic texture is supported chemically by the
low concentrations of Cr, Al, Ti, and Ca in Opx-II. Since
olivine is depleted in Cr, Al, Ti, and Ca, the reaction product low-Ca pyroxene would be depleted in these elements,
compared with those crystallized from normal maﬁc or
ultramaﬁc magmas (Petaev et al., 1994). This inference is
very consistent with the observation in this study that
Opx-II has lower concentrations of Cr, Al, Ti, and Ca than
typical diogenitic orthopyroxene (Figs. 11 and 12).
In reaction (1), the formation of troilite extracts Fe from
olivine and results in the increase of the Mg# value in the
reaction product low-Ca pyroxene. This eﬀect is qualitatively consistent with observations in NWA 7183 (e.g.,
mean Mg# value 0.53 in olivine, mean Mg# value 0.63 in
Opx-II). However, to quantitatively explain the chemical
compositions of Opx-II and its related olivine, the addition
of SiO2 to the reactant or the loss of Mg from the system
would be required to balance the equation, based on the
following two reactions:
6Mg1:05 Fe0:95 SiO4 þ S2 ðgÞ þ 4SiO2
() 10Mg0:63 Fe0:37 SiO3 þ 2FeS þ O2 ðgÞ

ðReaction 2Þ

and
Mg1:05 Fe0:95 SiO4 þ 0:29S2 ðgÞ
() Mg0:63 Fe0:37 SiO3 þ 0:58FeS
þ 0:5O2 ðgÞ þ 0:42Mg

ðReaction 3Þ

Similar reactions have been proposed to interpret the
compositions of minerals in the replacement texture of olivine by orthopyroxene and troilite in Apollo samples
(Shearer et al., 2012). Each reaction indicates that the sulﬁdation of olivine is not open only to S and that other elements (e.g., Mg and Fe) should also be involved (Shearer
et al., 2012). For example, Shearer et al. (2012) revealed
that Se, Cu, Zn, and Sb have also been transported into
the replacement texture of olivine by troilite and orthopy-

139

roxene, although the reactions were not controlled by the
behaviors of these trace elements in the reactions. For the
sulﬁdation of Fe-rich pigeonite in the brecciated eucrite
NWA 2339, Zhang et al. (2013) revealed that Mn in the system was partially lost during sulﬁdation based on X-ray
mapping of Mn. For simplicity, we suggest that during
the formation of Opx-II, some Mg might have been lost
from the system (c.f., Shearer et al., 2012), although no
Mg-rich phase associated with the intergrowths is observed
in this study.
4.3.2. The troilite-Opx-I intergrowth
A few fragments of troilite-orthopyroxene intergrowth
have been reported from howardite and brecciated diogenites in previous studies (Hewins, 1981; Patzer and
McSween, 2012; Eckley et al., 2016). Their textures and
mineral assemblages are similar to the troilite-Opx-I intergrowth in this study, indicating that they might have a common origin.
Patzer and McSween (2012) stated that the troiliteorthopyroxene intergrowth should be restricted to harzburgitic lithologies, based on the petrographic texture and
Mg-rich nature of orthopyroxene. In this study, we observe
that olivine is commonly included in Opx-I. This result
implies that the troilite-orthopyroxene intergrowth could
be related in origin to an olivine-bearing or olivine-rich
lithology. In addition, the ﬁne-grained chromite that is
included in Opx-I contains very low ulvöspinel contents,
similar to those of diogenitic chromite and largely diﬀerent
from those of eucritic chromite (Fig. 7 in Mittlefehldt,
2015). This relationship implies that the origin of troiliteorthopyroxene intergrowths should be closely associated
with diogenite rather than eucrite. However, Opx-I in the
troilite-orthopyroxene intergrowths is depleted in Cr, Al,
and Ti, distinct from typical diogenitic orthopyroxene
(Fig. 12). This chemical feature argues against a simple diogenitic origin for the troilite-orthopyroxene intergrowths in
HED meteorites.
Two scenarios have been proposed to interpret the origin of troilite-orthopyroxene intergrowths in howardites
and brecciated diogenites (Hewins, 1981; Patzer and
McSween, 2012; Eckley et al., 2016). Patzer and McSween
(2012) and Eckley et al. (2016) proposed that the troiliteorthopyroxene intergrowths could have formed via
impact-induced melting and rapid crystallization of diogenitic orthopyroxene in the presence of troilite. Patzer
and McSween (2012) drew this conclusion based on
comparison of the petrographic texture of the troiliteorthopyroxene in diogenite LEW 88679 and in the Acapulco meteorite (El Goresy et al., 2005). If this were the
case, because Cr, Al, Ti, and Ca are lithophile elements that
are usually incompatible in troilite, the presence of troilite
would not aﬀect the concentrations of Cr, Al, Ti, and Ca
in orthopyroxene before and after shock-induced localized
melting. Unfortunately, no details about the Cr, Al, and
Ti concentrations have been reported for the orthopyroxene in the intergrowths (Patzer and McSween, 2012). In
our study, the Cr, Al, and Ti concentrations in Opx-I are
distinctly lower than those in the typical diogenitic orthopyroxene in NWA 7183 and in the literature (Mittlefehldt,
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2015). The Wo contents are also lower than those in the
typical diogenitic orthopyroxene in NWA 7183 and in the
literature (Mittlefehldt, 2015). This chemical diﬀerence
argues against the possibility that the troiliteorthopyroxene intergrowths in NWA 7183 have formed
via impact-induced localized melting and rapid crystallization of diogenitic orthopyroxene in the presence of troilite.
Therefore, Opx-I is not a product of shock-induced localized melting and recrystallization of diogenitic orthopyroxene in the presence of troilite.
Hewins (1981), in his conference abstract, proposed that
the troilite-orthopyroxene intergrowths could have formed
via reactions between primary olivine and S-rich ﬂuid based
on their petrographic observations. This model is supported
by the mineral assemblage and texture of the troiliteorthopyroxene intergrowths in this study. First, olivine usually occurs as small and irregular inclusions in Opx-I. Our
observations reveal that the small olivine grains have compositions identical to those of relatively coarse-grained olivine grains within same lithic clasts. The small irregular
olivine grains could be of relict origin during the reaction.
The relatively coarse irregular olivine grains shown in
Figs. 5e and 8a probably have a similar origin. Second,
Opx-I in the intergrowths also contains lower concentrations of Cr, Al, Ti, and Ca than typical diogenitic orthopyroxene, supporting a reaction between olivine and S-rich
ﬂuid (Hewins, 1981), which is similar to the reaction interpreting the origin of troilite-Opx-II intergrowth discussed
above. Thus, we suggest that troilite-Opx-I intergrowths
are also products of olivine metasomatism by S-rich ﬂuid,
based on the unique compositional features (Cr, Al, Ti,
and Ca) of Opx-I and the fact that relict diogenitic olivine
and chromite are included in or enclosed by Opx-I.
Although we propose that both Opx-I and Opx-II are
products of a reaction between olivine and S-rich ﬂuid/vapor, the subtle diﬀerences in Cr, Al, and Ca concentrations
between Opx-I and Opx-II imply certain diﬀerences for
their formation conditions. To interpret such subtle diﬀerences between Opx-I and Opx-II, we suggest that Opx-I
might also have formed via a peritectic reaction between
olivine and S-rich vapor but at higher temperatures than
those for the formation of Opx-II (c.f., Petaev et al.,
1994). Petaev et al. (1994) suggested that reaction between
S and olivine would result in an assemblage of molten troilite and pyroxene-rich silicate melt with as-yet-unreacted
olivine if the temperature were higher than its peritectic
temperature. With high temperatures, some diogenitic
orthopyroxene and/or chromite might have been melted,
resulting in the slightly elevated concentrations of Al, Cr,
Ti, and Ca in Opx-I. In contrast, probably no diogenitic
orthopyroxene and/or chromite were melted during the formation of the troilite-Opx-II intergrowths. We suggest that
the reaction for the formation of troilite-Opx-I intergrowth,
similar to the formation of troilite-Opx-II intergrowth,
could also be open to S, Mg, and probably other elements
(e.g., Se). However, it is diﬃcult to quantitatively constrain
the reaction conditions since the major element compositions of the silicate and oxide minerals have been modiﬁed
in the post-magmatic Mg-Fe interdiﬀusion event.

The texture of the troilite-Opx-I intergrowths is similar
to that of magmatic sulﬁde-silicate intergrowths in magmatic sulﬁde ore deposits (Barnes et al., 2017), supporting
the idea that the troilite-Opx-I intergrowth probably crystallized from a high-temperature melt. The simultaneous
crystallization of Opx-I and associated troilite is also supported by the continuity of crystallographic orientations
of Opx-I and troilite grains within single lithic clasts or certain regions (Figs. 5 and 6). In addition, the crystallization
model for Opx-I and its associated troilite from hightemperature melt can also explain the texture where the
intergrowth partly encloses a grain of diogenitic orthopyroxene with a smooth boundary (Fig. 9).
Some of the troilite grains in intergrowths from NWA
7183 have an interconnecting texture (Fig. 4a), imposing
a possibility that the igneous texture of troilite-Opx-I intergrowths might have formed through the inﬁltration of troilite into preexisting orthopyroxene. However, two aspects
of consideration argue against this possibility in NWA
7183. First and most importantly, the inﬁltration model
itself cannot account for the depletion of Cr, Al, Ti, and
Ca in Opx-I, compared with typical diogenitic orthopyroxene (Mittlefehldt, 2015; this study). Second, synthetic
experiments have revealed that the segregation velocity of
Fe-S melt in unmolten peridotite is very low due to the high
surface tension of sulﬁde (Bagdassarov et al., 2009). This
result indicates that inﬁltration of troilite into preexisting
orthopyroxene is not an eﬃcient process to form the
observed texture.
Chalcophile and siderophile elements in sulﬁde have
been measured to distinguish S-rich vapor from S-rich melt
during mantle metasomatism of the Earth (Lorand et al.,
2004; Delpech et al., 2012). The principle is that mantle
metasomatism by S-rich vapors would fractionate chalcophile and siderophile elements (Delpech et al., 2012) proportional to their volatility order (S > Se>Te > As, Au >
Pd>Ir > Os; Lodders, 2003). However, mantle metasomatism by S-rich melt would not cause any fractionation
among the chalcophile and siderophile elements (e.g.,
Lorand et al., 2004; Delpech et al., 2012). In this study, a
few chalcophile and siderophile elements have been measured in the troilite in the intergrowths. However, most of
the chalcophile and siderophile elements have concentrations below detection limits, except for Se. Considering that
Se in sulﬁde from terrestrial rocks is sensitive to weathering
(Lorand and Luguet, 2016), the measured Se concentrations in troilite of this study may not reﬂect the original
concentrations. Two observations support this inference.
First, some Fe-Ni metal and sulﬁde grains in NWA 7183
have been partly altered. Second, troilites with diﬀerent origins in this study have comparable Se concentrations. To be
conservative, the measured concentrations of the chalcophile and siderophile elements in troilite neither support
nor preclude the sulﬁdation model involving S-rich vapor.
4.4. Conditions for the sulﬁdation reaction of olivine
The reaction between olivine and sulfur has been studied
experimentally and theoretically (Kullerud and Yoder,
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1963, 1964; Colson, 1992; Bataleva et al., 2016). Among
them, Kullerud and Yoder (1963, 1964) and Bataleva
et al. (2016) studied the reaction under high pressures and
high temperatures (2000 bars and 650–800 °C and
6.3 GPa and 1050–1550 °C, respectively). Colson (1992)
mainly considered the eﬀects of temperatures and the fugacity of S2 and O2. Since the resultant texture in Bataleva
et al. (2016) is signiﬁcantly diﬀerent from the texture of
troilite-orthopyroxene intergrowths in this study and that
in Shearer et al. (2012), we suggest that temperature and
fugacity of S2 and O2 rather than pressure might be the
key factors controlling the formation of orthopyroxene
through replacing olivine.
If the sulfur fugacity fS2 in the system is large enough,
pyrite or pyrrhotite would be the stable sulﬁde phase
(Toulmin and Barton, 1964) rather than troilite. Troilite
is stable only at low fS2 in equilibrium with native iron
(Toulmin and Barton, 1964). In this study, a few
ﬁne-grained Fe-Ni metal grains are observed in some
fragments of the troilite-orthopyroxene intergrowth
(Figs. 4c, e, and 8b), supporting the relatively low sulfur
fugacity during the reaction. However, the Fe-Ni metal
grains are rare in the studied troilite-orthopyroxene intergrowths and have a chemical composition (i.e., 1.7 wt%
Ni) identical to those grains that are not associated with
the troilite-orthopyroxene intergrowths, indicating that
the Fe-Ni metal grains are not a byproduct during the sulﬁdation of olivine. Therefore, the Fe-Ni metal might not be
the predominant phase for balancing the sulfur and oxygen
fugacities. We suspect that the sulfur and oxygen fugacities
during the sulﬁdation reaction of olivine might have also
been controlled by the compositions of orthopyroxene in
the intergrowth. However, unfortunately, the troilite-OpxI intergrowths have been aﬀected by the post-magmatic
Mg-Fe interdiﬀusion event, as discussed above. The oxygen
fugacity during the post-magmatic Mg-Fe interdiﬀusion
might not have been identical to that during the sulﬁdation
reaction of olivine to orthopyroxene. If we take the oxygen
fugacity (IW2.5) at 2000 bars and 1000 °C of NWA 5480
(Peslier et al., 2015), which is an olivine-rich diogenite, and
assume that the Fa content of olivine is 0.3, the sulfur
fugacity logfS2 during sulﬁdation of olivine is approximately 7.9 based on the calibration reaction in Eggler
and Lorand (1993).
4.5. Potential source of S-rich vapors
Troilite is a common accessory mineral in HED meteorites (McSween et al., 2011; Mittlefehldt, 2015). Its abundance in diogenite meteorites is usually less than 3 vol%.
This is consistent with the model that metal-sulﬁde segregated from the silicate melt and formed the core of Vesta
during the earliest stage of Vesta’s evolution (McSween
et al., 2011). The low abundance of troilite in diogenite
meteorites makes the source of sulfur for the reaction a
mystery. It might have an exotic source (e.g., chondrite)
or a hidden source in the interior of Vesta. In this study,
troilite associated with Opx-I and that in typical diogenitic
clasts have identically low concentrations of siderophile and
chalcophile elements (below detection limits), similar to
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those measured in Day et al. (2012). This similarity implies
that the sulfur for the metasomatic reaction of olivine might
have been derived from a source from the interior of Vesta.
If this is the case, the formation of S-rich vapor could be
due to igneous degassing on Vesta or impact-induced
vaporization of S-rich material from Vesta’s interior.
Although no data of siderophile and chalcophile elements in troilite from chondrites have been reported to date
using LA-ICP-MS, their concentrations in troilite could
also be below the detection limits by LA-ICP-MS since
Fe-Ni metal usually occurs as the predominant carrier of
highly siderophile elements in chondrites. This increases
the complexity for understanding the potential source of
sulfur. If the S-rich vapor has an exotic origin (e.g., chondrite), it is very likely that S-rich vapor was shockinduced. In this study, the current data cannot distinguish
the two potential sources of sulfur. Thus, open questions
remain as to where the S sources were and how the S-rich
vapors formed on Vesta. Answering these questions
requires future development of analyses with lower detection limits for chalcophile and siderophile elements.
4.6. Implication for diverse petrogenesis of diogenite
As discussed above, the presence of relict olivine and
chromite indicates that the formation of the troiliteorthopyroxene intergrowth should be later than that of
olivine-bearing/-rich diogenite. However, one lithic clast
in this study shows that the troilite-orthopyroxene intergrowth is entirely enclosed by diogenitic orthopyroxene
grains (Fig. 8a). There are two possibilities for interpreting
this texture. One possibility is that the troiliteorthopyroxene intergrowth was trapped as a melt by growing diogenitic orthopyroxene. In this case, the enclosed melt
that corresponds to the troilite-orthopyroxene intergrowth
would equilibrate in Cr, Al, Ti, and Ca with the melt from
which diogenitic orthopyroxene crystallized, due to fast diffusion rates in high-temperature melts (Zhang, 2010). As a
consequence, Opx-I should have Cr, Al, Ti, and Ca concentrations similar to those in diogenitic orthopyroxene. However, this interpretation is contrary to the observations in
this study. Therefore, it is unlikely that the troiliteorthopyroxene intergrowth shown in Fig. 8a was trapped
as a melt by diogenitic orthopyroxene. Instead, it is more
likely that the troilite-orthopyroxene intergrowth was captured as a solid xenolith during the crystallization of diogenitic orthopyroxene. The initial sizes of the xenoliths
could be larger than those observed in this study. However,
the outer parts of the original xenoliths could have been
melted by surrounding diogenitic melts, resulting in the
curved shape of the relict troilite-orthopyroxene intergrowth. This process might be similar to that for the formation of rounded olivine included in orthopyroxene. The
comparable HREE concentrations of the orthopyroxene
between the troilite-orthopyroxene intergrowth and surrounding diogenitic orthopyroxene support such an interpretation, although it is not deﬁnitive. If this is the case,
this texture shown in Fig. 8a suggests that the diogenitic
orthopyroxene grains should have formed after the
formation of the troilite-orthopyroxene intergrowth. As a
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consequence, the orthopyroxenitic diogenites, represented
by the orthopyroxene grains shown in Fig. 8a, are not the
cumulate rocks directly crystallized from the Vestan magma
ocean as previously thought.
There are abundant investigations into the petrogenesis
of diogenites in the literature, including observations on
natural samples, laboratory experiments, and computational modeling (e.g., Stolper, 1977; Mittlefehldt, 1994,
2015; Righter and Drake, 1997; Ruzicka et al., 1997;
Barrat et al., 2008, 2010; Yamaguchi et al., 2011;
Mittlefehldt et al., 2012; Mandler and Elkins-Tanton,
2013; and references therein). It is widely accepted that diogenites are cumulate rocks directly crystallized from a
magma ocean. Recently, however, Barrat et al. (2008,
2010) suggested that the parent melts of diogenites could
have formed from the melting of the magma ocean cumulates and that some of them might have been contaminated
by partial melting of the eucritic crust, based on REE geochemistry of diogenitic orthopyroxene. Yamaguchi et al.
(2011) reported chemically zoned orthopyroxene in unequilibrated diogenites. They concluded that diogenites are not
the products of the crystallization of the Vestan magma
ocean. Instead, the diogenites could be associated with a
later stage of magmatism (Yamaguchi et al., 2011). In the
current study, the presence of the troilite-orthopyroxene
intergrowth as an inclusion in diogenitic orthopyroxene
provides important petrographic evidence for complex petrogenesis of diogenites. At least some of the diogenites, if
not all, are not the cumulate rocks directly crystallized from
the Vestan magma ocean as previously thought. They probably originated from melting of the magma-ocean cumulates as suggested by Barrat et al. (2008, 2010) and
Yamaguchi et al. (2011).
4.7. Implication for the absence of olivine at Vestan south
pole basins
The magma-ocean models predict that some olivine-rich
rocks are located in the deep interior of the parent body of
HED meteorites (Righter and Drake, 1997; Ruzicka et al.,
1997; Mandler and Elkins-Tanton, 2013). Olivine-bearing
and olivine-rich diogenites have been observed in the meteorite collections, supporting the magma-ocean models
(Sack et al., 1991; Beck and McSween, 2010; Beck et al.,
2011). Given that asteroid 4-Vesta is the parent body of
HED meteorites (Russell et al., 2012), searching olivinerich rocks on the surface of Vesta has been started with
the Visible and Infrared (VIR) Mapping Spectrometer on
board the NASA’s Dawn spacecraft. Such olivine-rich
lithologies from the Vestan mantle were expected to be
detected at the large south pole impact basins due to their
great depths of 30–50 km (Beck et al., 2013). However,
no olivine-rich lithologies were detected at the two south
pole basins on Vesta. Instead, some olivine-rich materials
have been detected in regions that are far from the south
pole basins (Ammannito et al., 2013b; Palomba et al.,
2015; Le Corre et al., 2015; Nathues et al., 2015; Turrini
et al., 2016). These olivine-rich materials are usually considered as having an exogenic source (Palomba et al., 2015; Le
Corre et al., 2015; Nathues et al., 2015; Turrini et al., 2016).

Beck et al. (2013) simulated the detection limit of olivine
with a VIR spectrometer. They found that harzburgitic diogenites with 11 and 27% olivine have spectroscopic features
nearly identical to those of an orthopyroxenitic diogenite
with approximately 100% orthopyroxene, indicating that
a rock with an abundance of olivine <30% would be identiﬁed with diﬃculty. As for the non-detection of olivine at the
south pole basins on Vesta, the following two main scenarios have been considered. (1) One scenario is that the primary rocks at the two basins have initial abundances of
olivine lower than the lower detection limit for olivine with
the VIR spectrometer. This could be because the fractional
evolution of Vesta is more complex than previously thought
in theoretical models (Ammannito et al., 2013b; Palomba
et al., 2015). For example, the Vestan crust could be thicker
than the excavation depths at the two south pole basins
(Nathues et al., 2015; Turrini et al., 2016). (2) The other
possibility is that original olivine-rich lithologies have been
modiﬁed by later impact gardening (Beck et al., 2013). For
example, olivine-rich lithologies might have physically
mixed with olivine-poor lithologies during the long-term
(1–2 Gyr) exposure history of south pole basins. In this
study, our observations reveal that the olivine grains in diogenites could have been altered to orthopyroxene through
reactions with S-rich vapors, although the exact formation
mechanism of S-rich vapors remains an open question. If
the sulﬁdation process occurred at the south pole impact
basins of Vesta, some of the olivine grains might have been
altered to orthopyroxene, resulting in the abundance of olivine being lower than the detection limit of the Dawn VIR
spectrometer.
Although the troilite-orthopyroxene intergrowths are
commonly observed in NWA 7183, the sulﬁdation might
not be a large-scale process on Vesta. Instead, it could be
a small but widespread process (Hewins, 1981; Patzer and
McSween, 2012; Zhang et al., 2013; this study). It is one
of the potentially eﬃcient processes that could have
decreased the abundance of olivine at the south pole basins
of Vesta.
5. SUMMARY

1. Two groups of troilite-orthopyroxene intergrowths have
been observed in the brecciated diogenite NWA 7183.
The majority of the troilite-orthopyroxene intergrowths
are composed of troilite and orthopyroxene (Opx-I)
and contain very ﬁne-grained olivine and chromite as
inclusions within orthopyroxene. The other group of
intergrowths is observed in only a few fragments with
a high abundance of olivine. The orthopyroxene
(Opx-II) and associated troilite appear replacing olivine
in texture and are ﬁner-grained than Opx-I and associated troilite.
2. Both Opx-I and Opx-II are depleted in Cr, Al, Ti, and
Ca compared with diogenitic orthopyroxene. Combining
this observation with the petrographic textures, we suggest that metasomatic reactions of olivine-bearing/-rich
rocks with S-rich vapors could have resulted in the
formation of the troilite-Opx-I intergrowths at
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temperatures higher than the peritectic temperature from
olivine to orthopyroxene. After that, post-magmatic
Mg-Fe interdiﬀusion occurred in the troiliteorthopyroxene intergrowth and associated diogenitic
orthopyroxene. The Mg-Fe interdiﬀusion event may
have proceeded at a temperature of 546 °C and an oxygen fugacity of IW+0.06. Subsequent to the Mg-Fe
interdiﬀusion event, some relict olivine grains were further altered to Opx-II by later S-rich vapors.
3. The inclusion of the troilite-orthopyroxene intergrowth
in diogenitic orthopyroxene indicates that the host
orthopyroxenitic diogenite should have crystallized after
the troilite-orthopyroxene intergrowth, arguing against
an origin as cumulates directly crystallized from the
magma ocean of Vesta. Instead, they could have originated from partial melting and recrystallization of the
magma-ocean cumulates.
4. Based on the current observations, olivine in diogenitic
meteorites could have been altered into orthopyroxene.
This metasomatic process can partly explain why the
expected olivine-rich diogenitic rocks at the south pole
basins of Vesta were not detected by the Dawn VIR
imaging spectrometer.
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