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ABSTRACT:

Fe-rich secondary phases found in the polymict eucrite NWA (Northwest Africa) 11911, the
howardite NWA 1664, the monomict eucrite NWA 8675 and the unbrecciated basaltic eucrite
NWA 13269 were investigated to elucidate their origin and history of formation. NWA 11911 is
the only rock that displays widespread Fe-enrichment near fractures in unequilibrated and slightly
equilibrated basaltic clasts and pyroxene fragments. Fayalitic olivine veinlets with various textures,
thicknesses and compositions (Fass-gz) are detected in unequilibrated pyroxenes in NWA 11911,
NWA 1664 and NWA 8675. Neighbouring Fe-enriched pyroxene is also Al-depleted (Al,O3~ 0.3
wt%). Despite a careful search, NWA 13269 seems to lack Fe-enrichment in pyroxene and ferroan
olivine, but contains Ca-rich plagioclase (Ang7.9s) veinlets associated with Cr-spinel. Olivine
veinlets have been also detected in equilibrated pyroxene in NWA 11911. Our observations
support the circulation of hydrothermal fluids throughout the fractures of eucritic material. These
findings are also consistent with the detection of gullies, pitted terrains, and water-rich
carbonaceous material on the surface of (4) Vesta by the Dawn spacecraft.
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1. INTRODUCTION

Howardites, eucrites and diogenites (HED) form the largest achondrites suite recovered from
Earth’s surface. Eucrites are upper crust samples, and are basaltic and gabbroic rocks formed as
lava flows or magmatic intrusions. Diogenites are lower crust samples, and they are mostly
orthopyroxenites, and occasionally harzburgitic, dunitic or noritic rocks. Howardites consist of
both eucritic and diogenitic lithologies, and often comprise exogenous contaminants (Zolensky et
al., 1996; Gounelle et al., 2003; Lorenz et al., 2007; Janots et al., 2012; Beck et al., 2012; Shirai et
al.,, 2016; Unsalan et al.,, 2019; Yesiltas et al., 2019). Hubble telescope observations and
spectroscopic mapping data from NASA’s Dawn mission, have provided important clues linking
the HED to the protoplanet (4) Vesta (Binzel et al., 1997; McSween et al., 2013; Russell et al.,
2013; De Sanctis et al., 2013; Ammannito et al., 2013).

Dawn has also revealed the presence of low-albedo, carbon- and water-rich material within or
in close proximity of impact craters, or scattered throughout the surface of the asteroid (McCord et
al., 2012; Reddy et al., 2012). Further mapping data led to the discovery of OH-bearing minerals
(De Sanctis et al., 2012; Nathues et al., 2014), exogenous hydrogen (Prettyman et al., 2012), pitted
terrains and gullies respectively formed by the degassing of volatiles and water flow (Denevi et al.,
2012; Scully et al., 2015).

The petrogenetic history of HED meteorites did not stop after crystallization from their parent
magmas. Post-magmatic processes on their parent body include (1) metamorphism (Takeda and
Graham, 1991; Metzler et al., 1995; Yamaguchi et al., 1996, 1997; Yamaguchi, 2000). (2) multiple
brecciation events (Metzler et al., 1995; Kennedy et al., 2019). (3) Various types of metasomatism
(Duke and Silver, 1967; Treiman et al., 2004; Barrat et al., 2011; Chen et al., 2015; Mayne et al.,
2016; Warren et al., 2014, 2017; Zhang et al., 2013, 2018, 2020). Among the latter is Fe-
metasomatism, which has been detected in few eucrites and eucritic clasts in howardites, resulting
in Fe-enrichment along the fractures in pyroxene and the precipitation of fayalite, Ca-rich
plagioclase, Cr-spinel, troilite and apatite and/or merrillite (Takeda et al., 1983, 1994; Warren,
2002; Mittlefehldt and Lindstrom, 1997; Barrat et al., 2011; Roszjar et al., 2011; Warren et al.,
2014; Mayne et al., 2016; Pang et al., 2017; Patzer and McSween, 2018; Vollmer et al., 2020).

Several scenarios have been suggested to explain the occurrence of such Fe-rich, secondary
features in eucritic material. Takeda et al. (1983, 1994) and Warren (2002) suggested a short

duration heating event (~1100 °C) which caused melting of late-stage, Fe-rich mesostasis that was
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subsequently deposited within the fractures in pyroxene. Alternatively, Roszjar et al. (2011)
proposed that pyroxene incongruently melted to produce Fe-rich olivine and plagioclase in a
magma chamber. Barrat et al. (2011), on the other hand, suggested that these features formed
during the circulation of a metasomatic Fe-rich fluid throughout the fractures of host eucritic rocks.
They also established the following three-stage scheme to characterize the degree of
metasomatism:

Stage 1: Pyroxenes with Fe-enrichment along the fractures, often filled with olivine inclusions.

Stage 2: Cracks in pyroxene filled with fayalitic veinlets associated with minor Ca-rich
plagioclase and troilite.

Stage 3: Occurrence of Al-depleted and Fe-enriched pyroxene accompanied by well-developed
olivine and secondary plagioclase veinlets

In this study, we investigate the petrological and compositional variation engendered by
secondary alteration in four, distinct lithologies from the upper crust of Vesta. This includes NWA
11911, NWA 1664, NWA 8675 and NWA 13269. We also discuss the plausible origin of the
secondary products in light of what have been previously published in the literature, and their
implication for the complex evolution of the Vestan crust.

2. MATERIALS AND METHODS

Polished sections of NWA 11911, NWA 1664, NWA 8675 and NWA 13269 were subjected to
study using the scanning electron microscopes TESCAN VEGAII LSU at IMPMC-MNHN (Paris,
France) and FEI Quanta 450 ESEM FEG with (EDS) Bruker QUANTAX XFlash Detector 6-10 at
the University of Pisa (Pisa, Italy) in backscattered electron mode at an accelerating voltage of 15
kV. Chemical compositions of pyroxene, plagioclase, silica and oxides were obtained using
CAMECA SX-FIVE at ISTeP-Sorbonne University (Paris, France) and further analysis were
performed using JEOL 8200 Super Probe at the University of Milan (Milan, Italy) and the Institute
of Meteoritics at the University of New Mexico (Albuquerque, USA). An accelerating voltage of
15 kV and a beam current of 10 nA were used during the analyses. To effectively track the
petrographical changes in the pyroxene crossed by secondary phases, we performed FeO, MgO,
Ca0, Al20s, TiO,, Cr,03 profiles across Mg-rich, dark cores, Fe-enriched pyroxenes and fayalitic
veinlets. EPMA-WDS and EDS maps have also been generated.
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3. RESULTS

3.1 PETROGRAPHY AND MINERAL COMPOSITION

NWA 11911

This rock is brecciated and comprises clasts exhibiting a wide range of textures (variolitic,
subophitic, ophitic and granulitic textures; Fig. S1). The main minerals are plagioclase and
pyroxene, with ilmenite, silica, chromite, troilite, Fe-Ni metal and olivine as minor phases.
Unequilibrated and equilibrated pyroxene fragments and clasts with various sizes are present
within the lithic, well-cemented matrix. The compositions of low-Ca pyroxene have an average of
EngosaFsss:7W07:67 (0 = 39). The average composition of high-Ca pyroxene is
ENggsr 2FS35:7WO0s6:64 (N = 17). Plagioclase has a maximum size of 1 mm, and exhibits a
compositional range of Anzz.93Ab6.260r1-2 (N = 22).

This meteorite also contains an impact melt (~5x3 mm2) exhibiting a vitrophyric texture. This
large clast consists of a glassy matrix enclosing zoned pyroxene microlites (40-80 um; Engs-49FSas-
48WO07.g) and partially digested pyroxene and plagioclase minerals with remelted rims. Shock veins
are up to 300 pm in width, they are glassy and contain rounded to subrounded pyroxene,
plagioclase and silica fragments. The clast shown in Fig. S2 consists of host augite (Fsz7-32\W040-
425), Stubby fayalitic olivine (~Fa;7) and silica lamellae (0.8 wt% FeQ) up to 10 um in width, as
well as plagioclase (Anzs.g3). Some regions have pyroxene (EnsgFsssWo19) associated with 1 um-
sized troilite and scarce olivine (see also false-color EDS maps in Fig. S2).

NWA 13269

This rock is unbrecciated and exhibits a distinct porphyritic texture (Fig. S3). Pyroxene
phenocrysts up to 2.5 mm long are embedded in a fine-grained, subophitic to variolitic
groundmass. Pyroxene in the matrix is equilibrated, and contains augite exsolution lamellae up to
1.5 pum in width with an interval of about 5 um. Pyroxene phenocrysts have an average
composition of Engz+1 9FSs1416W02407 (N = 15). Low-Ca pyroxene in the groundmass is pigeonite,
exhibiting a compositional range of Enzg.41FS4253W054.175 (n = 3). High-Ca pyroxene has an
average composition of Engg:1.9FS27:.8W037:98 (N = 9). Plagioclase laths (300 um long) are clouded,

and have a composition ranging from An;gAb1,0r;p (K20 = 1.5 wt%) to AnggAb;o0r; (K,O = 0.2
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wit%). Mesostasis consisting of silica, ilmenite and troilite is abundant, and mostly occurs between

plagioclase laths.
NWA 1664 AND NWA 8657

The main petrological characteristics of NWA 1664 (howardite) and NWA 8657 (monomict
eucrite) have been previously described in the literature (Kurat et al., 2003; Lorenz et al., 2007,
Barrat et al., 2009; Barrat et al., 2012; Ruzicka et al., 2014).

3.2. FE-ENRICHMENT IN PYROXENE

NWA 11911 is the only sample in this study that comprises abundant pyroxene fragments and
clasts displaying Fe-enrichment in close proximity of the fractures (Fig. 1). These can be

subdivided as follows.
Unequilibrated pyroxene fragments

Pyroxene fragments shown in Fig. 1a, 1b display Fe-enrichment along the fractures, which
often affects the Mg-cores resulting in parallel BSE-lighter bands. Tiny BSE-bright phases are
often detected within the fractures (Fig. 1a). Fe-enrichment in pyroxene is extended to up to 17 pm
toward the Mg-cores. The compositions of dark, Mg-rich cores are Ensggs FSs32.35 W0s.7. Fe-
enriched pyroxene near the fractures have compositions ranging from EngzgFsss\Wo0g to Eng7FSgo\Wo03
(Table 1; Fig. 1).

Unequilibrated basaltic clasts

Few lithic (basaltic) clasts that are scattered throughout the matrix of NWA 11911 show
comparable features. A basaltic clast (~1.5 mm large) exhibiting a subophitic texture is presented
in Fig. 1c. It mainly consists of unequilibrated pyroxene, 40 pum-sized plagioclase laths (Angs-gg)
and minor mesostasis composed of silica, olivine, ilmenite and troilite. Fe-enrichment in host
pyroxene is only observed in the lower right part of the clast despite the homogenous distribution
of the fractures, and is extending to up to 10 pum inward. Healed fractures are also observed.
Compositions range from EnssFs37Wog within the cores to Eng,FsssWo3 in Fe-enriched pyroxene
near the cracks (Table 1). The clast fragment shown in Fig. 1d has also a subophitic texture, but

lacks mesostasis. The plagioclase is up to 80 um in width, and has a composition of Angg.gs. The
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chromite grain (30 um) between plagioclase laths is ChrgoUspsSplss. Pyroxene exhibits Mg-Fe
zoning, and displays Fe-enrichment in cracks extending to up to 20 um inward. Mg-cores have
compositions of Eng Fs33sWos wWhereas Fe-enriched host pigeonite, adjacent to cracks, has a
composition of EngFsssWos. Tiny high-Ca exsolution lamellae (< 1 pm) are detected in both
pristine and metasomatized pyroxene (see the close-up view in Fig. 1d). Inclusions of olivine (~1

pum) are found filling a fracture located in the lower part of the clast.

Slightly equilibrated pyroxene fragments

Several pyroxene grains in NWA 11911 exhibit exsolution of (>1 um) augite lamellae, but
partially preserve their Mg-Fe zoning and display Fe-enrichment in cracks. The pyroxene fragment
shown in Fig. 1e is up to 400 um in size, and contains 2 um-thick augite lamellae spaced by up to
7 um. Mg-cores are Ens;Fs4;3Wog, and the Fe-enriched pyroxenes adjacent to the fractures are
EngoFss;Wog (Table 1). The composition of the rim is EngFssoWo01g, indicating magmatic Ca-
zoning. Inclusions composed of plagioclase (1.5 FeO wit%), silica, troilite and chromite are
detected within some of the Fe-rich areas in pyroxene (see the close-up images in Fig. 1e). Another
slightly equilibrated pyroxene fragment comprising two types of Ca-rich exsolution lamella is
presented in Fig. 1f. The first ones (EnssFs2;Wo40) are 7 um-thick with an interval of about 30 pum,
and are locally displaced by up to 13 um due to faulting of host pyroxene. The second exsolved
lamellae occur between the former. They are discontinuous with a width not exceeding 1 pum. The
remnant Mg-cores are 20 um in diameter and have compositions of Engg.49FSss.46W04.5 (Mg# =

0.5). The composition of Fe-enriched pyroxene is Enzg.42FSssWo03.6 (Mg# = 0.4) (Table 1).

3.3. FAYALATIC VEINLETS AND ASSOCIATED PHASES

Unequilibrated pyroxene fragments and basaltic clasts
NWA 11911

In addition to Fe-enriched pyroxene fragments and clasts in NWA 11911, we also detected
fragments of pyroxene exhibiting Fe-enrichment along cracks that are filled with fayalite, Ca-rich
plagioclase, Cr-spinel, troilite and apatite (Fig. 2; additional SEM images and EPMA profiles are

presented in Fig. S4, S5 in the online supplement).
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Pyroxene fragment shown in Fig. 2a consists of dark cores (EngiFs3sWos), Fe-rich rims
(EnsgFsssWo07) and Fe-enriched areas (EnsgFssgWo03) near the fractures and olivine veinlets. Some
of these veinlets (5 um thick) consist of granular olivine, continuous Ca-rich plagioclase veinlets,
chromite and troilite (Fig. 2b). Olivine in these veinlets is often surrounded by uncommon Ca-rich
areas. The composition of olivine in the rim is Fazg and changes to Fazs in the interior of the
fragment (Table 1). Ca-rich plagioclase, often associated with ferroan olivine filling cracks, have a
composition of Anggs.gg (With FeO =1.2 wt%) (Table 1). Cr-spinel mostly occur within veinlets and
exhibit a compositional range of Chrs.72UspssSpliszo (Fe**/Fe** = 0.029-0.041). Using the
compositions of Cr-spinel and olivine and the method of WIlotzka (2005), the estimated
equilibration temperatures are 753 £ 9.7 °C (Table 3). Troilite up to 10 um in size mostly occurs in
the rim of the pyroxene fragment, but decrease in size and abundance toward the interior. We
measured FeO, MgO, CaO, Al,O3 Cr,03, TiO, profiles across the veinlet (marked A-B in Fig. 2b).
CaO content (wt%) vary due to the presence of tiny high-Ca exsolution lamellae (<3 pm) in
pyroxene (Fig. 2c). The Al,O3 content is up to 1.2 wt% in the Mg-core, but decreases gradually
toward the olivine veinlet (0.3 wt% Al,03).

The compositional ranges of olivine veinlets shown in Fig. S4 are Fazz.7z. The Mg-core of host
pyroxene has a composition of EngFs3sWos. The Fe-enriched pyroxene adjacent to veinlets is

EnyoFsssWog, and does not exhibit the Al-depletion detected in the previous fragment.

NWA 1664

Some of the unequilibrated clasts and pyroxene fragments in NWA 1664 are excessively
invaded by a complex network of olivine veinlets. Associated phases are secondary plagioclase,
Cr-spinel, troilite and plausibly silica (Fig. 3; see also Fig. S6). The 1-mm-sized, subophitic clast
shown in Fig. 3a consists of clouded plagioclase laths (200 um in width), zoned pyroxenes with
Mg-cores up to 70 um in diameter as well as minor ilmenite and silica. Fe-enrichment in pyroxene
extends into the magnesian cores by a distance of 15 um. Olivine is present within pyroxene in the
form of 10-pm-thick veinlets or patches up to 40 pum across. The veinlets are often displaced due
to fracturing and faulting of host pyroxene (Fig. 3a). Plagioclase is frequently penetrated by
veinlets in close vicinity of the faulting area.

Pervasive veining of host, Mg-rich pyroxene is also observed in the subophitic clast shown in

Fig. 3b. Note the presence of intact mesostasis areas between plagioclase laths, and the occurrence
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of vermicular olivine and silica within the Fe-rich rim of pyroxene. In this clast, Fe-enrichment in
pyroxene is limited, extending into the magnesian cores by a distance of 3 um only. The thickness
of fayalitic veinlets ranges from 1 to up to 60 pum. These are continuous and often comprise
fragments of pyroxene that most likely have sheared off from the host pyroxene walls (see the
close-up view in Fig. 3b). In several areas, the fayalitic veinlets penetrate or cross the primary
plagioclase. Note that, interestingly, the veinlets crossing plagioclase are mostly dominated by
troilite.

The fayalitic veinlets shown in Fig. 3c and Fig. 3d are 6-8 um thick, and are associated with
Ca-rich plagioclase, Cr-spinel and troilite. The veinlet shown in Fig. 3d is texturally comparable to
some of the veinlets found in NWA 1109, where Cr-spinel occurs between olivine layers (Pang et
al. 2017). Note that pyroxene host comprises fine and parallel, Ca- and Cr-rich exsolution
lamellae. The former mostly lack in the areas adjacent to olivine veinlets, suggesting that Ca was
leashed before or after the metamorphic event that triggered the exsolution.

Olivine in NWA 1664 is less ferroan, and have a composition of Fags (Table 2). Mg-cores
compositions are EnyoFs;sWo,. The Fe-enriched margins in close proximity of the olivine veinlets
have compositions of Eng,Fss;Wo;. Primary plagioclase is Ang;-go (FEO = 0.2-0.9 wt%), whereas
secondary plagioclase is Angrgs (FEO = 1.4 wt%) (Table 2). Cr-spinel associated with olivine
veinlets exhibits a compositional range of Chrsp.caUSpa.10Splag2: (Fe**/Fe?* = 0.028-0.031).
Equilibration temperatures of Cr-spinel and olivine are ranging from 759 to 851°C.

EPMA profiles across olivine veinlets and EPMA-WDS maps are presented in Fig. 4, Fig. S6
and Fig. S7. Pyroxene near cracks filled with olivine is Al-depleted, with Al,O3 ranging from 1.4
wt% in pristine cores to 0.3 wt% in metasomatized regions. The concentrations of CaO and Cr,03
increase in some areas, and decrease in others. Note that no significant variation in TiO, content is
detected.

NWA 8675

The pyroxenes in the monomict eucrite NWA 8675 exhibit comparable secondary features
(Fig. 5; Fig. S8). The thickness of fayalitic veinlets ranges from 5 pum, within the interior of
pyroxene, to up to 40 um at the pyroxene-plagioclase boundaries. Olivine exhibits a compositional
range of Fasg-go. The composition of Mg-cores is up to EngoFsssWos. Metasomatized pyroxene

adjacent to veinlets is very Fe-rich, and have a composition of EnggFs;1Wo0;. Mg-rich cores are
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penetrated by BSE-white and parallel, Fe-rich bands up to 2 pum in width. Primary plagioclase is
Angs.g5 (FEO = 0.7 wt%). Secondary plagioclase, on the other hand, contains up to 1.5 wt% FeO,
and have and end-member composition of Angr.gs (Table 2). An EPMA profile measured across
pyroxene displaying Fe-enrichment and contains olivine veinlets filling fractures is illustrated in
Fig. 6. The increase of Cr,O3 content toward the core represents magmatic zoning. Metasomatized

pyroxene in this eucrite exhibits the lowest Al,O3 concentrations (0.2 wt%) measured in this study.

Equilibrated pyroxene fragments
NWA 11911

We report here the occurrence of olivine veinlets in an equilibrated pyroxene fragment in
NWA 11911 (Fig. 7; see also EDS maps and EPMA profiles given in Fig. S9). Host pigeonite is
EnssFsssWoyo and exhibits parallel, 1 um-thick augite exsolution lamellae. These are often bended
or displaced by a distance of 1 um. Pyroxene near the veinlet is slightly Fe-enriched, and have a
composition of EnssFsseWog (Fs4 variation). Olivine in the veinlet exhibits a compositional range
of Faz-go. Occasionally, unusual Ca-rich areas are detected between the host pyroxene and veinlet
boundaries. Note the occurrence of rounded to subrounded, exsolved pyroxene fragments (~2 pm)
within the veinlet. This indicates that deposition of olivine postdates the thermal event that caused

equilibration of this fragment.

3.4. SECONDARY PLAGIOCLASE VEINLETS

NWA 13269

Despite a careful search, neither Fe-enrichment in pyroxene nor ferroan olivine veinlets are
detected in NWA 13269. However, this meteorite contains highly Ca-rich plagioclase veinlets
(Ang;Ab;. FeO wt% = 0.83; Table 2) comprising inclusions of Cr-spinel
(Chre7.8+1.7USp22.8:2.7Spl711.6; Fe*Fe?* = 0.035; n = 3) and troilite (Fig. 8). Ca-rich plagioclase
veinlets within the pyroxene phenocrysts (exhibiting Cr-rich lamellae) and pyroxene in the
groundmass (with Ca-rich lamellae) are shown in Fig. 8a. Note the abrupt change of the orientation
of the veinlets when crossing the mineral boundaries. The veinlet shown in Fig. 9b is 6 um thick,
and contains rounded Cr-spinel inclusions up to 3 um in size. In some areas, secondary plagioclase

is absent and only continuous or discontinuous chromite veinlets are observed.
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4. DISCUSSION

4.1. ORIGIN FROM A COMMON PARENT BODY

The concentration of Fe and Mn (atom per formula unit) of pyroxene in planetary basalts appears
to be correlated with the distance from the sun (Papike 1998). Fe/Mn ratios in pyroxene increases
following this sequence Vesta-Mars-Earth-Moon. All the pyroxenes in this study, including those
who are affected by secondary alteration, follow the trend line of (4) Vesta, implying a common
origin for our samples (Fig. S10).

4.2. FORMATION OF THE SECONDARY VEINLETS

NWA 11911, NWA 1664 and NWA 8675 show evidence of brecciation and exhibit a wide
range of textures and compositions. These rocks, in addition to the unbrecciated eucrite NWA
13269, have also been subjected to various degrees of thermal metamorphism as indicated by the
exsolution of augite from host pigeonite and the clouding of major mineral phases (Harlow and
Klimentidis, 1980; Yamaguchi et al., 1996). The brecciated samples exhibit Fe-enriched,
unequilibrated and slightly equilibrated pyroxenes that comprise fractures filled with secondary
fayalite, nearly pure anorthite, Cr-spinel, troilite and apatite (Tables 1 and 2; Fig. 2, 3, 5, 7, 8, 9
and 10; see also the chemical summary presented in Table S1 and S2). These features correspond
to Barrat et al. (2011)’s stage 2 and stage 3 of secondary alteration. The first stage, characterized
by Fe-enrichment along the fractures in pyroxene, was exclusively detected in NWA 11911 (Fig.
1). NWA 13269, on the other hand, seems to lack these Fe-rich features, and only comprises
anhortitic veinlets and Cr-spinel instead. Affected pyroxenes in NWA 11911, NWA 1664 and
NWA 8675 are compositionally following the Mg-Fe-Ca or Mg-Fe trends, typically consistent
with metamorphic type 2 and type 3 pyroxenes in Takeda and Graham (1991) and Schwartz and
McCallum (2005) schemes, respectively (Fig. 9). The magmatic zoning of pyroxenes that comprise
Ca-rich plagioclase veinlets in NWA 13269 was slightly to completely erased by metamorphism
(type 4-5 in Takeda and Graham (1991) scheme), resulting in the exsolution of augite in pigeonite
marked by the Fe-Ca trend (Fig. 9).

The features observed in these rocks have been most likely formed during a post-magmatic,
secondary process in the upper crust of their parent body. We exclude an exogenic, terrestrial or
magmatic origin for the following reasons: (1) The Fe/Mn ratio of Fe-enriched pyroxene and
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olivine veinlets filling cracks in pyroxene and clasts are matching the ratios reported in HED
meteorites (Fig. S10). (2) Olivine has never been reported as a weathering product in hot desert
finds. The only weathering product identified here is calcite (Fig. 3, Fig. 6), which has been
previously found filling fractures in weathered meteorites (Barrat et al., 2003; Crozaz et al., 2003).
(3) Magmatic olivine in Vestan meteorites exhibits Mg-rich compositions Faz.39 (Beck et al.,
2012; Mittlefehldt, 2015; Vaci et al., 2021), whereas olivine found in mesostasis or formed by
decomposition of Fe-rich pyroxene is ranging from Fa;, to Fags (Takeda and Graham, 1991; Patzer
and McSween, 2012). NWA 11911 contains an augitic clast comprising olivine (Faz). Neither Fe-
enrichment of pyroxene nor the phases associated with the fayalitic veinlets described above are
detected. In addition, the texture of olivine is broadly different from the veinlets, and resemble
some of the late-stage assemblages described in the work of Patzer and McSween (2012) (see their
Fig. 1b).

Several scenarios have been suggested to explain the occurrence of such features in eucritic

meteorites. These are discussed below in light of our findings.
Impact reheating of mesostasis and injection into pyroxene fractures

In an attempt to reveal the origin of ferroan olivine veinlets in the eucrite Yamato (Y)-7501,
Takeda et al. (1983, 1994) suggested that they formed either during a process of Fe-rich pyroxene
decomposition, or during a short impact heating event (~1100 °C) that caused melting of late-stage,
Fe-rich mesostasis. The resulted melts would have been subsequently deposited within the
pyroxene fractures (see also Warren (2002)). Barrat et al. (2011) argued against such a mechanism,
given that they found neither a relationship between the fayalitic veinlets and mesostasis, nor
evidence of its melting in their samples. According to reheating experiments on eucritic material,
melting of mesostasis would produce liquids enriched in P, K, Ti, Th and REEs (Yamaguchi and
Mikouchi, 2005; Barrat et al., 2007; Yamaguchi et al., 2013). This implies that, if these melts
infiltrated pyroxene, an enrichment in Ti and REEs would be expected. Barrat et al. (2011)
inspected the REE concentration of Fe-enriched pyroxene in the polymict eucrite NWA 049 and
reported that the Fe-enriched and Mg-cores in pyroxene are compositionally similar in terms of
their REEs content. In addition, no Ti enrichment in pyroxene has been detected. Thus, following

these observations, the scenario involving melting of mesostasis and injection in pyroxene
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fractures has been ruled out, since it could not account for the formation of the secondary, Fe-rich
features observed in few eucritic lithologies.

Our findings strongly support this latest view since we find neither evidence of melting of
mesostasis, nor Ti enrichment in pyroxene. For instance, the mesostasis domains found in the Fe-
enriched clasts in NWA 11911, and the fayalite-bearing clasts in NWA 1664 are well preserved
and are not linked to any of the Fe-rich features (Fig. 2c, Fig. 4b). The Fe-rich rims in these clasts
often exhibit a vermicular texture, and contain inclusions of olivine and silica indicating
decomposition of metastable pyroxene (see Patzer and McSween, 2012). Yet they do not show any
indication of remelting or connection to the Fe-enriched margins near the fractures and the
fayalitic veinlets. We have also compared the concentrations of Ti in Fe-enriched and pristine
pyroxenes (Fig. 11; see also EPMA profiles in Fig. 2, 4, 6 and Fig. S4, S7), and we did not detect
any striking Ti enrichment in the former. It should be noted that the increase of Ti/Al ratio
observed in Fe-enriched pyroxene is not due to a higher Ti abundances, but is a result of Al-

depletion (stage 3 in Barrat et al. (2011) scheme).
Incongruent melting in a magma chamber

When Roszjar et al. (2011) reported the occurrence of Fe-enriched pyroxene and fayalitic
veinlets associated with chromite, troilite and apatite in the Stannern-trend eucrite NWA 5073,
they suggested an alternative scenario involving incongruent melting of pyroxene in a magma
chamber. During this process, pyroxene would have been heated slightly above the solidus at a
temperature of 1150 °C (Stolper, 1977) and incongruently melted to produce ferroan olivine and
Ca-rich plagioclase. Chromite, on the other hand, would have a magmatic origin and may have
been simply incorporated in the veinlets. Although this scenario successfully explains the
occurrence of olivine in pyroxene but not in plagioclase, as well as the presence of chromite within
the veinlets, it fails to account for the presence of veinlets in both zoned and homogenized
pyroxenes, as well as the occurrence of troilite and apatite in association with olivine, since they
mostly form during the last stage of the crystallization of the magma (Sarafian et al., 2013; Pang
etal., 2017; Vollmer et al., 2020).

In our samples, although in rare cases, we discovered plagioclase crossed or slightly penetrated
by fayalitic veinlets (Fig. 3b). The Fe-enrichment in pyroxene and the olivine veinlets occur in
pyroxenes with a wide range of compositions. In addition, we found troilite and apatite
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incorporated within the veinlets. These observations strongly argue against the incongruent
melting scenario. Recent heating experiments by Rombeck et al. (2021) showed that pyroxene
develops Fe-Ti-rich phases at a temperature of 1070 °C. However, instead of exhibiting Fe-
enrichment, pyroxene adjacent to these phases became Fe-depleted. This contradicts our results
and strongly argues against a heating event as the sole responsible process for the formation of Fe-
rich phases in the studied eucritic material. However, it might explain the occurrence of Fe-rich
bands and Cr exsolution lamellae observed in some pyroxenes (Fig. 3, Fig. 5, Fig. 8, Fig. S5; see
also Pang et al. (2017)).

Interaction with a metasomatic fluid

Another scenario for the origin of secondary Fe-rich phases involves the circulation of a
metasomatic, Fe-rich fluid throughout the fractures of host eucritic rocks (Mittlefehldt and
Lindstrom, 1997; Schwartz and McCallum, 2005; Barrat et al., 2011; Warren et al., 2014).

Based on work from Schwartz and McCallum (2005), Fe-enrichment along the fractures in the
polymict eucrite Pasamonte, which is comparable to that observed in NWA 11911, is the result of
an interaction between the rock and an Fe-rich vapor. However, although the coexistence of solids
and high temperature vapors (> 1300 °C) is possible (Dohmen et al., 1998), Barrat et al. (2011)
showed that this scenario is inconsistent with the physical and chemical conditions of the upper
crust of Vesta; accordingly, they favored an aqueous nature of the fluid.

Water deposits in the form of a quartz veinlet were previously reported in the cumulate eucrite
Serra de Magé (Treiman, 2004). Aqueous fluids may have existed during early magma
crystallization as evidenced by the detection of OH-rich apatite in eucrites (Sarafian et al., 2013,
2017; Barrett et al., 2016), or delivered during the collisions of Vesta with cometary or
carbonaceous bodies (Treiman et al., 2004; Warren et al., 2014). This latter suggestion is strongly
supported by the discovery of exogeneous, carbonaceous material within howardites and polymict
eucrites (Zolensky et al., 1996; Gounelle et al., 2003; Lorenz et al., 2007; Janots et al., 2012; Beck
et al., 2012; Shirai et al., 2016; Unsalan et al., 2019; Yesiltas et al., 2019), and on the surface of (4)
Vesta as revealed by Dawn data (McCord et al., 2012; Reddy et al., 2012; De Sanctis et al., 2012).

Warren et al. (2014) suggested that aqueous fluids may have been generated during a the
collision of a carbonaceous, water-rich impactor (likely CM chondritic) with Vesta. The mixing of

carbonaceous material with the Vestan regolith and further impacts may have contributed to their
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further mobilization. This is in agreement with the detection of water activity on the surface of (4)
Vesta, indicated by the presence of gullies and pitted terrains within crater walls and floors
(Denevi et al. 2012; Scully et al. 2015). Following this view, it would be possible that the FeO-
metasomatic features described above are the result of the circulation of aqueous fluids throughout
the preexisting fractures in the various studied eucritic lithologies (Fig. 12).

Recent hydrothermal experiments showed that Fe-rich phases in pyroxene form whether the
interacting liquid originally contained Fe or not (Rombeck et al., 2021). This suggests that the
metasomatic agent may not have been predominantly Fe-rich as previously thought, and plausibly
exhibited compositional variations (by dissolution/precipitation) as it percolates throughout the
fractures of eucritic material. The fluid may have been gradually enriched in Ca and Al, as
indicated by the absence of Ca-rich lamellae in close proximity of the veinlets (Fig. 3c, d), as well
as the Al-depletion in pyroxene. This could provide an explanation to why NWA 13269 only
comprises secondary plagioclase veinlets and inclusions of Cr-spinel, but lack the Fe-rich features
reported in the remaining samples. However, we cannot rule out that these missing features (at
least Fe-enrichment in pyroxene) may have been erased by subsequent metamorphism. The effects
of later metamorphism and further impact events are shown by the healing of the fractures, the
presence of exsolution lamellae and Ca-rich areas enclosing the fayalitic veinlets (Fig. 2) in
pyroxene, as well as fracturing and faulting of pyroxene hosts causing the displacement of the
veinlets (Fig. 3a).

Fluid-assisted secondary alteration has been also suggested to explain the formation of olivine
veinlets associated with secondary plagioclase and Cr-spinel in Apollo 14 samples and a limited
number of lunar meteorites (Arai et al., 2010; Warren, 2018; Zeng et al., 2020). However,
differently from HED meteorites, the metasomatic fluids are suggested to be from an endogenic
origin. Note that, at present, an endogenic source for the fluids forming secondary alteration

features in eucrites cannot also be ruled out (Sarafian et al., 2013, 2017; Barrett et al., 2016).

5. CONCLUSIONS

We rigorously explored the petrography and the geochemistry of eucritic clasts and pyroxene

fragments exhibiting Fe-enrichment and crossed by fayalitic olivine veinlets in four distinct

lithologies from Vesta in order to constrain the processes involved in their formation. These
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lithologies include the polymict eucrite NWA 11911, the howardite NWA 1664, the monomict
eucrite NWA 8675 and the unbrecciated eucrite 13269. Fe-enrichment in pyroxene is not restricted
to unequilibrated pyroxenes, but was also found in some slightly equilibrated fragments in NWA
11911. Olivine within the veinlets exhibits a wide range of compositions, with the least ferroan
olivines are found in NWA 1664. The veinlets also comprise various proportions of Ca-rich
plagioclase, Cr-spinel, troilite and apatite. Differently from the other samples, Fe-enrichment in
pyroxene and Fe-rich phases were not detected in NWA 13269, as its veins solely consists of
secondary plagioclase and Cr-spinel. Geochemical profiles across metasomatized pyroxenes show
Al-depletion in close vicinity of the veinlets, with the exception of one pyroxene fragment in
NWA 11911. Ca-depletion is also observed as evidenced by the abrupt lack of exsolution lamellae
within adjacent pyroxene.

The formation of secondary phases in eucritic material is most likely the result of circulation of
aqueous fluids within the upper Vestan crust, combined with multiple heating events (global
crustal metamorphism and impacts). The source of these fluids is still debated, and might be
endogenic or brought to the surface by impacts. In all cases, the detection of these features shed
more light on the complex evolutionary history of the crust of Vesta, and constitutes further

evidence of the presence and the delivery of water to the surface of presumably dry small bodies.
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621 Tablel

622 Average EPMA analysis (Wt%) of pyroxene, olivine in veinlets, primary and secondary plagioclase in NWA 11911 (Stdev=Standard deviation)

NWA 11911 n SiO, TiO, AlLO; Cr,0; FeO MnO MgO CaO NaO K0 P05 Total Fs/Fa/An  En/Fo/Ab  Wo/La/Or
Fe-enriched px (Fig. 1)

Dark cores 9 52.04 0.17 1.28 0.70 22.25 0.74 19.77 3.26 0.01 0 0.01 100.27 36.11 57.12 6.78
Stdev 0.77 0.05 0.25 0.15 1.52 0.06 157 0.57 0.01 0 0.01 0.55 2.82 3.97 1.26
Fe-enriched pyroxene 7 49.96 0.21 0.90 0.37 31.94 0.94 13.02 2.81 0.01 0 0.01 100.23 54.35 39.51 6.14
Stdev 0.57 0.12 0.15 0.14 1.94 0.06 0.91 1.56 0.01 0 0.03 0.46 3.10 2.70 343
Fe-enriched px (Fig. 1)

Mg-rich core 3 5112 033 0.64 042 2735 085 1698 253 n.d. 0 0.01  100.27 44.95 49.73 5.32
Stdev 0.33 0.10 0.38 0.45 1.12 0.04 0.54 0.39 - 0 0.01 0.18 2.02 1.33 0.80
Fe-enriched px 3 5036 031 0.70 023 3165 095 1367 239 0.01 0 0.01  100.32 53.57 41.24 5.18
Stdev 0.17 0.07 0.42 0.15 1.29 0.05 0.43 0.89 0.01 0.01 0.02 0.10 1.90 1.34 1.96
Remnant Ca-zoning (Fragment in Fig. 1e) 1 4987 043 1.23 0.55 16.67 049 1123 1852 0.03 0 0 100.10 50.10 39.64 10.27
l,_cr:gri::nf)i‘ﬁo;‘i’;"lnf)'ame"ae (Bquilibrated 1 4997 114 153 055 1667 049 1123 1852 003 0 0 10019  27.60 33.12 39.28
Plagioclase-silica assemblage 2 7877 016 1249 0.02 1.40 0.06 0.39 6.34 0.47 0.09 0.09 100.31

Stdev 6.04 0.06 3.40 - 0.68 0.03 0.22 1.73 0.08 0.01 0.05 0.24

Olivine-bearing unequilibrated fragments

(Fig. 2, Fig. S4)

Mg-core 17 5178 0.13 1.20 066 2221 075 2049 292 0.02 0 0.02  100.21 35.55 58.46 5.99
Stdev 0.60 0.03 0.09 0.05 0.68 0.05 0.73 0.27 0.02 0.01 0.01 0.43 1.27 1.62 0.60
Fe-enriched pyroxene 19 4932 0.14 0.82 0.47 3298 100 1338 224 0.01 0 0.01  100.45 55.25 39.95 4.80
Stdev 1.04 0.04 0.41 0.23 124 0.06 0.58 0.49 0.01 0.01 0.02 0.83 1.83 1.49 1.06
Olivine veinlets 12 3192 0.04 0.29 037 56.71  1.27 9.29 0.46 0.02 0 0.03  100.45 76.79 22.42 0.79
Stdev 1.74 0.04 0.45 0.82 1.74 0.08 0.85 0.59 0.04 0.01 0.04 1.31 2.38 2.03 1.00
Secondary plagioclase 3 4190 000 3433 0.01 1.20 0.04 022 2016 0.28 0.03 0.25 98.61 97.40 244 0.16



623
624
625
626

627
628
629

Stdev 2.01 0.01 1.39 0.01 0.11 0.01 0.17 193 0.08 0.01 0.17 1.90 0.86 0.80 0.09
Primary plagioclase 17 4483 0013 3520 0005 0310 0.014 0.15 183 1070 0.053 0.066 100.04 90.134 9.552 0.31
Stdev 0.829 0010 1.332 0.014 0259 0013 022 0.63 0.247 0.022 0.092 1444 2.380 2.28 0.13
Ca-rich pyroxene areas 6 47.07 0.08 0.39 0.11 3215 092 11.35 7.735 0.021 0.005 0.057 100 51.52 32.71 15.76
Stdev 388 0.032 0.073 0.058 3823 0.083 1621 2544 0.023 0.009 0.059 1.124 4575 5.99 452
Olivine-bearing equilibrated fragments (Fig.

7

Host pyroxene 5 4833 039 0.82 051 3281 1.02 1126 507 001 0 0.03  100.26 55.27 33.80 10.93
Stdev 055  0.05 0.14 0.48 125 0.06 040 0.80 0 0.01  0.03 0.84 2.18 1.03 1.70
Olivine veinlets 9 3263 0.08 0.16 0.09 56.27 1.28 7.94 1.42 0.02 0.01 0.03 100.09 77.87 19.60 2.54
Stdev 2,00 0.06 0.13 0.13 297 018 081 125 0.02 0.01  0.02 1.23 3.17 1.88 2.26
Plagioclase 6 4497 003 3210 0.01 173 006 042 1714 086 009 009 9758 91.32 8.08 0.60
Stdev 128 0.04 231 0.01 170 005 043 091 035 006 0.06 2.35 2.70 2.99 0.47

Table 2

Average EPMA analysis (wt%) of metasomatized pyroxene, olivine in veinlets, primary and secondary plagioclase in NWA 1664 and NWA 8675 (n.a. = not analyzed; n.d. = not detected; Stdev=

Standard deviation)

NWA 1664 n Si0, TiO, AlLO; Cr, 03 FeO MnO MgO CaO NaO K,O0 P,0s Total Fs/Fa/An En/Fo/Ab  Wo/La/Or
Mg-cores 122 5137 012 117 098 2083 0.65 2232 186 001 001 na 9932 33.18 63.03 3.79
Stdev 106 003 016 048 379 009 275 051 002 0.01 na 0.46 6.7 6.66 1.04
Fe-enriched px 10 482 015 0.37 0.77 3194 096 1639 1.02 0.01 0 n.a. 99.83 50.99 46.87 2.13
Stdev 25 006 024 089 368 0.04 028 04 0.01 0 n.a. 0.36 3.21 25 0.87
Olivine veinlets 27 3226 003 003 006 5117 107 1505 011 0.01 0 n.a. 99.8 65.48 34.34 0.18
Stdev 073 007 003 005 114 006 038 008 002 001 na 0.74 1.08 1 0.14
Secondary plagioclase 4 4262 003 3583 0.01 125 001 023 2002 022 002 na 100.23 97.96 1.92 0.11



Stdev 0.23  0.02 0.59 0.02 0.14 0.01 0.22 0.3 0.03 001 na 0.6 0.29 0.27 0.03
Primary plagioclase 5 46,78 0.04 32.86 0 053 001 012 1724 164 006 na  99.29 84.95 14.67 0.37
Stdev 11 0.02 091 0 041 003 021 067 03 003 na 0.65 2.86 2.7 0.19
NWA 8675

Mg-cores 28 5257 0.9 1.09 0.61 2231 074 2027 333 0.02 0 0.01 101.17 35.62 57.58 6.8
Stdev 066 005 027 021 18 0.04 134 042 0.02 0 0.01 0.28 331 3.26 0.85
Fe-enriched px 40 4952 0.21 0.91 045 3354 094 1228 335 0.01 0 0.02 101.26 56.13 36.67 7.2
Stdev 125 0.09 0.38 0.31 2.73 0.1 11 1.17 001 001 0.02 0.45 3.77 3.33 2.53
High-Ca px 7 4933 081 084 035 2654 082 981 1237 001 0.01 001 10094 44.35 29.2 26.45
Stdev 042 039 044 018 234 0.1 018 224 001 001 002 038 4.14 0.6 4.66
Olivine veinlets 13 314 0.03 0.08 0.01 5917 129 7.92 0.24 0.01 0 0.03 100.21 80.38 19.2 0.43
Stdev 141 003 018 001 118 005 031 013 002 0.01 0.03 1.22 0.97 0.86 0.23
Secondary plagioclase 2 4341 001 3573 0 146 006 013 2016 0.23 0 0.05 101.23 98 2 0
Stdev 0.03 001 0.25 0 0.07 001 0 0.15  0.03 0 0.02 032 0.3 0.3 0
Primary plagioclase 27 4716 0.04 33.65 0 0.42 0.02 0.08 1776 141 011 0.08 100.7 86.88 12.48 0.64
Stdev 046 004 0.66 0 055 005 019 035 012 003 002 041 1.15 1.04 0.21
NWA 13269

Pyroxene host (phenocrysts) 15 50.31 0.23  0.57 090 2988 095 1525 1.08 0.00 001 nd. 99.20 51.13 46.49 2.37
Stdev 098 012 053 08 088 004 076 033 001 001 - 0.48 1.66 1.91 0.73
Low-Ca px (groundmass) 3 49.60 037 0.38 128 2879 092 1332 539 002 nd. nd  100.12 48.50 39.94 11.56
Stdev 151 016 001 095 268 009 042 290 001 - - 0.66 5.22 1.18 6.04
High-Ca px 9 5202 031 056 019 1639 058 1233 1761 003 001 001 100.10 27.02 36.10 36.88
Stdev 066 013 016 004 456 015 049 492 002 001 001 052 8.03 1.90 9.83
Primary plagioclase 13 4733 0.02 3297 001 0.40 0.01 003 1632 164 035 0.03 9911 82.81 15.05 2.14
Stdev 129 001 09 001 022 001 002 08 032 040 003 083 3.27 2.83 251
Secondary plagioclase 2 4285 001 3577 001 084 003 003 1925 030 0.01 003 99.16 97.25 2.70 0.04



Stdev 019 002 0.19 0.01 0.06 0.00 0.02 0.09 0.02 001 0.04 0.51 0.10 0.16 0.06
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638 Table. 3
639 Average EPMA analysis (wt%) of primary and secondary Cr-spinel associated with olivine veinlets in NWA 11911 and NWA 1664 (n.d. = not detected; Stdev= Standard deviation)

n SiO, TiO, AlLO; Cr,0; FeO MnO MgO CaO NaO K,O Total Ulv Spl Chr  Fe*/Fe®* T(°C)*

NWA 11911

Secondary Cr-spinel 4 011 254 946 4986 3555 021 041 042 001 0 9899 6.9 2012 7116 0.03 753.79
Stdev 008 04 0.23 0.87 068 024 001 009 0.01 0 0.6 1.07 036 1.24 0.01 9.78
Primary Cr-spinel 3 548 21 8.2 4152 3517 051 195 163 002 002 9722 585 1773 6041 - -
Stdev 792 08 152 10.84 4 014 232 116 003 0.01 152 248 387 1797 -

NWA 1664

Secondary Cr-spinel 8 347 241 1067 4252 3597 052 175 039 001 0 98.27 6.46 2231 59.67 0.02 762.8
Stdev 297 097 113 2.96 139 005 099 085 0.01 0 1.2 2.7 252 486 0.02 89.36

NWA 13269

Secondary Cr-spinel 3 0.14 259 1073 4752 3427 063 104 009 000 nd 9709 7.03 2283 67.87 0.04 -

Stdev 013 058 138 0.87 034 003 019 005 001 000 079 158 273 1.70 0.02 -

640 *Equilibration temperatures calculated using chromite and olivine compositions (Mg and Fe apfu in olivine and Al, Cr, Mg and Fe apfu in chromite) based on the method of WIlotzka (2005).

641

642



ss3 FIGURES

644



645

646

647

648

649

650

651
652
653
654
655
656
657

3. RESULTS

3.2. FE-ENRICHMENT IN PYROXENE

Unequilibrated pyroxene fragments
Unequilibrated basaltic clasts

Slightly equilibrated pyroxene fragments
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Fig. 1. Back-scattered electron images of pyroxene fragments and clasts displaying Fe-enrichment along cracks in
NWA 11911. (a, b) Unequilibrated, Fe-enriched pyroxene fragments. (c) Subophitic clast containing Fe-enriched
pyroxene. Note that Fe-enrichment in pyroxene is located mainly in the lower part of the clast. Bright Fe-rich bands
are crossing Mg-cores. (d) Subophitic clast dominated by coarse plagioclase and zoned pyroxene. Chromite is also
present. Frequent deposition of bright phases in cracks is observed. (e, f) Slightly equilibrated and fractured pyroxenes
displaying Fe-enrichment in cracks. Pgt = pigeonite; Aug = augite; Px = pyroxene; Pl = plagioclase; Si= Silica; llm =
ilmenite; Tro = troilite; Chr = chromite; P12 = secondary plagioclase.
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3.2. FAYALATIC VEINLETS AND ASSOCIATED PHASES

Unequilibrated pyroxene fragments and clasts
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Fig. 2. SEM images of secondary olivine veinlets associated with Ca-rich plagioclase, Cr-spinel and troilite in NWA
11911. Ol = olivine; Px = pyroxene; Aug = augite; PI1 = primary plagioclase; PI2 = secondary plagioclase; Chr =
chromite; Tro = troilite, CC = calcite (terrestrial weathering product).

NWA 1664
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Fig. 3. BSE images of the olivine veinlets found in NWA 1664. Dashed squares (b) show plagioclase penetrated or
crossed by the veinlets. Note the lack of augite exsolution lamellae near the veinlets in (c) and (d). Healing of
pyroxene, resulting in the discontinuity of the veinlet, is observed in the upper left area in (d). Ol = olivine; Px =



671 pyroxene; Aug = augite; PI1 = primary plagioclase; PI2 = secondary plagioclase; Si = silica; Chr = chromite; Tro =
672 troilite.
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674 Fig. 4. EPMA profile across pristine pyroxene, Fe-enriched pyroxene and an olivine veinlet in NWA 1664.
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678 Fig. 5. SEM and EPMA-WDS maps of Fe-enriched pyroxene and olivine veinlets associated with secondary
679 plagioclase and Cr-spinel in NWA 8675. Note the parallel Fe-rich bands penetrating the Mg-cores. The Ca-rich veins
680  shown in the Ca map are fractures filled with calcite (terrestrial weathering product). Ol = olivine; Px = pyroxene; PI1

681 = primary plagioclase; PI2 = secondary plagioclase; Chr = chromite; CC = calcite.
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684 Fig. 6. EPMA profile across Fe-enriched pyroxene, a healed crack, a fayalitic veinlet and a Mg-core in NWA 8675.
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Fig. 7. Olivine veinlet crossing pyroxene exhibiting exsolution of high-Ca lamellae in NWA 11911. Note the presence
of exsolved pyroxene fragment within the veinlet. Associated secondary phases are chromite and likely plagioclase.
Ca-rich and low-Ca areas are observed within or in vicinity of the veinlet. The pyroxene host is faulted as indicated by
the black triangle arrows. Ca-Px = High-Ca pyroxene; Low-Ca Px = Low-Ca pyroxene; Pl1= Primary plagioclase; P12
= Secondary plagioclase; Ol = Olivine; Cr = Chromite; Fe= Fe metal; Ap = Apatite.

3.3. SECONDARY PLAGIOCLASE VEINLETS

NWA 13269

Fig. 8. SEM images of Ca-rich plagioclase veinlets in the unbrecciated basaltic eucrite NWA 13269. These veinlets
are filling cracks in both pyroxene phenocrysts (containing Cr-rich, bright lamellae) and pyroxene within the
groundmass (containing Ca-rich exsolution lamellae). Note the abrupt change of the direction of the veinlet when
crossing the grain boundaries. Px = pyroxene; P12 = secondary plagioclase; Chr = chromite; Tro = troilite.
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703 Fig. 9. Pyroxene end-member composition in NWA 11911, NWA 1664, NWA 8675 and NWA 13269. Most of
704 pyroxenes follow a Mg-Fe-Ca trend, as indicated by the white arrow in the grey triangle illustrated on the left.
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707 Fig. 10. Primary and secondary plagioclase compositions in NWA 11911, NWA 1664, NWA 8675 and NWA 13269.
708  PI1 = primary plagioclase; P12 = secondary plagioclase.
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Fig. 11. Ti/Al (apfu) and Fe/Mn versus Mg/(Mg+Fe) in pyroxene of NWA 11911, NWA 1664 and NWA 8675. Note
that the most Mg-rich compositions are detected in NWA 1664.
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@ Circulation of fluids within preexsisting cracks in unequilibrated @ Circulation of fluids within preexsisting cracks in

equilibrated eucrites and formation of secondary fayalitic

eucrites and formation of secondary fayalitic veinlets. "
veinlets.

Metasomatized, unequilibrated and equilibrated basaltic
clasts and pyroxene fragments incorporated in the final breccia
@ Ejection of various lithologies by further impacts. (polymict eucrites and howardites)

This includes the NWA 11911, NWA 1664, NWA 8675 and NWA 13269.

@ Collisional events exposing and mixing unequilibrated and
equilibrated eucritic material comprising secondary features, @

Fig. 12. Illustration showing the stages of the formation of Fe-rich, metasomatic features in eucritic material from
Vesta. The source of fluids may have been endogenic due to magma degassing (black arrows; Sarafian et al. 2017) or
exogenous, released during a collision between a water-rich impactor and Vesta (grey arrows; Warren et al. 2014).
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ONLINE SUPPLEMENT

This supplementary document provides further support to our findings from NWA 11911,
NWA 1664, NWA 8675 and NWA 13269. We present SEM images of NWA 11911 and NWA
13269 to describe their petrographic characteristics. In addition, we provide more data (BSE
images, EPMA-WDS maps, EDS maps and EPMA profiles) of clasts comprising olivine veinlets
in NWA 11911, NWA 8675 and NWA 1664. The compositions of Mg-cores, metasomatized

pyroxenes and olivine in veinlets are summarized in tables S1 and S2.
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Table. S1
Summary of the compositional data of Fe-enriched pyroxene in NWA 11911.
Ti/Al Mg/Mg+Fe Fe/Mn
NWA 11911 Mg-core Fe-enriched px Mg- Fe-enriched px Mg- Fe-enriched Mg- Fe-enriched
core core pX core pX
UneqUIIIbrated En58.53 FS32.35 En37.38 FSse.eo 0.1- 0.06-0.3 0.63- 0.66-0.38 30-33 29-33
Fragments Wo0s.6 Wo0s.6 0.16 0.41
Basaltic Clast Enss Fsa7 Ens, Fsss Wo3 0.09 0.1 0.59 0.42 27 34
Wog
Cumulate clast Eney Fs33 Enso Fsss WO 0.06 0.1 0.64 0.43 29 32
WOG
Equilibrated Engssg FSss.46  ENgg.an FSss WOs.6 0.6 0.5 0.5 0.4 31 32
fragments (f) Woy.s
Equilibrated Ens; Fsa3 Engs, Fss, Wog 0.14 0.12 0.54 0.44 31 33
fragments (e) Wos

Table. S2
Summary of the compositional data of pyroxenes crossed by fayalitic veinlets in NWA 11911, NWA 1664 and NWA 8675.
Ti/Al Mg/Mg+Fe Fe/Mn
Fe- Fe- Fe- Fe- A
Mg- - Mg- . Mg- . Mg- . Olivine in Secondary
NWA 11911 enriched enriched enriched enriched - -
core Py core Py core Px core Px veinlets plagioclase
Unequilibrated ,EZQ‘“ Ense Fsss ) o6 0.19 0.64 0.4 27 31 Fa An
Fragments W34 W03 . . . . 72-717 97.40
Os
Equilibrated
fragments -7 0.3 0.38 34 Fazs-s0 -
NWA 1664
o Enzo
Unequilibrated Eng, Fss7
Fl'agments \';528 W01 0.1 0.09 0.7 0.42 28 36 Fae4.65 An97 96
02
NWA 8675
. Engo
Unequilibrated Engs Fs71
Fragments \'/:535 WO1 0.13 0.2 0.63 0.28 24 35 Fa7g.go Angg 00
5




762

763
764
765

Fe-Ni metal Impact melt

Shock vein

Fig. S1. SEM mosaic map of NWA 11911 showing its brecciated nature. The photograph (top right of the figure)
shows the occurrence of mineral fragments and a large dark inclusion within a grey, well-cemented matrix. Note the
large impact melt inclusion on the upper right of the map.
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Fig. S2. SEM image of a late-stage clast in NWA 11911. The clast mainly consists of stubby olivine and silica
lamellae. Note the presence of areas comprising Fe-rich pyroxene, troilite and olivine (see S map in b.). Px =
pyroxene; Pl = plagioclase; Tro = troilite; Si = silica.



771

772
773
774
775

776

777
778
779
780
781

’ b4 S S
Px ‘ o ¢ ‘Mesostasis

3
A »

Wesicle - TR
. ; LS Pl2

 §

200 ym

Fig. S3. SEM images of NWA 13269. (a) The fusion crust is up to 100 um in thickness and contains abundant
vesicles. In this particular area, vesicles are penetrating the interior of the meteorite by a distance of 1 mm. (b)
Elongated pyroxene phenocrysts embedded in a fine-grained, subophitic to variolitic groundmass. Px = pyroxene; PI1
= primary plagioclase; PI2 = secondary plagioclase; Si = silica.
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Fig. S4. SEM images and EPMA profiles (marked A-B in a.) of secondary olivine veinlets associated with Ca-rich
plagioclase, Cr-spinel, troilite and apatite in NWA 11911. (b) is a close-up view of the center of the fragment. Note the

presence of pyroxene within the veinlet. Ol = olivine; Px = pyroxene; PI1 = primary plagioclase; PI2 = secondary
plagioclase; Chr = chromite; Tro = troilite, Ap = apatite.
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Fig. S5. BSE images of texturally different olivine veinlets in NWA 11911. (a) Aggregates of olivine associated with
Cr-spinel. (b) Interconnected olivine veinlets filling cracks in slightly equilibrated pyroxene fragment. Associated
phases are Cr-spinel and apatite. Ol = olivine; Px = pyroxene; Pl = primary plagioclase; PI2 = secondary plagioclase;
Chr = chromite; Ap = apatite.

Fig. S5a shows a pyroxene fragment (~100 pum in size) crossed by a 6-pum-thick fayalitic
veinlet associated with Cr-spinel (2 pm across). The Mg-core has a composition EnsgFs3;Wo;, and
is crossed by multiple, parallel Fe-rich bands. Pyroxene adjacent to the veinlet is EnsgFssgWog. The
composition of olivine is Fagy. Note the Fe-enrichment of pyroxene along the crack crossing the

Mg-core (center of the image). Fine high-Ca pyroxene lamellae (< 1 pum) are also observed.
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Fig. S6. EPMA-WDS maps (a) and BSE image (b) of secondary olivine veinlets crossing pyroxene in NWA 1664.

Pyroxene shown in Fig. S6a is crossed by a network of fayalitic veinlets (red color). Fe-
enrichment in pyroxene is strong, and extends into pristine pyroxene by a distance of 30 um. Al-
depletion in pyroxene adjacent to veinlets is observed. Note the occurrence of parallel, 2-um-thick
chromite lamellae in pyroxene. Fig. S6b shows a 5-um-thick veinlet consisting of fayalitic-olivine
and secondary plagioclase, plus minor Cr-spinel and troilite. Ferroan olivine filling the fracture in
pyroxene occurs as subhedral grains or as a continuous veinlet. The 1-um-thick veinlet (upper
right of the image) consists of olivine, secondary plagioclase and troilite or chromite. The direction

of the veinlet is parallel to the direction of Ca-rich exsolution lamellae.
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804 Fig. S7. EPMA profile across Fe-enriched pyroxene, a healed crack, a fayalitic veinlet and a Mg-core in NWA 1664.
805 Note the Al-depletion near the veinlets.
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807 Fig. S8. SEM and EPMA-WDS maps of a fayalitic veinlet within pyroxene and plagioclase boundary in NWA 8675.
808  Secondary, Ca-rich plagioclase here occurs as discontinuous veinlet adjacent to primary plagioclase.
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810 Fig. S9. EDS maps (a) and EPMA profile (b) across a fayalitic veinlet crossing an equilibrated pyroxene fragment in
811 NWA 11911.
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813 Fig. S10. Fe/Mn (Atom per formula unit — apfu) of NWA 11911, NWA 1664, NWA 8675 and NWA 13269.



