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Abstract–We report on the petrography and mineralogy of five Yamato polymict eucrites to
better constrain the formation and alteration of crustal material on differentiated asteroids.
Each sample consists of different lithic clasts that altogether form four dominant textures
and therefore appear to originate from closely related petrological areas within Vesta0s
crust. The textures range from subophitic to brecciated, porphyritic, and quench-textured,
that differ from section to section. Comparison with literature data for these samples is
therefore difficult, which stresses that polymict eucrites are extremely complex in their
petrography and investigation of only one thick section may not be representative for the
host rock. We also show that sample Y-793548 consists of more than one lithic unit and
must therefore be classified as polymict instead of monomict. The variety and nature of
lithic textures in the investigated Yamato meteorites indicate shock events, intense post-
magmatic thermal annealing, and secondary alteration. These postmagmatic features occur
in different intensities, varying from clast to clast or among coexisting mineral fragments on
a small, local scale. Several clasts within the eucrites studied have been modified by late-
stage alteration processes that caused deposition of Fe-rich olivine and Fe enrichment along
cracks crosscutting pyroxene crystals. However, formation of these secondary phases seems
to be independent of the degree of thermal metamorphism observed within every type of
clast, which would support a late-stage metasomatism model for their formation.

INTRODUCTION

Howardite, eucrite, and diogenite (HED) meteorites
represent the largest suite of achondrites currently known
(Pun and Papike 1996), encompassing approximately
2213 classified meteorites according to the Meteoritical
Bulletin (status November 18, 2019). This suite of rocks
includes magmatic rocks and breccias, consisting of
different lithologies and some minor exogenous impact
materials (e.g., McSween et al. 2011). Similarities in
oxygen isotopic compositions and crystallization ages as
well as constant Fe/Mn-ratios of mafic minerals indicate
a common place of origin for the vast majority of HEDs,
most likely the asteroid 4-Vesta (Consolmagno and
Drake 1977; Drake 1979, 2001; Binzel and Xu 1993;
Papike 1998; De Sanctis et al. 2012). By analyzing their

textures, mineralogies, and chemical compositions,
indispensable information about formation and surface
processes of 4-Vesta and differentiated asteroids in
general can be gained. Furthermore, these petrographic
studies can be directly compared to data derived from
space missions such as NASA’s DAWN mission and
other remote sensing observations and therefore provide
ground truth for such spectroscopic data (Binzel et al.
1997; Gaffey 1997; De Sanctis et al. 2012; McCoy et al.
2015).

In general, eucrites are composed of almost the same
amount of rock-forming Mg-Fe-Ca pyroxene and Ca-
rich plagioclase based on modal analyses of unbrecciated
eucrites (Mayne et al. 2009), whereas the pyroxene
composition varies significantly (Pun and Papike 1996).
Eucrites can be further divided according to their
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petrographic and compositional characteristics into
basaltic rocks, gabbroic cumulates, and polymict eucrites
(Miyamoto et al. 1978; Olsen et al. 1978; Takeda et al.
1978). Basaltic eucrites represent fine- to medium-grained
rocks (<2 mm grain size; McSween et al. 2011) with
ophitic to subophitic or vitrophyric textures that formed
during fast cooling of a lava. Most basaltic eucrites
experienced postmagmatic thermal metamorphism
(Takeda and Graham 1991; Metzler et al. 1995;
Yamaguchi et al. 1996), which resulted in equilibration of
chemically zoned pyroxene crystals, silicate clouding, and
subsolidus exsolution of augite lamellae within pigeonite
hosts (Mittlefehldt et al. 1998). Cumulate eucrites are
medium- to coarse-grained gabbroic rocks (Mittlefehldt
et al. 1998; McSween et al. 2011), which have
geochemical whole rock signatures that indicate they
were initially igneous cumulates. Their pyroxenes are
more enriched in Mg (En46-65) compared with basaltic
eucrites and are inverted pigeonite (orthopyroxene) in
some cases due to thermal metamorphism.

The surfaces of differentiated asteroids such as 4-
Vesta are heavily influenced by postcrystallization events
such as magmatic activity, impact processes, space
weathering, and probably secondary metasomatism. This
combination of events resulted in a complex evolution of
mineralogical and textural characteristics of crustal rocks
and leads to the formation of complex breccias with
fragments of different lithologies, present in the today‘s
collection of HEDs (Metzler et al. 1995; Yamaguchi
et al. 1996, 2001). Thus, polymict eucrites are breccias of
eucrite rock fragments that may contain clasts of basaltic
and/or cumulate eucrites as well as clasts of equilibrated
and/or nonequilibrated fragments (Reid 1982; Score
et al. 1982; Delaney et al. 1984a). The matrix of polymict
eucrites varies from fine-grained, fragmented to glassy
and finely crystallized (Bunch 1975). Polymict eucrites
are of great importance for understanding crustal
formation and modification processes on differentiated
asteroids.

Some HED meteorites, with basaltic eucrites in
particular, exhibit unusual veinlet-like textures as
secondary Fe-enrichments and/or fayalitic olivines. They
occur mostly along cracks crosscutting unequilibrated
pyroxenes and may be accompanied by small amounts of
anorthitic plagioclase as well as troilite, chromite, and
apatite. These phases are clearly younger than the general
magmatic history of the rock, but not due to terrestrial
alteration. They likely form in response to metasomatic
reactions, high temperature events, or a combination of
both (Takeda et al. 1983a, 1994; Warren 2002; Roszjar
et al. 2009, 2011; Barrat et al. 2011; Barrett et al. 2016;
Pang et al. 2017; Patzer and McSween 2018). The topic
of secondary alteration in eucrites and their possible
relation to metasomatic activity on 4-Vesta are not the

major focus of this study, but will be investigated in a
second study on laboratory experiments in more detail.

This study investigates the petrographic and
compositional characteristics of a suite of five polymict
eucrite samples collected near the Antarctic Yamato
Mountains that have not been characterized in much
detail before. We have analyzed the textures,
mineralogies, major element systematics, and secondary
Fe-enrichments of these polymict eucrites to better
constrain their evolution and to extend our knowledge of
the complex crustal evolution on differentiated asteroids
such as 4-Vesta.

SAMPLES AND ANALYTICAL TECHNIQUES

Five polished thick sections were used for analysis,
four of them classified as polymict eucrites, from the
Antarctic meteorite collection of the National Institute of
Polar Research (NIPR) in Tokyo, Japan: Yamato (Y-)
74159,114; Y-75011,114; Y-82210,101; Y-74450,113
(Fig. 1). The fifth sample, Y-793548,66, is classified as a
monomict eucrite according to the Meteoritical Bulletin,
but we will show here that there is more than one
lithology present. Thus, this sample likely represents
another polymict eucrite. Eucrite textures were examined
using a JEOL 6510-LA scanning electron microscope
(SEM) equipped with a tungsten electron emitter, and a
backscattered electron (BSE) detector at the Institut f€ur
Mineralogie in M€unster, Germany. All investigations
were performed at an accelerating voltage of 20 kV, a
working distance of 10 mm, and a beam current of
several nA.

Pyroxene and plagioclase major and minor element
compositions were determined using a JEOL JXA-8530F
electron probe microanalyzer (EPMA) at the Institut f€ur
Mineralogie in M€unster, Germany, equipped with a field
emission gun, a backscattered electron detector, and five
wavelength-dispersive spectrometers. Selected points
were analyzed on equilibrated and unequilibrated
pyroxenes, plagioclases, secondary minerals, and glassy
phases. Analyses were performed with an accelerating
voltage of 15 kV, a beam current of 15 nA, varying
beam diameters of 1–10 lm according to the sizes of
examined phases, and using chemically well-defined
natural and synthetic reference materials. Silicates were
analyzed with peak counting times of 10 s and
background counting times of 5 s. Regions of glassy
phases were analyzed with a beam current of 5 nA, peak
counting times of 5 s, background counting times of 3 s,
and a slightly defocused beam to prevent volatilization of
elements. All data were reduced by standard ZAF
correction routines. Lithic clasts containing pyroxenes
and plagioclases of different grain sizes were evaluated
by analyzing five to six large pyroxene and plagioclase
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crystals at core and rim position with three to six points,
respectively. This enabled a careful investigation of
major element compositional zoning of some
unequilibrated pyroxenes. Matrix areas were analyzed on
average by single measurements of about 10 different
crystals per phase. Secondary Fe-rich olivine was
evaluated by analyzing one to five olivine crystals or
veins with 3–21 analytical spots, respectively. To evaluate
elemental concentration changes, the Fe-enrichments
were analyzed by single point analyses and/or a series of
points, forming a profile across the vein perpendicularly.
Areas of heterogeneous glassy phases were analyzed with
three to nine points to receive a mean value of the
glasses. Detection limits for all major and minor elements
are within the range 0.01–0.02 wt%.

RESULTS

Petrographic Investigations

All five Yamato meteorites represent strongly
brecciated eucrites that exhibit different lithic clasts with

a variety of basaltic mineralogies (pyroxene +
plagioclase) and textures. All analyzed samples contain
more than one predominant texture, with four dominant
textures of individual clasts (Figs. 1–2): porphyritic
(“T1”), brecciated and partially recrystallized (“T2”),
subophitic (“T3”), and quench-textured (“T4”). The
nature of these textures will be described in more detail
below within the selected Yamato eucrites studied.

Y-75011,114 contains several coarse-grained,
rounded pyroxene and plagioclase fragments (0.1–
0.5 mm), set in a fine-grained (5–15 lm) ophitic
groundmass composed of pyroxene and plagioclase
material (T1, Fig. 1). Lath-shaped silica phases (up to
0.01 9 0.1 mm) are an essential part of matrix material
and small grains of ilmenite and troilite appear
sporadically. Glassy, devitrified, or partly recrystallized
regions occur in some places. Large pyroxene grains are
compositionally diverse with both zoned and
equilibrated crystals. Some of the equilibrated crystals
contain tiny inclusions (Fig. 3a) and sometimes
exsolution lamellae of Cr-rich phases (<1 lm), most
likely spinels.

Y-82210-101 Y-793548-66 Y-74450-113

Y-74159-114 Y-75011-114

T2

T3

T3
500 µm

T3

T1

T2
T3

T2

500 µm 500 µm

1 mm

T4

T2
500 µm

T1

Fig. 1. BSE composite images of all five analyzed Yamato polymict eucrite breccias showing different clasts with distinct
textures, marked by dashed lines, except for the texture “T2,” which generally serves as the partially recrystallized matrix of the
other textures. See text for details.
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Except for Y-75011,114, all other analyzed
meteorites contain large clasts with brecciated textures
(T2, Fig. 2). These textures cover at least one half of
the thick section and consist of large angular pyroxene
and plagioclase fragments in varying sizes (up to
0.5 mm), set in fine-grained material composed
predominantly of pyroxene and plagioclase minerals.
Fragments of SiO2 polymorph(s) and ilmenite
(0.2 9 0.2 mm) occur as well as a part of this mineral

assemblage. Furthermore, accessory phases such as
olivine, troilite, chromite, areas of glass, dark
mesostasis, and iron metal are present. Some pyroxenes
show extensive chemical zoning, while others are
equilibrated and show chemically homogeneous Mg/Fe
ratios, some of which are slightly clouded and rarely
contain exsolution lamellae of augite and sometimes
very fine exsolutions along crystallographic planes of
Cr-rich phases, most likely spinels. Some plagioclase

ba

c d
100 µm 500 µm

200 µm 100 µm

Fig. 2. BSE images of analyzed Yamato meteorites illustrating the four predominant textures: (a) T1: porphyritic (Y-75011
[shown here] and Y-793548), (b) T2: partially recrystallized fragmental breccia (Y-793548 [shown here], Y-793548, Y-82210, Y-
74450), (c) T3: subophitic (Y-82210 [shown here], Y-793548, Y-74450), (d) T4: quench-textured (Y-74450 [shown here] and Y-
74159).

a b cY-75011 Y-74159 Y-74159

50 µm 50 µm 20 µm

Fig. 3. BSE images of analyzed Yamato meteorites showing areas with signs of thermal alteration. a) Fe-Cr-Ti-rich exsolutions
in an equilibrated pyroxene, (b) augite exsolution lamellae in pigeonite with different widths in close association, and (c) oriented
pyroxene inclusions in plagioclase.
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crystals exhibit pyroxene inclusions. Both chemically
zoned as well as equilibrated pyroxenes exhibit ferroan
olivine and Fe-enrichments as described for Y-75011.

Y-793548,66 consists predominantly of the
brecciated texture (T2), but also contains small
porphyritic (T1) and subophitic domains (T3, Fig. 2).
Because of these different lithologies, this sample cannot
be classified as a monomict eucrite anymore. Moreover,
studied sections of Y-82210 and Y-74450 contain large
clasts with medium-grained subophitic textures (T3).
Plagioclase crystals are lath shaped (up to 0.2 9 1 mm)
and their interstices are filled with chemically zoned and
equilibrated pyroxenes. Silica (up to 0.2 mm) and
ilmenite grains (up to 0.1 mm) as well as areas of dark
mesostasis rich in silica, troilite, and iron metal are also
present. In the case of Y-74450, some large pyroxene
crystals are part of the subophitic texture and grains of
ilmenite, chromite and silica as well as regions of
mesostasis occur more frequently than in Y-82210. The
pyroxene crystals of Y-82210 contain only few olivine
veins, and Fe-enrichments are sporadically associated with
chromite grains. In the case of Y-74450, Fe-enrichments
and olivine phases occur more intensively and frequently
within the larger pyroxene crystals (Fig. 4a).

Section Y-74159,114 is dominated by a large clast
with brecciated texture as described above, but also
contains a domain of the quench texture in the center of
the investigated thin section (T4, Fig. 2). This region is
characterized by compositionally zoned pyroxene
phenocrysts (80 9 200 lm) embedded in a mass of small
radiating lath-shaped pyroxene and plagioclase crystals
(20 9 100 lm). Silica phases (up to 50 lm), small
ilmenite, and iron metal grains (up to 10 lm) are a
random, but essential part of this mineral assemblage.
Slight Fe-enrichments along small cracks inside the
pyroxenes are visible. Large plagioclase grains partly
show small inclusions of pyroxene and Fe- and/or Ti-rich
phases (Fig. 3c).

Veinlet-like Fe-enrichments and ferroan olivine in
the investigated Yamato eucrites occur along pre-
existing or healed cracks of some large zoned pyroxene
crystals (Fig. 4). These structures are restricted to
pyroxene crystals and end up abruptly at pyroxene
grain boundaries (Fig. 4d). The olivine phases have an
irregular but vein-like shape, resembling single or
aligned pearls of single crystals with a width of ~10–
20 lm. The grain boundaries of olivines are sharp and
the adjacent pyroxene is mostly accompanied by a
strong Fe-enrichment that decreases with increasing
distance to the olivine vein (width ~6 lm). The olivine
phases are sporadically accompanied by chromite,
anorthitic plagioclase, and troilite grains (~10 lm). The
secondary Fe-rich phases appear more frequently within
pyroxenes within the brecciated texture and are not

restricted to large crystals, but also occur along their
grain boundaries between different pyroxene grains and
between pyroxene and plagioclase grains (Fig. 4). Fe-
enrichments do not only occur in contact with olivine
phases but also alone as thin veins or thick regions
within pyroxene crystals with varying Fe-content, which
is all consistent with previous observations (e.g., Warren
2002; Barrat et al. 2011; Roszjar et al. 2011; Pang et al.
2017; Patzer and McSween 2018).

To conclude on the petrographic observations, all
five eucrites contain four dominant lithic textures and
mineral fragments with greatly varying abundances and
metamorphic degrees, indicative of different thermal
formation regimes and intense postmagmatic brecciation
and metamorphism. In addition, secondary alteration is
observed across almost all lithic textures and independent
of the metamorphic degrees.

Chemical Composition of Pyroxene, Plagioclase, and

Glassy Areas

Electron microprobe data of pyroxene, olivine, and
plagioclase grains from all five Yamato meteorites are
listed in Tables 1–3. Analyses of pyroxene and
plagioclase grains indicate a similar chemical composition
according to their specific textures, following the same
compositional trends (see below). These chemical trends
differ slightly among the four predominant textures,
shown in Figs. 5–6. Pyroxene chemical zoning is
observed petrographically by BSE imaging and confirmed
by quantitative element analyses.

Results of all four dominant textures show
distinctive igneous zoning from Mg-rich pigeonite cores
to Fe-Ca-rich augite rims. Equilibrated grains are more
enriched in Fe and Ca than the rims of chemically
zoned grains. Chemical data from pyroxene rims and
equilibrated pyroxene crystals vary more in
composition, compared to core analyses. Thus, a wide
range of compositions (Fe-rich, Ca-rich, Fe-Ca-rich,
and Mg-rich) can be determined. Due to point analyses
of core and rim positions of unequilibrated pyroxenes
only, sampling of whole grains is discontinuous,
resulting in some interceptions in the given Fe-Mg-Ca-
trends of the pyroxene quadrilateral diagrams (Fig. 5).
Pyroxene rims are typically low in Ca. However, rim
data of lithologies T3 and T4 scatter more strongly, and
are more Ca-rich compared to pyroxenes derived from
textures T1 and T2 (Fig. 5). Equilibrated pyroxenes are
mostly enriched in Ca. Equilibrated pyroxenes of the
brecciated texture scatter over a wide compositional
field compared to data of all other textures.

Plagioclase compositions vary from An71 to An95
and follow a slightly K-depleting trend with no
chemical zoning (Fig. 6). Furthermore, data from core,
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rim, and small matrix grains have a consistent chemical
range. Data in the porphyritic and brecciated textures
show a greater variability compared to larger crystals of
quench and subophitic textures.

In all five Yamato polymict eucrites, we observe
heterogeneous regions of partly recrystallized melt pools
(T4, Fig. 7), sometimes as large areas or as fragments
within the brecciated texture T2. Their textures are
complex and fine-grained, from glassy “Schlieren” and
cryptocrystalline to fine crystalline. Some of these clasts
contain altered mineral fragments, for example,
surrounding silicates, phosphates, and/or sulfides. Other
regions show skeletal devitrification textures with varying
patterns. Due to their fine-grained heterogeneous
appearance, quantification of chemical compositions of
these regions bears large uncertainties. However,
considering major elements only, our analyses indicate a
mean composition relative to the corresponding
surrounding silicates in all samples (Fig. 8).

DISCUSSION

Petrography

Characterization of all investigated polymict
eucrites revealed a complex petrography, containing a

variety of lithologies indicating diverse physical–
chemical evolution of the host rocks. The porphyritic
texture of the lithic clast T1 most likely represents a
rapidly cooled melt, which crystallized to a fine-grained,
mainly ophitic material. The high temperatures and fast
cooling times needed to form such a texture were most
likely generated by impacts, because a primary melt
would not generate such a variety of different
porphyritic clasts. Due to high impact energy, mineral
clasts of different surrounding places were ejected into a
liquid melt before solidifying. This would explain
observed compositional and structural variations of the
pyroxene crystals within this type of texture. Although
other studies of Y-75011 (e.g., Takeda et al. 1994; Pun
and Papike 1996; Barrat et al. 2011) did not report on
the occurrence of this texture, Metzler et al. (1995)
described similar findings for the howardite Elephant
Moraine (EET) 87503.

Lithologies of brecciated texture (T2) represent
breccias of mineral fragments with different origins or
thermal evolution. The mineral grains of this lithology
exhibit a variety of features that indicate thermal
annealing to varying degree as well as mechanical stress
(Pun and Papike 1996). The brecciated texture (T2) was
described in several eucrites of other studies, for
example, in Y-82210 (e.g., Graham and Yanai 1986;

a b

c d
50 µm 50 µm

100 µm 100 µm100 µm

Fig. 4. BSE images of the analyzed Yamato meteorites showing prominent Fe enrichments to varying intensities. a) Y-74450. Fe
enrichments along cracks within pyroxenes (arrow). b) Y-75011. Well-developed fayalite vein (arrow) crosscutting a pyroxene.
c) Y-82210. Fe enrichments as well as clearly developed fayalite veins (arrow) within a single pyroxene. d) Y-74159. Fayalite
veins crosscutting pyroxenes and ending at the boundaries of the plagioclase crystals (encircled).
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Table 1. Average microprobe analyses in wt% of representative pyroxene grains from analyzed textures T1–4.

Comment/
Sample MgO SiO2 Al2O3 CaO FeO TiO2 Cr2O3 MnO Total

Endmembers
(avg)

Endmembers
(range)

T1 (Y-75011)

Core (n = 29) 22.1 52.1 1.33 2.89 19.3 0.19 0.77 0.69 99.36 En63.1Fs30.9Wo5.9 En57.0-68.4Fs27.2-35.6
Wo4.1-8.4

r 1.60 0.87 0.29 0.56 1.30 0.06 0.16 0.06

Rim (n = 38) 13.7 49.2 1.08 3.60 29.3 0.33 0.46 0.91 98.60 En41.9Fs50.3Wo7.8 En32.0-54.0Fs41.4-60.2
Wo3.3-16.3

r 2.00 1.00 0.29 1.30 2.00 0.15 0.15 0.11

Eq (n = 27) 9.40 48.4 1.17 10.1 28.1 0.64 0.39 0.90 99.11 En29Fs48.7Wo22.3 En24.0-44.2Fs41.3-54.6
Wo6.5-31.4

r 1.40 0.43 0.17 2.40 2.20 0.16 0.08 0.07
Matrix (n = 9) 9.67 48.2 0.73 6.43 31.9 0.55 0.22 1.06 98.80 En30.1Fs55.6Wo14.4 En28.7-32.1Fs54.3-57.4

Wo13.0-15.6
r 0.35 0.38 0.12 0.38 0.55 0.12 0.05 0.03

T2 (Y-82210)

Core (n = 20) 22.6 52.9 1.20 2.67 19.2 0.16 0.79 0.66 100.20 En64.1Fs30.5Wo5.4 En55.1-72.0Fs24.9-8.9
Wo3.2-8.9

r 2.20 0.71 0.19 0.75 1.80 0.04 0.15 0.10

Rim&eq
(Fe-rich)
(n = 34)

13.7 49.6 0.91 2.54 31.3 0.22 0.46 0.97 99.76 En41.5Fs53.0Wo5.5 En35.9-52.9Fs43.3-57.9
Wo2.0-11.6

r 1.50 0.64 0.40 0.96 1.90 0.06 0.23 0.10

Rim&eq
(Ca-rich)
(n = 12)

12.0 49.3 1.22 7.60 27.5 0.48 0.54 0.90 99.56 En36.5Fs46.9Wo16.6 En33.1-42.6Fs43.2-51.4
Wo8.8-23.1

r 1.10 0.82 0.47 2.30 1.40 0.11 0.09 0.04
Rim&eq
(Fe-Ca-rich)

(n = 4)

5.50 47.6 1.03 10.60 32.8 0.87 0.24 1.00 99.71 En17.5Fs58.3Wo24.2 En8.6-24.2Fs50.5-68.3
Wo22.1-26.2

r 2.20 0.54 0.15 0.91 3.50 0.16 0.19 0.11
T3 (Y-793548)

Core
(n = 20)

22.7 52.6 1.45 2.77 19.1 0.17 0.75 0.66 100.17 En64.1Fs30.3Wo5.6 En58.4-68.0Fs27.8-33.6
Wo4.2-9.0

r 1.20 0.63 0.50 0.58 0.85 0.06 0.14 0.04
Rim (n = 14) 13.4 49.5 1.19 4.40 29.3 0.32 0.50 0.93 99.58 En40.7Fs49.8Wo9.5 En33.9-48.8Fs44.2-59.9

Wo2.7-17.8
r 1.80 0.61 0.43 2.10 2.70 0.13 0.16 0.10
Eq (n = 5) 10.1 49.2 1.30 8.40 28.9 0.54 0.50 0.93 100.02 En31.3Fs50.1Wo 18.6 En26.4-37.9Fs46.5-56.8

Wo9.0-23.4
r 1.10 0.44 0.25 2.00 1.60 0.25 0.14 0.05
r 0.52 0.35 0.37 1.40 1.70 0.15 0.07 0.08

T4 (Y-74450)
Core
(n = 13)

23.7 52.0 1.37 2.35 17.9 0.16 0.84 0.61 98.94 En66.8Fs28.4Wo4.8 En60.2-71.2Fs25.2-32.4
Wo3.6-7.4

r 1.50 0.55 0.22 0.56 1.30 0.06 0.17 0.06
Rim
(n = 13)

13.0 48.4 2.00 5.70 27.4 0.42 0.76 0.86 98.60 En39.9Fs47.4Wo12.7 En33.6-48.5Fs29.0-57.4
Wo2.2-31.1

r 1.30 0.66 1.60 5.10 6.30 0.27 0.45 0.17

Needle
(n = 4)

9.37 47.5 1.14 7.30 30.7 1.02 0.15 1.01 98.23 En29.4Fs54.1Wo16.5 En28.3-32.0Fs51.8-58.1
Wo13.3-19.5

r 0.57 0.36 0.18 1.40 1.50 0.32 0.01 0.09

n, number of measured points; eq., equilibrated.
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Yamaguchi and Takeda 1992), Y-74159, and Y-74450
(Takeda and Yanai 1982; Delaney et al. 1984b). Metzler
et al. (1995) described a clastic matrix containing
angular, clearly fragmented, and comminuted mineral
grains to be the result of mechanical stress.

The formation of the subophitic texture (T3) was
discussed by Pun and Papike (1996) to be the result of a
fast cooling melt. This textural type was also found, for
example, in the eucrites Millbillillie, Camel Donga,
Allan Hills (ALHA) 78132 (Metzler et al. 1995), Y-
75011, Pasamonte, Northwest Africa (NWA) 5073
(Roszjar et al. 2011), and NWA 049 (Barrat et al.
2011).

The quench-textured lithology (T4) is very rare
among eucritic meteorites. It could be the result of fast
cooling, cotectically crystallizing silicates after intrusion
of a shock-induced melt into the solid host rock
followed by rapid cooling (Bobe 1992; Metzler et al.
1995; Warren et al. 1996). However, the heavily
cratered surface of 4-Vesta induced by impact gardening
of its crust contradicts the limited number of samples
that show these features. We therefore consider a
certain geological setting, for example, below the center
of a crater, where a specific and spatially restricted
temperature and pressure regime occurs, can lead to the
formation of this unusual lithology. Furthermore, it is

also possible that this lithology represents a fragment of
a quenched surface on a lava flow.

Lithologies with the same petrographic characteristics
among the basaltic eucrites are assumed to have a
common origin and/or thermal-metamorphic evolution.
Furthermore, the parental melt chemical compositions
can be derived from core compositions of major
minerals and should be similar in such a case, as
observed here (Figs. 5 and 6). Thus, eucrites that
contain fragments with the same or very similar
petrographic and mineralogical characteristics are
considered as paired rocks (Pun and Papike 1996;
Buchanan and Mittlefehldt 2003; Beck et al. 2012;
Lunning et al. 2016; this study). The petrographic
investigations of all five Yamato meteorites in this study
revealed four dominating textures (porphyritic,
brecciated, subophitic, and quench-textured) that occur
within several samples. Therefore, this observation
provides strong evidence that these meteorites
genetically belong together and formed under similar
conditions involving at least partially similar source melt
compositions.

Furthermore, literature data indicate that other
sections of the same eucrites, with polymict samples in
particular, show significantly different textures (e.g.,
Pun and Papike 1996), implying highly heterogeneous

Table 2. Average microprobe analyses in wt% of representative olivine grains and Fe-enriched pyroxene veins from
analyzed textures T1–4.

Comment/Sample MgO SiO2 Al2O3 CaO FeO TiO2 Cr2O3 MnO Total
Endmembers
(avg) Endmembers (range)

T1 (Y-75011)

Olivine (n = 4) 10.1 31.4 n.d. 0.04 55.9 0.01 0.06 1.30 98.90 Fo24.5Fa75.5 Fo24.1-24.7Fa75.3-75.9
r 0.16 0.24 0.03 0.10 0.02 0.04 0.06

T1 (Y-793548)
Fe-enr (n = 8) 13.8 49.7 0.90 2.63 30.8 0.37 0.78 0.96 100.04 En41.8Fs52.5Wo5.7 En38.8-45.0Fs50.0-55.1

Wo4.3-8.0
r 0.65 0.68 0.17 0.64 1.20 0.14 0.72 0.07

T2 (Y-82210)

Olivine (n = 14) 8.47 31.5 0.27 0.15 57.4 0.04 0.11 1.33 99.39 Fo20.8Fa79.2 Fo19.2-23.8Fa76.2-80.8
r 0.52 1.00 0.76 0.26 0.99 0.04 0.11 0.09
Fe-enr (n = 31) 13.1 50.7 0.94 1.76 32.3 0.10 0.48 1.01 100.39 En40.4Fs55.7Wo3.9 En38.6-43.1Fs52.9-58.4

Wo3.1-4.6
r 0.87 1.20 0.16 0.35 1.50 0.02 0.05 0.12

T3 (Y-793548)

Olivine (n = 6) 10.3 32.2 n.d. 0.07 56.1 0.13 0.07 1.26 100.24 Fo24.7Fa75.3 Fo23.3-29.8Fa70.2-76.7
r 1.10 0.58 0.05 1.70 0.06 0.03 0.09
Fe-enr (n = 7) 13.8 49.2 1.28 2.90 30.5 0.18 0.56 0.97 99.53 En41.8Fs51.8Wo6.4 En38.8-60.1Fs34.3-55.5

Wo3.8-13.3
r 0.99 1.10 0.34 1.50 2.20 0.08 0.11 0.06

T4 (Y-74159)
Fe-enr (n = 6) 13.4 48.0 2.47 4.06 28.5 0.29 0.94 0.84 98.54 En41.4Fs49.6Wo9.0 En38.4-45.7Fs44.7-52.4

Wo6.7-12.2
r 1.00 0.62 0.53 0.86 1.50 0.12 0.28 0.07

n, number of measured points; Fe-enr, Fe-enriched; n.d., below detection limit.
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mixing of genetically unrelated lithic fragments on a
centimeter scale. A similar argument has been used to
explain petrographic heterogeneity among different
sections from the Pecora Escarpment Icefield (PCA) 02
howardite group, which also exhibit varying textures
and lithologies among the paired samples (Beck et al.
2012). There it has been shown that the PCA 02
howardite group contains silicate mineral compositions
spanning across the known compositional range of
HEDs, which suggests that they derived from diverse
source regions on Vesta, and that the Vestan regolith
layer is not well mixed, that is, homogenized upon
impact gardening. Therefore, comparing our results to
data derived from thick sections of other studies of the
same samples is not possible due to the complexity of
the polymict eucrite petrography. Thus, we suggest that
thick sections even of the same eucrite sample should be
examined very carefully before comparison to other
meteorites (Table 4).

To conclude, the suite of polymict eucrites studied
here contains lithified fragments and clasts with
complex lithic textures that formed under varying

conditions within the host parent body, that are mixed
together in respective meteorite samples. In view of
recent spectral data of the DAWN mission, it was
shown that Vesta is thoroughly blanketed by fragmental
and locally heterogeneous regolith, which can be
directly related to HED breccia mineralogies (De
Sanctis et al. 2012). In addition, ejected and re-
accumulated crustal material on Vesta by a proposed
hit-and-run collision (Haba et al. 2019) might also
account for the chemical and textural diversity
preserved in polymict eucrites and howardites in
particular. Therefore, all polymict eucrites studied
record a complex sequence of brecciation, impact
metamorphism, thermal annealing, and secondary
alteration.

Pyroxene and Plagioclase Composition and Classification

of Lithologies

Pyroxenes are dominant phases in eucrites and
sensitive recorders of variables such as changes in
chemical composition (e.g., equilibration) and shock

Table 3. Average microprobe analyses in wt% of representative plagioclase grains from analyzed textures T1–4.

Comment/Sample Na2O MgO SiO2 Al2O3 K2O CaO FeO BaO Total
Endmembers
(avg) Endmembers (range)

T1 (Y-75011)

Large (n = 38) 1.51 0.08 48.1 32.3 0.16 16.6 0.60 0.09 99.50 An85.0Ab14.0Or1.0 An71.5-94.4Ab5.3-25.9
Or0.1-3.3

r 0.71 0.04 2.40 1.70 0.14 1.50 0.35 0.06

Small (n = 4) 1.86 0.08 49.2 31.6 0.16 15.9 0.93 0.10 99.94 An81.7Ab17.3Or 1.0 An79.6-83.3Ab15.9-19.2
Or 0.8-1.2

r 0.17 0.02 0.66 0.47 0.03 0.28 0.12 0.02

Matrix (n = 7) 1.90 0.04 49.2 31.9 0.18 15.8 0.92 n.d. 100.06 An81.3Ab17.6Or1.1 An78.2-83.5Ab15.8-20.4
Or0.8-1.6

r 0.19 0.02 0.70 0.55 0.05 0.26 0.06
T2 (Y-793548)

Large (n = 48) 1.33 0.07 48.2 32.6 0.12 17.2 0.58 0.08 100.28 An87.0Ab12.2Or0.8 An76.2-91.9Ab7.7-22.2
Or0.2-2.0

r 0.46 0.03 1.70 1.40 0.08 1.00 0.36 0.05

Small (n = 10) 2.01 n.d. 50.6 30.5 0.27 15.7 1.12 0.06 100.58 An79.9Ab18.5Or1.6 An75.6-85.3Ab14.0-21.7
Or0.7-2.7

r 0.26 1.00 1.00 0.11 0.70 0.51 0.04

Matrix (n = 8) 1.55 0.08 49.1 32.2 0.15 16.9 0.98 n.d. 101.08 An85.0Ab14.1Or0.9 An80.5-92.3Ab7.4-18.1
Or0.3-1.4

r 0.41 0.03 1.70 1.20 0.06 0.93 0.26
T3 (Y-82210)

Plagioclase
(n = 56)

1.87 n.d. 49.2 31.3 0.50 15.7 0.93 n.d. 100.32 An79.9Ab17.2Or2.9 An77.3-89.6Ab9.2-20.7
Or0.6-2.4

r 0.31 6.60 2.70 2.00 2.20 0.36

T4 (Y-74159)
Plagioclase
(n = 10)

1.96 0.09 50.0 30.9 0.22 15.5 1.05 0.11 99.95 An80.3Ab18.3Or1.4 An72.8-95.4Ab4.4-24.3
Or0.2-2.9

r 0.60 0.07 1.40 1.10 0.13 0.96 0.24 0.08

n, number of measured points; n.d., below detection limit.
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metamorphism. Results from our quantitative elemental
analyses of pyroxenes show a striking trend from Mg-
rich pigeonite in the core to Fe-Ca-rich augites in the
rim and in equilibrated crystals (Fig. 5). Takeda et al.

(1983a) identified three trends of primary chemical
zoning in pyroxene crystals, found in relatively fast
cooled basaltic eucrites. According to these trends, our
data of quench-textured (T4) and subophitic (T3)

Subophitic (T3)Granular (T2)Ophitic to porphyritic (T1)

Quench-textured (T4)

Y-793548-66

Y-82210-101

Y-74450-113

Y-793548-66

Y-75011-114

Y-74159-114

Y-793548-66

Y-74450-113Y-74450-113

Y-82210-101

Y-74159-114

core
rim
matrix

eq. large
needle

Mg Fe

CaMg CaFe

Fig. 5. Pyroxene quadrilateral diagrams (endmember compositions defined in the first panel) for mineral fragments within
distinct lithologies, occurring within all five analyzed Yamato meteorites, ordered by the predominant four textures (T1–4).

Subophitic (T3)Granular (T2)Ophitic to porphyritic (T1)

Quench-textured (T4)

Y-74450-113

Y-75011-114

Y-74159-114

Y-793548-66

Y-74159-114

Y-82210-101

Y-793548-66

Y-74450-113

Y-82210-101

Y-793548-66

Y-74450-113

plagioclase
matrix
small
large

Ab An

Or

0.8 0.9

0.1

Fig. 6. Portions of the plagioclase ternary diagrams (endmember compositions defined in the first panel) for mineral fragments
within distinct lithologies, occurring within all five analyzed Yamato meteorites, ordered by the predominant four textures (T1–
4). Plagioclases with no further distinction according to grain size were simply named “plagioclase” (such as in textures T3 and
T4).
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textures follow a continuous Mg-Fe-Ca-trend. Zoned
pyroxenes of the brecciated texture (T2) reflect an
igneous Mg-Fe-trend, while equilibrated, homogeneous
grains are more enriched in Ca, probably due to the
presence of augite lamellae. The porphyritic texture (T1)
of eucrite Y-75011 follows the Mg-Fe-Ca-trend as well.

Both the bulk chemistry of basaltic source melt and
the pyroxene crystal growth conditions (e.g., degree of
supercooling, cooling rate, and nucleation rates) are the
most relevant parameters known to cause chemical
zoning. Thus, either a slow and continuous cooling rate,
or a long-lasting equilibration process (e.g., caused by a
secondary high-temperature event) may be responsible
for the lack of chemical zoning (Takeda and Yanai
1982; Takeda et al. 1983b). Chemical data of all
pyroxene cores plot in the same region of composition,
regardless of their texture (Fig. 5). This is strong
evidence for both similar initial magmatic formation
conditions on the eucrite parent body, and common
bulk chemical compositions of the source melt. Great

variation in composition instead would express a
different origin of single mineral grains.

The plagioclase primary chemical composition
encompasses values of An71-95 and therefore plots in the
compositional field of known basaltic eucrite material
with An71-98 (e.g., Mittlefehldt et al. 1998; Mayne et al.
2009; Barrat et al. 2011; Mittlefehldt 2015). Considering
the plagioclase ternary diagrams, our sample set shows
low concentration and little variation in K, indicative
for a K depletion of the source melt (Fig. 6).
Furthermore, compositions of distinct textures show a
different extent in variation. Fragments with brecciated
(T2) or porphyritic (T1) textures indicate a larger extent
in compositional variation, likely due to occurrence of
single plagioclase crystals as external fragments within
the porphyritic texture deriving from more diverse
origins than the ophitic groundmass in which they are
embedded. On the contrary, both the quench-textured
(T4) and subophitic (T3) textures show little variations
in crystal composition. This may be due to a variety of
factors such as source melt compositions and cooling
rate. However, the still rather limited variation in
crystal chemistry of rock-forming minerals in the
investigated samples is indicative of chemically relatively
similar host rock sources (Fig. 6).

Based on the concept proposed by Papike et al.
(2003), the molar Fe/Mn-ratios of mafic minerals can be
used to test the assumption whether investigated eucritic
clasts have a common origin. Following this approach,
we only used pyroxene crystal data due to the minor
amount of olivine present in the current sample set of
HEDs. As expected, all eucrite data are located around
the compositional field of 4-Vesta defined by Papike
et al. (2003), where a large suite of planetary plagioclase
and pyroxene data of HED meteorites have been
compiled. In general, elemental concentrations within
major rock-forming minerals of all analyzed eucrites
show abundances known for Vestan basaltic rocks.
However, some analytical results of pyroxene and

ba Y-75011 c Y-793548

20 µm 50 µm 10 µm

Y-75011

Fig. 7. Glassy areas and quench textures observed in Yamato meteorites: (a) “schlieren,” (b) cryptocrystalline, fine crystalline, (c)
devitrification textures.

Fig. 8. Chemical composition of a representative recrystallized
glassy area from Y-75011 (yellow) and cryptocrystalline areas
(orange) in wt%, compared to average pyroxene (red) and
plagioclase (blue) values within the same clast where the
impact melt is embedded. Note that glass compositions are
intermediate to rock forming silicates. (Color figure can be
viewed at wileyonlinelibrary.com.)
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plagioclase composition overlap with known cumulate
material, also observed by Patzer and McSween (2012,
2018). In our case, only core data of zoned pyroxene
grains and a few plagioclase grains of clasts showing
brecciated and porphyritic textures match the cumulate
composition. To discriminate between cumulate and
basaltic material, Mayne et al. (2009) used the molar
Fe/Mn- over Fe/Mg-ratios of pyroxenes. Their results
reveal that cumulate material shows less scatter and is
more restricted with respect to the Fe/Mg-ratio with
values of 0.5 � 0.2 when compared to basaltic material
that spread over a wider compositional range. In the
case of the five Yamato meteorites investigated here, we
used all data of pyroxenes that show a clear igneous
zoning (core and rim) to minimize any contribution
from thermally metamorphosed or equilibrated material.
Data of each eucrite clast overlap and vary largely in
their Fe/Mg-ratios (Fig. 9). Thus, according to Mayne
et al. (2009), the eucrite material exhibits a typical
behavior of basaltic material. However, some pyroxene
core data are rich in MgO and overlap with cumulate
eucrite molar Fe/Mg-ratios of 0.5 � 0.2. Due to the
lack of bulk rock composition of the samples studied
here, further chemical classification of the investigated
basaltic polymict eucrites and assignment to the Main
Group-Nuevo Laredo, Stannern-trend, or residual
eucrite subdivisions according to proposed classification
schemes (Stolper 1977; Barrat et al. 2007; Yamaguchi
et al. 2009) is not possible here. However, it has been
shown that the majority of polymict breccias have
compositions consistent with mixtures of Main-Group
eucrites and diogenites, with only some Stannern-trend
basalts (Mittlefehldt 2015). This is also true for bulk

rock compositions of the studied Yamato eucrites,
where mg# and Ti contents show that these samples
plot within the Main-Group field, with only some
extending into the Stannern-trend field (Mittlefehldt
2015).

Thermal and Impact Metamorphism and Secondary

Alteration

Due to the widespread occurrence of thermally
metamorphosed samples among the HED suite of
rocks, some authors argue for a global metamorphism
process of crustal rocks on 4-Vesta (e.g., Takeda and
Graham 1991; Yamaguchi et al. 1996; Schwartz and
McCallum 2005). An effective heating source to cause
igneous activity may have been induced by decay of the
short-lived isotope 26Al and impact events, with the
latter mostly causing local heating and melting (Keil
et al. 1997; Yamaguchi et al. 1997). Episodic formation
of basaltic magma may also result from continuous heat
production lasting over several million years, given an
isolating lid such as early formed lava flows to retain
the heat (Takeda 1997; Roszjar et al. 2016).

Metzler et al. (1995) assumed that observed diverse
lithologies in HEDs are generated through the
interaction of impact processes with crystallizing magma
including rock pulverization, transport, mixing of
different materials, melt formation, thermal shock, and
mixing of surfaces with exogenic material. The Yamato
meteorites analyzed here show a variety of textures that
indicate both shock events and postmagmatic annealing
likely induced by heating due to 26Al decay. These post-
magmatic features occur in different intensities, varying

Table 4. Occurrences of the four dominating textures in several HED meteorites. Listed are Yamato meteorites
from this study and other work.

Texture Petrography This study Other studies References

T1 Porphyritic Y-75011
Y-793548

Y-74450

EET 87503 Metzler et al. (1995)

T2 Brecciated Y-793548
Y-82210
Y-74159

Y-74450

Y-82210 Graham and Yanai (1986)
Yamaguchi and Takeda (1992)

Y-74159

Y-74450

Delaney et al. (1984a)

Takeda and Yanai (1982)
T3 Subophitic Y-793548

Y-82210

Y-74450

Y-82210
Y-74450

Pun and Papike (1996)

Millbillillie
Camel Donga
ALHA 78132.92

Metzler et al. (1995)

Y-75011
Pasamonte
NWA 049

Barrat et al. (2011)

T4 Quench-textured Y-74159
Y-74450

Stannern Metzler et al. (1995)
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from clast to clast, and even among coexisting mineral
fragments. Metzler et al. (1995) developed a model of
six phases considering the thermal and impact
metamorphic evolution of HED meteorites that we can
still well apply to the Yamato samples studied here,
although more recent work recognized that thermal
overprinting by heat from radioactive decay might
affect the thermal evolution of eucrites in particular
(e.g., Yamaguchi et al. 1996). Evolution of HEDs is
therefore highly complex and in most cases difficult to
interpret due to such multiple thermal metamorphism
or/and impact brecciation events. For instance, impact
glasses in Y-75011,114 contain zoned (crystallization of
primary magmas—Phase I) but also equilibrated (low
subsolidus cooling or reheating—Phase II) pyroxenes
that were mixed together into a melt during brecciation
(Phase III). A second impact event (Phase V) caused
brecciation of the clast and formed, for example,
“schlieren”-like areas. Similarly, clasts with brecciated
textures contain zoned (Phase I) and equilibrated (Phase
II) pyroxenes that were brought together during impact
brecciation (Phase III). During a period of thermal
metamorphism (Phase IV), material was compacted
and small amounts of melts were formed. Rocks of
subophitic textures experienced only slight
metamorphism (Phase II) before brecciation. Quench-
textured lithologies were brecciated without any
metamorphic overprint.

Large mineral fragments in impact melt of Y-
75011,114 contain pyroxenes that partly display
exsolution lamellae of ~1 lm thickness. Minerals from
the brecciated lithology also contain grains with
predominantly equilibrated, but also differently zoned
specimens. Y-74159 and Y-74450 furthermore show
indication for type 5 metamorphism, for example,

clouding and augite exsolution lamellae of several lm
thickness. This mixture of grains with different degrees
of metamorphism let us conclude that mineral
fragments of different origins, thermal histories, and
postmagmatic overprints were mixed together.
Pyroxenes within subophitic lithologies are typically
slightly zoned (type 2–3) and/or equilibrated (type 5).
Large, clearly zoned pyroxenes from quench-textured
lithologies are related to type 1 and thus, represent the
least altered lithology among the five analyzed eucrites.

All five eucrites contain regions of glassy areas with
a variety of textures similar to proposed impact melts
observed in other HED meteorites (Delaney et al.
1984a, 1984b; Mittlefehldt and Lindstrom 1997; Barrat
et al. 2011; Mittlefehldt et al. 2013). Investigations of
glassy areas in polymict breccias from the HED
meteorite clan by Olsen et al. (1990) and Singerling
et al. (2013), as well as during this study show
petrographic and chemical characteristics, as discussed
above, indicating formation of a melt generation during
impact events. Considering chemical compositions of
optically homogeneous impact melts in HEDs, Barrat
et al. (2012) identified two main groups: high Fe/Mg
(Fe/Mg ≫10) and low Fe/Mg (Fe/Mg < 5). The
latter can be subdivided into low-alkali, K-rich (K2O
>0.2 wt%) and Na-rich (Na2O >0.6 wt%).
Compositions of low-alkali-melts are similar to HED
bulk rock compositions (Singerling et al. 2013) and
therefore, probably formed during large impact events
(Schaal et al. 1979; H€orz et al. 2005). Chemical
composition of glassy areas from the eucrites analyzed
here indicates a relationship to the main group of low
Fe/Mg, and to the subgroup of low-alkali melts. The
chemical composition of these glasses ranges between
pyroxene and plagioclase data (Fig. 8) and could be due

Fig. 9. Pyroxene molar Fe/Mn and Fe/Mg ratios of nonbrecciated eucrites of Mayne et al. (2009; black and gray data)
compared to those from Yamato meteorites from this study (colored). (Color figure can be viewed at wileyonlinelibrary.com.)
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to mixing from both minerals. Thus, we support the
idea by Singerling et al. (2013) that low-alkali-melts are
melt products of bulk rock material.

In addition to observed widespread thermal
metamorphism, formation of secondary Fe-rich olivine
veinlets and the Fe-enrichment within pyroxenes might
be related to metasomatic activity (Mittlefehldt and
Lindstrom 1997; Barrat et al. 2011; Zhang et al. 2013;
Warren et al. 2014). These metasomatic reactions are
currently debated as an important process on the
surface of 4-Vesta, probably provided by a degassing
magma ocean (Sarafian et al. 2017). The secondary Fe-
rich phases observed in HED meteorites have been
analyzed and investigated previously (e.g., Takeda et al.
1983a, 1994a; Warren 2002; Barrat et al. 2011; Roszjar
et al. 2011; Zhang et al., 2013; Warren et al. 2014;
Mayne et al. 2016; Pang et al. 2017; Patzer and
McSween 2018). Barrat et al. (2011) described
significant mineralogical changes of unequilibrated
eucrites and determined different stages of
metasomatism and secondary alteration. According to
that work, progressive alteration comprises Fe-
enrichment along pyroxene fractures (stage 1);
development of fayalitic olivine veinlets (stage 2); and,
finally, a development of Al-depleted, Fe-enriched
pyroxenes (stage 3). All of these stages are accompanied
by the occurrence of accessory phases such as troilite,
chromite, and anorthitic plagioclase. Due to the
complexity of the analyzed Yamato meteorites, it was
not possible to define a distinct secondary alteration
stage for each clast according to the scheme proposed
by Barrat et al. (2011). All clasts exhibit mineral
fragments varying in the observed alteration stage, even
in the subophitic texture. Secondary phases such as Fe-
enriched pyroxenes and fayalitic olivine veins occur in
both chemically zoned and equilibrated pyroxenes in the
studied samples. Therefore, the degree of thermal
metamorphism of single pyroxene grains seems to be
unrelated to the formation or the presence of secondary
alteration phases. Secondary phases occur along
thermally or mechanically induced cracks within
pyroxenes, which indicate a formation after or during
brecciation and/or thermal annealing. The occurrence in
primary, clearly zoned pyroxenes lacking metamorphic
overprint indicate a thermally independent post-
magmatic formation process.

Current studies discuss the formation of Fe-rich
secondary phases controversially. Here, the influence of
a Fe-rich fluid phase under varying temperatures,
pressures, and redox conditions (metasomatism; Takeda
et al. 1983a; Warren 2002; Barrat et al. 2011; Warren
et al. 2014), or a short-term high-temperature process,
for example, incongruent melting of pyroxenes, are
controlling factors (e.g., Roszjar et al. 2011; Patzer and

McSween 2018). Furthermore, several authors described
possible alteration features in eucritic clasts in
howardites and argued for their origins from evolved
crustal melts (Mayne et al. 2016; Hahn et al. 2017). In
general, these secondary Fe-rich features within eucrites
are still a matter of debate and not the major focus of
this work. However, we observe that these Fe-rich veins
occur in a variety of pyroxenes metamorphosed to
varying degrees, and even within the ones that preserve
some igneous zoning. Therefore, this finding supports a
late-stage metasomatism scenario. Alternatively, very
short-term heating events might have led to incongruent
melting and veining leaving the zoning unaffected. For
the equilibrated pyroxenes observed in our clasts, no
definite answer can be given, but the occurrence of
Fe-rich secondary veins within zoned, that is,
unmetamorphosed pyroxenes, here strongly favors the
metasomatism model, probably triggered by a degassing
magma ocean (Sarafian et al. 2017). It is also possible
that secondary phases formed during a combination of
processes, for example, influence of a fluid phase and a
high temperature melting episode. Further work on
such Fe enrichments and fayalitic olivines is clearly
necessary to disentangle these complex and differing
scenarios.

CONCLUSIONS

We have investigated the petrology of five polymict
basaltic Yamato eucrites (Y-74159,114, Y-75011,114, Y-
793548,66, Y-82210,101, Y-74450,113) containing a
variety of lithic clasts with four dominant lithologies
including (1) porphyritic, (2) brecciated and partially
recrystallized, (3) subophitic, and (4) quench-textured.
Despite their variable formation conditions, these
lithologies occur within several samples. We therefore
suggest that all of these meteorites belong together and
derive from closely related parent body source(s)
involving at least partially alike source materials in the
Vestan crust. Comparison with literature data for these
samples is difficult, because textures vary on a local
scale, even within thick sections from the same samples.
Therefore, we propose that thick sections of respective
meteorites, with polymict samples in particular, should
be examined carefully before comparison to each other
in future studies. We could also show that sample Y-
793548 consists of more than one lithic unit and must
be classified as a polymict eucrite now instead of a
monomict one.

In general, pyroxene compositions of the investigated
Yamato samples follow a magmatic chemical trend with
Mg-rich cores and Fe-Ca-rich rims, and Ca-rich
equilibrated pyroxenes, as typically observed for
samples from the HED suite. However, the pyroxene
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rim data of the subophitic and especially the quench-
textured lithologies T3 and T4 scatter more strongly,
and are more Ca-rich compared to pyroxenes derived
from the brecciated and porphyritic textures T1 and T2.
Equilibrated pyroxenes of the brecciated texture scatter
over a wider compositional range compared to data of
all other textures, which might be explained by their
more diverse origins. Plagioclase fragments within the
porphyritic (T1) and brecciated (T2) textures show a
larger extent in compositional variation compared to
the textures T3 and T4, likely due to the fact that single
plagioclase crystals occur as external fragments within
the porphyritic texture. Analyzed eucrite samples also
contain glassy regions of various textures, and
compositional affiliation to the main group of low Fe/
Mg, and to the subgroup of low-alkali melts that likely
reflect melting of the bulk rock material. Their chemical
composition, intermediate to that of the rock-forming
silicates, implies a mixing and melting process of
previously formed silicates.

Secondary ferroan olivine and Fe-enrichments
inside a variety of pyroxene grains are observed in every
eucrite clast investigated, forming veins along
pre-existing cracks of pyroxenes, and sporadically
accompanied by small grains of troilite, chromite, and
secondary anorthitic plagioclase. However, the
formation of these secondary phases seems to be
independent of the degree of thermal metamorphism
observed within every type of clast metamorphosed to
varying degrees, which would support a late-stage
metasomatism model for their formation. All of these
observations give important insights into the complex
crustal evolution of small differentiated bodies such as
4-Vesta and may aid to interpret spacecraft data on
these types of planetary bodies such as the DAWN
mission.
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