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Abstract—Sayh al Uhaymir (Sal) 094 is a 223.3 g, partially crusted, strongly to very strongly shocked
melanocratic olivine-porphyric rock of the shergottite group showing a microgabbroic texture. The
rock consists of pyroxene (52.0-58.2 vol%)—dominantly prismatic pigeonite (Engg_ggFs20-27Wo7.9)
associated with minor augite (Engg_49Fs15_16W075_31)—Dbrown (shock-oxidized) olivine (Fogs_gg;
22.1-31%), completely isotropic interstitial plagioclase glass (maskelynite; Ansgy ¢401¢3-0.9;
8.6—13.0%), chromite and titanian magnesian chromite (0.9—1.0%), traces of ilmenite (Ilmgg_gg),
pyrrhotite (Fegy_1pg; 0.1-0.2%), merrillite (<<0.1%), and pockets (4.8—-6.7%) consisting of green
basaltic to basaltic andesitic shock glass that is partially devitrified into a brown to black product
along boundaries with the primary minerals. The average maximum dimensions of minerals are:
olivine (1.5 mm), pyroxene (0.3 mm) and maskelynite (0.3 mm). Primary melt inclusions in olivine
and chromite are common and account for 0.1-0.6% of the rock. X-ray tomography revealed that the
specimen contains ~0.4 vol% of shock-melt associated vesicles, up to 3 mm in size, which show a
preferred orientation. Fluidization of the maskelynite, melting and recrystallization of pyroxene,
olivine and pyrrhotite indicate shock stage S6. Minor terrestrial weathering resulted in calcite-
veining and minor oxidation of sulfides. The meteorite is interpreted as paired with SaU 005/008/051.
The modal composition is similar to Dar al Gani 476/489/670/735/876, with the exception that neither
mesostasis nor titanomagnetite nor apatite are present and that all phases show little zonation. The
restricted mineral composition, predominance of chromite among the oxides, and abundance of olivine

indicate affinities to the lherzolitic shergottites.

INTRODUCTION

Twenty-four unpaired meteorites presently known are
attributed to Mars. The most compelling evidence that links
them to Mars are relative abundances and isotopic compositions
of trapped gases in shergottite shock glasses that are in
agreement with direct martian atmosphere compositions
measured by the 1976 Viking lander missions (e.g., Bogard
and Johnson, 1983). Most martian meteorites are differentiated
rocks characterized by young crystallization ages, characteristic
C, N, O and noble gas isotopic compositions (e.g., Clayton and
Mayeda, 1996; Dreibus and Winke, 1987; Winke, 1991), and
distinct major and trace element concentrations (e.g., Steele
and Smith, 1982; McSween and Jarosewich, 1983; Lodders,
1998). To this suite belong basaltic, gabbroic and lherzolithic
rocks (shergottites), clinopyroxenites-wehrlites (nakhlites), a
dunite (Chassigny) and an orthopyroxenite. Since the report
of putative biological signatures in the martian meteorite Allan
Hills (ALH) 84001 (McKay et al., 1996), and in context with

intense exploration of Mars by space missions, publications on
Mars meteorites have exploded. At the same time, the number
of known independent Mars meteorites has increased from 12
to presently 24 (total weight of ~83 kg) since the recent
compilations on martian meteorites by McSween and Treiman
(1998) and Papike (1998). The new martian meteorite described
here was found in the Sayh al Uhaymir region in interior Oman
in February 2001 by two of us (M. H. and L. M.) in a joint
meteorite search campaign with the Ministry of Commerce and
Industry, Sultanate of Oman and was named Sayh al Uhaymir
(SaU) 094 (Grossman and Zipfel, 2001). The rock was
sampled on flat-bedded Miocene fresh-water limestone
deposits of the Fars group (Le Métour et al., 1995). The
meteorite is very likely paired with SaU 005, 008 and 051
(Grossmann, 2000; Grossman and Zipfel, 2001) because all
were found within a few kilometers distance and are
macroscopically similar.

The aim of this paper is to report on the petrography,
mineralogy and shock metamorphism of SaU 094. Chemical
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investigations and age dating (terrestrial age, exposure age,
formation/ejection ages) are under way.

ANALYTICAL METHODS

Before cutting we applied x-ray tomography to the meteorite
at the Federal Material Testing Laboratory (EMPA, Diibendorf)
to non-destructively obtain information about its interior. The
industrial computer tomography (CT) scanner applied was made
by Scientific Measurement Systems (SMS, Austin, Texas). It
was operated at 400 kV, 2.25 mA using linear array detectors,
detector aperture 0.25 x 0.5 mm. Tomographs obtained had a
resolution of 0.1 mm (pixel size).

Doubly polished thin sections were studied by transmitted
and reflected light microscopy, carbon coated and then used
for microprobe and cathode luminescence (25 kV, 80 nA)
investigations. Because maskelynite and shock glass are
isotropic and show little chemical variation we used standard
oils and the immersion method for determination of refractive
indices on small fragments of maskelynite and shock glass.

Mineral compositions were obtained on a Cameca SX-50
microprobe at Bern University using natural and synthetic
mineral standards, wavelength dispersive spectrometers, and
beam conditions of 15 kV and 20 nA for silicates, oxides,
sulfides and glass. Sulfide standards were used for analyzing
the sulfides. Counting times were 20 s on peak and background
for major elements, and up to 60 s for trace elements. For all
glasses the spot size was ~15 ym. The possibility of element
diffusion during glass analysis was excluded by analyzing the
same spot several times in sequence and using different
measurement times, which resulted in no variation. For
phosphate analysis we used rare earth element (REE) phosphate
or REE glass standards, peak and background settings as
described by Scherrer et al. (2000),a 10 umspotand 25 kV, 20 nA
beam conditions with 100 s REE counting times. Data were
reduced using the PAP procedure.

Small vesicles and alteration products therein were examined
using scanning electron microscopy of selected vesicle-rich rock
chips. Samples were gold-coated.

Oxygen isotopic composition was determined by laser
fluorination of powdered aliquots following the procedure
described in Miller et al. (1999).

PETROGRAPHY AND MINERALOGY

Sayh al Uhaymir 094 is 4 x 7 x 5 cm in size, weighs 223.3 ¢
and has a relatively angular shape. Two of the rock's four main
faces are coated by very thin black fusion crust (rock color chart
RCC SYR 2/1), the other two are broken surfaces of brownish
tint (10YR 4/1). Millimeter-sized dark olivine megacrysts are
macroscopically visible on its surface and in cut sections (Fig. 1).
On a cut surface, the olivine megacrysts appear brownish gray
to black (RCC 5YR 3/1) and are set in an olive-gray (5Y 4/1)
groundmass consisting of maskelynite and clinopyroxene
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(Fig. 1a,b,c). On the surface of the meteorite a few fractures,
up to 4 cm in length, are apparent.

X-ray tomographs allowed us to distinguish areas rich in
olivine (dark speckles), areas consisting of maskelynite and
clinopyroxene (lighter gray speckles), and unexpectedly large,
millimeter-sized vesicles present throughout the rock (Fig. 2).
Most of these vesicles, which characteristically form the central
part of larger shock melt pockets, seem unrelated to fractures.

The primary identification of the rock (Grossman and Zipfel,
2001) was made on five polished thin sections of <1 mm sized
fragments from the surface of the meteorite. After cutting of
the rock three additional thin sections were prepared
perpendicular to one of the faces of the meteorite showing a
fusion crust (Fig. 1b,c).

In thin section Sal 094 shows an olivine-porphyric texture
without obvious foliation or lineation (Figs. 1 and 3a).
Yellowish to dark brown (commonly patchy) hypidiomorphic
olivine crystals or clusters of crystals (average maximum
dimension 1.5 mm) are embedded in a fine-grained groundmass
consisting of prismatic light cream-colored clinopyroxene
crystals (mostly pigeonite) and interstitial feldspathic glass
(maskelynite) (average maximum dimension 0.3 mm; Fig. 3a).
Point counting of two thin sections yielded 22.1-31.0 vol%
olivine, 52.0-58.2% pyroxene (pigeonite and augite were not
distinguishable) and 8.6—13.0% maskelynite (Table 1).
Accessory minerals are chromite (0.9-1.0%), pyrrhotite *
pentlandite (0.1-0.2%) and traces of merrillite. Melt inclusions
in olivine (Fig. 3b), chromite and pyroxene account for 0.1-0.6%,
and shock melts (Fig. 3c) for 4.8-6.7% of the rock. 4.0-4.1%
of this shock melt is finely recrystallized and dark brown to
black; the remaining 0.7-2.7% consists of fresh green glass
(Table 1). Maskelynite displays a dark bluish-green cathode
luminescence without obvious zonation. The fusion crust,
though externally visible over significant portions of the
meteorite's surface, was only occasionally encountered in thin
section. In contrast to shock glass, the fusion crust is a brown,
bubble-rich glass (Fig. 3d).

The mineral modes are comparable with the rough estimates
given for SalJ 005/008 (Zipfel, 2000; Table 1). The mineral modes,
especially the high amount of olivine, are similar to Dar al Gani
(DaG) 476/489/670/735 (Folco et al., 2000; Mikouchi et al., 2001,
Zipfel et al., 2000; Wadhwa et al., 2001) with the exceptions that
phosphates are very rare and no mesostasis containing Fe-rich
olivine was found (Table 1). The high abundance of olivine and
the slightly zoned mineralogy indicate affinities to lherzolitic
shergottites (e.g., Gleason et al., 1997; Harvey et al., 1993;
Treiman, 1990). Without considering the shock melt, thin section
Sal 094C contains >90 vol% mafic minerals (Table 1). Sall 094
thus takes an intermediate position between mafic and ultramafic
shergottites, and according to its mineral mode and grain size has
to be classified as melanocratic olivine microgabbro with
transitions to olivine clinopyroxenite (Streckeisen, 1976). Grain
size and texture are similar to terrestrial doleritic dikes/sills or
microgabbroic intrusions.
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FIG. 1. (a) Slice of SaU 094. Dark patches are olivine crystals and local impact melt; the lighter areas consist of clinopyroxene and
maskelynite. Images (b) and (c) are two thin sections cut perpendicular to the surface and used for point-counting and microprobe analyses.
Larger crystals are olivine. Dark areas are finely-crystallized zones rimming green shock glass.
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FIG. 2. X-ray tomograms of SaU 094 made at the Federal Institution for Material Research, Diibendorf, before cutting the rock. The top right
image shows the stone in analysis position with the traces of the five parallel tomographs. The image below shows the same sections on a
transmission x-ray image taken at a right angle relative to the tomographs. Numbers refer to the tomographic sections. Original pixel size of
the x-ray images is 0.1 mm. Dark areas are olivines, gray areas correspond to the groundmass (including shock melts) and the white areas are
vesicles in melt pockets.

FIG. 3. (right) Photomicrographs of SaU 094. (a) Microgabbroic texture consisting of millimeter-sized olivine crystals set in a groundmass
of prismatic pigeonite and maskelynite. Transmitted light, section D, width of image 3.8 mm. (b) Olivine crystal containing abundant small
melt inclusions (darker patches) characteristically surrounded by radial cracks. Section C, width of image 1.4 mm. (c) Pocket of green impact
glass with orbicular and elongated vesicles and flow structures in unhomogenized melt. Along the pocket boundary the melt is crystallized
into feathery crystals of both clinopyroxene and olivine. Crossed polarizers, section D, width of image 0.5 mm. (d) Thick rim of bubble-rich
glassy fusion crust. Note the sharp boundary of the darker fusion crust (top) to the lighter impact glass that contains feather-like crystals.
Section D, width of image 0.5 mm. (e) Zoned chromite grain with speckled Cr-rich core and ulvéspinel-enriched rim (see Fig. 61). Dark area
in center is a magmatic melt inclusion. Reflected light, oil immersion, section D, base of image 0.16 mm. (f) Pyrrhotite showing coarse
granular pentlandite (lighter area) and small pentlandite exsolutions lamellae. Associated platy oxide grains on top are ilmenite, on the left
chromite. Reflected light, oil immersion, section C, width of image 0.09 mm. (g) Bright orange secondary Mg-Fe-Si silicate (Alt) found in
association with melted areas. Its mineralogic composition is unknown. Plain polarized light, section D, width of image 0.5 mm. (h) Scanning
electron image of vesicle in impact melt glass containing gypsum crystals, probably derived from alteration of sulfide during martian or
terrestrial alteration. Width of image 145 um.
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TABLE 1. Modal composition of SaU 094 compared with other martian meteorites.

Meteorite Sal 094 SaU 094 SaU 005 DaG 476 EETA79001Af LEW 885168
(n=1300) (n=1300) and 008* and 489
(section C)  (section D)
Lithology Olivine Gabbro Basalt@ Basalt@ Basalt@ Lherzolite@
clinopyroxenite?
Pyroxene (total) 52.0 58.2 ~48 55.3-64.6 69-73 >20-44.5
Pigeonite 44.1-53-7 55-63
Augite 2.9-12.7 3.2-8.5
Orthopyroxene 1.5-4.0 3.4-7.2
Olivine (total) 31.0 22.1 ~25 10.4-24 7-10 39.2-57
dark 3.7 1.6
light 273 20.5
Maskelynite 8.6 13.7 ~15 12-17 16-18 <10-16
Opaques 1.1 1.1 0.9-3.9 2.2-4.0 <5
Chromite 0.9 1.0 0-0.6 0.8-3
Ilmenite tr tr
Pyrrhotite 0.2 0.1 0-0.6 <1
Merrillite tr tr tr-1.5 tr-0.4 0.9-1
Mesostasis - tr-0.3
Impact glass 6.7 4.8 4-7.2 - -
Unaltered glass 2.7 0.7
Recryst glass 4.0 4.1
Primary inclusions 0.6 0.1
Alteration minerals tr tr 1-3.1 - -
"Shock cavities" (0.4%) (0.4%)

*Zipfel (2000).

TZipfel et al. (2000); Folco et al. (2000); Wadhwa et al. (2001); Mikouchi et al. (2001).

IMcSween and Jarosewich (1983).

§Gleason et al. (1997); Treiman et al. (1994); Lodders (1998).
#Two out of 1300 points are red alterations in glass; if impact melt is not included and opaques substracted the rock

contains 8.9 vol% maskelynite.

$Shock cavities point-counted on x-ray tomography images (Fig. 2); not present in the two point-counted thin sections.

@As described by authors.
Abbreviations: tr = trace.

Chromite grains are isometric, opaque to brownish
translucent and show an average maximum diameter of 0.10 mm.
In reflected light (oil immersion) they commonly show a slightly
browner Ti-rich rim (Fig. 3e). Intergrowths with ilmenite are
common. 5-10 um sized, isometric chromite inclusions are
characteristic in the cores of some olivines. Chromite grains
rarely show inclusions of sulfides. Ilmenite typically occurs as
laths showing lamellar twinning (Fig. 3f) and is often associated
with chromite and sulfides.

Merrillite occurs in trace amounts and was only found using
the cathode luminescence technique, where it shows a yellow
color. The grains are isolated and occur associated with
maskelynite and along olivine rims.

Sulfide grains (average maximum dimension 0.07 mm) are
commonly elongated and consist of polycrystalline pyrrhotite
carrying two types of pentlandite inclusions: type 1 are
hypidiomorphic crystals up to 10 um in size (Fig. 3f); type 2
are tiny (>1 to 2 um) oriented exsolutions (Fig. 3f; see also

Fig. 9). Image analysis of nine high-magnification
photomicrographs indicates the presence of 8.5 * 2.5 vol%
pentlandite in the sulfides. In areas where the rock was shock-
melted, pyrrhotite forms granular globules (8.4% of sulfide
grains) also containing pyrrhotite (incomplete shock-melt?).
Pyrrhotite may fill small cracks (3.2% of sulfide grains) in the
silicates, and also occurs in melt inclusions in olivine (1.2% of
sulfide grains). Investigation of pyrrhotite using a magnetic
colloid (Bitter method; Soffel, 1991) showed that pyrrhotite is
dominantly non-magnetic. Magnetic areas of very small size
were only observed in close association with nearby weathering
products, indicating a possible oxidation-related origin of the
small amounts of magnetic pyrrhotite present.

Oval-shaped multiphase melt inclusion are common in
olivine characteristically surrounded by radial cracks in the host
mineral (Fig. 3b). The size of the inclusions is below 0.1 mm.
Qualitative data show that the melt inclusions contain Ca-rich
clinopyroxene, spinel, pyrrhotite, and a glassy silicate matrix.
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Although the inclusions appear similar to those described by
Goodrich and Zipfel (2001) from SaU 005, the microprobe
beam could not be sufficiently focused to obtain proper single
phase analyses.

In thin section, millimeter to centimeter-sized pockets of a
green shock glass are observed. The green glass
characteristically contains gas bubbles or vesicles that may reach
several millimeters (Figs. 2 and 3c). At the contact to the
surrounding silicates a dark brown to black zone occurs
characterized by crystallization of acicular and commonly
skeletal olivine or clinopyroxene crystals (Fig. 3¢,d). Sulfide
droplets and rounded (partially melted) chromite grains are
common. Around melt pockets olivine and pyroxene show
textures suggesting that parts of the grains were melted and
subsequently recrystallized into a fine-grained zone largely with
conservation of the original grain shape. The refractive index
of four green glass fragments is 1.634-1.638, with some
variation within one grain. Considering that some melt pockets
in olivine- or pigeonite-dominated areas have a very different
composition (Table 2), the obtained values probably do not
represent the full range of shock glass refractive indices. In
the section investigated the shock glass shows no
luminescence but in the recrystallized fine-grained parts a
weak orange to reddish luminescence of unknown origin is
locally observed.

35

The rock contains ~0.4% of millimeter-sized vesicles
forming the central part of millimeter to centimeter-sized shock
melt pockets. The five x-ray tomographs taken parallel to each
other (Fig. 2) revealed that these vesicles, and conceivably also
the melt pockets, have an elongated shape and show a preferred
orientation (Fig. 4). The smallest vesicles (<<1 mm) are
spherical in shape (Fig. 3c).

The calculated density is 3.309 g cm3 with vesicles
excluded and 3.296 g cm-3 with 0.4 vol% vesicles included.
The measured density of a 16 g piece is 3.226 g cm=3. The
measured value is probably slightly lower due to microporosity.

Products of terrestrial weathering are present throughout
the meteorite in minor amounts. Calcite veinlets are especially
common in a 3—10 mum thick zone at the surface of the meteorite
(see vein crossing the vesicle in Fig. 3c). Some calcite veins
clearly crosscut the locally preserved fusion crust. Patches of
Fe hydroxide, most likely of terrestrial weathering origin, occur
throughout the meteorite as fillings of tiny cracks and as small
pockets of finely layered oxidation products of an unidentified
phase or mix phases (Fig. 3g). Pyrrhotite usually shows no
sign of oxidation; however, rare grains even in the meteorite's
interior are strongly oxidized with partial alteration to marcasite
and Fe-hydroxides. In vesicles Fe-hydroxides, fine-grained
(<1 um) calcite and fine-grained to coarse idiomorphic gypsum
(Fig. 3f) were identified as common alteration products.
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FIG. 4. Histogram of vesicle size (maximum length) and vesicle orientation obtained from the five parallel x-ray tomographs (Fig. 2). Note
the clear preferred orientation of the vesicles in SaU 094 shown in the rose diagram.
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MINERAL, SHOCK AND FUSION GLASS CHEMISTRY

Olivine has a restricted compositional range of Fogs_g9
(Table 3; Fig. 5a). The olivines average 0.56 wt% MnO, are
relatively high in CaO (0.37 wt%) and contain little NiO
(0.03 wt%) and Cr,03 (0.06 wt%). The average FeO/MnO is
51.9 = 3.4. Increasing shock oxidation is correlated with an
increased ferrifayalite (laihunite component) of the olivine
(Fleischer et al., 1978; Ostertag et al., 1984), manifested in
reduced microprobe totals (Table 3) and darker brown color.
The amount of ferric iron (laihunite component; Fe3+,0,Fe2+_;-
exchange) in the olivines was estimated by normalizing to 1 Si
(pfu). Microprobe traverses (Fig. 6a,b) revealed zoning similar
to the zoning described by Mikouchi er al. (2001) for DaG
476, but less pronounced.

Pigeonite (Engg_ggFsyg_27Wo7_9) shows relatively restricted
compositional variation (Table 3; Fig. 5b). No enstatite was
detected. Augite (Engg 49Fs5_16Wo035_31) occurs rarely
associated with the pigeonite and is listed in Table 3. In
backscattered electron images weak pyroxene zoning is visible,
and no exsolution of pigeonite into enstatite and augite was
observed. Qualitative analyses show that pyroxene in melt
inclusions has distinct higher Al values (4-5 wt% Al,O3) than
the matrix pyroxene (average 1.21 * 0.43). Pigeonite
microprobe traverses (Fig. 6¢,d) are characteristically flat and
irregular due to shock deformation and possible exsolution.

The clear maskelynite glass filling the interstitial areas
between olivine and pyroxene grains seems stoichiometric and
has a labradoritic composition (Ansg_40rg 3_p.9; Fig. 5¢) with
relatively high potassium contents (Table 3). In one case (Fig. 6f)
anorthite content dropped to 50%. The maskelynite also
contains measurable amounts of Fe, Mn and Mg (Table 3).
Maskelynite microprobe traverses are generally flat (Fig. 6e)
but in one case a continuous change towards one rim was
detected (Fig. 6f).

Chromiites to titanian magnesian chromites contain 0.1-0.3 wt%
Zn0, 1.0-15.2 wt% T105, 3.9-5.1 wt% MgO and 7.9-11.9 wt%
AlyO3 (Table 4). They form subhedral grains and clusters
occurring in association with all other minerals (e.g., Fig. 3e).
Chromites show considerable variation in Ti content. If the
ulvospinel vector, M2+Ti4+ M3+_,, is plotted (Fig. 7a), a perfect
relationship is obtained with Mg (magnesioulvdspinel) the
most important divalent, and Cr the main trivalent cation
(Mg2+Ti4*+ Cr3*_; ). Two microprobe traverses (Fig. 6i,k) show
ulvospinel-enriched rims and asymmetric zoning.

Ilmenite (Ilmgg_gg; 6% of dark opaques) contains up to
0.7 wt% MnO (pyrophanite component), up to 4.7 wt% MgO
(geikielite) and up to 0.48 wt% CrOs (eskolaite). Ilmenites
are plotted together with the chromites in Fig. 7b, and an analysis
listed in Table 4.

All  phosphate grains found are merrillite
CagNa(Mg,Fe)(POy)7 (Dowty, 1977). Similar to other martian
meteorites (e.g., Mikouchi ef al., 2001) merrillite contains
considerable amounts of F (average 1.1 wt%), and traces of Cl

olivine SaU094
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FIG. 5. Fe-Mn compositions of olivine and clinopyroxene and anorthite-
K compositions of maskelynite in SaU 094 compared to compositional
trends (lines and shaded areas) given by Papike (1998). Insets show
compositions in the corresponding termary diagrams. Te = tephroite.

(Table 5) which point to either solid-solution with a structurally
similar "fluor whitlockite" or, as replacement of PO, by SiOy4
suggests, a solid-solution series with structurally similar silicate
members {e.g., Moore, 1983). Rare earth elements are only
present in trace amount and at the limit of detection by
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FIG. 7. Chromite (a, b) and ilmenite (b) compositions in SaU 094.
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Gnos et al.
TABLE 4. Oxides in SaU 094.
Chromite Ilmenite

Sample SaU094C  SaU094C  SaU 094B SaU 094B
Analysis  #17 #59 #21 Range #43
SiO, 0.09 0.17 0.03 0.02-0.79 0.04
TiO, 0.70 1.03 15.22 0.46-15.22 53.31
CryO3 60.58 56.58 31.03 31.03-61.05 0.48
V;,04 0.52 0.73 - 0.29-0.82 -
Al,O3 6.95 9.27 5.99 5.99-17.68 b.d.
Fey04 - - 2.17 (b.d.-3.20) 0.40
FeOyot 26.23 27.58 40.41 26.72-40.41 41.50
MnO b.d. b.d. b.d. b.d. 0.74
MgO 4.60 4.83 4.14 3.63-5.40 3.11
ZnO 0.27 0.11 0.14 b.d—0.33 -
NiO 0.08 0.13 0.12 b.d—0.19 b.d.
CoO b.d. b.d. b.d. b.d—0.11 -
Ca0O b.d. b.d. 0.09 0.01-0.32 0.15
Total 100.02 100.43 99.34 99.32-100.92 99.73
Si 0.003 0.006 0.001 0.001-0.021 0.001
Ti 0.018 0.027 0.408 0.021-0.408 0.991
Cr 1.665 1.533 0.874 0.874-1.604 0.009
Al 0.285 0.374 0.251 0.251-0.688 b.d.
Fe3+ b.d. 0.007 0.058 0.022-0.084 0.008
Fe2+ 0.762 0.781 1.263 0.810-1.263 0.858
Mn b.d. b.d. b.d. b.d. 0.015
Mg 0.239 0.247 0.220 0.189-0.273 0.115
Zn 0.007 0.003 0.004 b.d.—0.008 -
Ni 0.002 0.004 0.003 b.d.—0.005 b.d.
Co b.d. b.d. b.d. b.d. -
Ca 0.001 0.001 0.003 b.d—0.012 0.004
Abbreviations: —=not analyzed, b.d. = below detection limit.
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TABLE 5. Phosphates and sulfides in SaU 094.
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Merrillite Pyrrhotite Sulfide melt  Pentlandite
Sample SaU 094B  SaU 094B Range Sau 094C  SalU 094C Range SaUl 094C Sal 094C
Analysis  #9 #20 #2 #28 #17 #3
P,0s5 44.77 45.64  42.75-45.64 Cr b.d. b.d. b.d.0-0.54 0.07 b.d.
Si0, 1.38 0.36 0.36-1.64 Fe 60.47 55.85  55.37-63.04 63.04 37.21
Al O3 0.23 0.10 0.09-0.47 Mn 0.06 b.d. b.d-0.07 0.10 0.03
FeO 1.17 1.10 0.85-1.28 Zn b.d. 0.19 b.d.-0.21 b.d. b.d.
MgO 4.04 3.56 3.50-4.61 Ni 2.19 4.13 0.73-7.20% 0.45 29.17
CaO 46.15 4722  46.03-47.60 Co 0.03 0.10 b.d—-0.10 0.14 0.66
Na,O0 1.75 1.71 1.48-1.86 Cu b.d. b.d. b.d-1.11 b.d. b.d.
Cey03 b.d. b.d. b.d.—0.06 Se 0.05 0.03 b.d—0.08 b.d. 0.06
LayO3 b.d. 0.04 b.d.—0.07 As 0.04 0.04 b.d.—0.09 b.d. 0.05
Nd,03 0.08 b.d. b.d—-0.08 S 37.01 3722 36.44-38.09 36.08 33.42
Y,04 0.09 0.04 0.03-0.09
I3 1.16 1.05 0.50-1.28
Cl 0.09 b.d. 0.02-0.10
Total 100.31* 100.32* 99.18-100.44* Total 99.85 99.56  99.03-100.92 99.88 100.60
p 6.795 6.933  6.575-6.933 Cr b.d. b.d. b.d.—0.009 0.001 0.004
Si 0.248 0.065 0.065-0.297 Fe 0.938 0.893  0.843-0.965 1.003 5.110
Al 0.048 0.021  0.020-0.100 Mn 0.001 b.d. b.d.—0.002 0.002 0.003
Fe 0.175 0.165 0.128-0.191 Zn b.d. 0.003  b.d-0.003 b.d. b.d.
Mg 1.080 0.953  0.949-1.243 Ni 0.032 0.061 0.011-0.108 0.007 3.812
Ca 8.865 9.077 8.826-9.317 Co b.d. 0.001  b.d-0.001 0.002 0.086
Na 0.607 0.596  0.523-0.645 Cu b.d. 0.008  b.d.—0.008 b.d. b.d.
Ce b.d. 0.001  b.d—-0.013 Se 0.001 b.d. b.d.—0.001 b.d. 0.006
La b.d. 0.003  b.d.—0.005 As b.d.1 0.001% b.d-0.001% b.d.f 0.005%
Nd 0.005 b.d. b.d.-0.014 S 1.000% 0.9991 0.999-1.000% 1.000% 7.995%
Y 0.008 0.004 0.004-0.008
F 0.656 0.598 0.289-0.739
Cl 0.028 0.005  0.005-0.030

Abbreviations: b.d. = below detection limit. Detection limits at the 20 level were derived in the following way: (20) in ppm = 104 x 2.241/
(tior * Tpk * Ipi/Tpag) 172 where 1y, = total integration time in seconds, I = intensity on pure peak in counts per second, and fgg = intensity on
background in counts per second. Detection limits in ppm are: Ce, 200; La, 200; Nd, 450; Y, 250. Detection limits for Se and As in the
sulfides are 250 ppm. Relative 1o analytical uncertainties for these elements are 50-250%.
*Corrected for F, C1 = O.

tMaximum value where only small exsolutions occur.
INormalized to the elements marked.

microprobe. Yttrium is dominating, pointing to a heavy REE
enrichment.

The iron sulfide chemistry varies between FeS (troilite) and
Fe{(S;; (hexagonal non-magnetic pyrrhotite; Craig and Scott,
1974) with Fe/S ratios between 0.92 to 1.00 (Table 5).
Pyrrhotite also contains small amounts of Cr and Co (Table 5).
Due to the presence of irregularly distributed pentlandite inclusions
(Fig. 3; see also Fig. 9), pyrrhotite analyses show a wide range
of NiS contents of 0.9-7.2 wt% (Table 5). Areas free of
pentlandite exsolution typically contain 2.7-3 wt% Ni. Arsenic
and selenium are found to be at the detection limit, but
pentlandite (Table 5) seems to concentrate selenium.

The green shock glass pockets interpreted as shock-induced
melts have, according to the total alkalies vs. silica classification
(Le Maitre ef al., 1989), mainly a basaltic to basaltic andesite
composition (Fig. 8). Compared with a bulk analysis of SaU
005 (Dreibus et al., 2000; Table 2), the shock glass is commonly
enriched in SiO,, possibly due to partial recrystallization to
relatively Si-poor phases (e.g., olivine). The glass composition
of the largest pocket analyzed plots close to the SaU 005 bulk
composition (Fig. 8). However, the compositions of a few small
melt pockets strongly deviate from the bulk composition,
reflecting local melting of minerals (Table 2). Microprobe
profiles across two larger melt pockets (Fig. 6g,h) revealed no
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FIG. 8. Chemical compositions of impact glass (circles), fusion crust
(triangles), bulk composition calculated from microprobe mineral
averages and mode (star), and SaU 005 bulk composition (circle with
cross; Dreibus ef al., 2000) plotted in the TAS classification diagram
for volcanic rocks (Le Maitre ef al., 1989). Note the similarity of
fusion glass, larger melt pockets and calculated bulk composition
with SalJ 005. Some analyzed melt pocket glasses plot outside the
diagram boundaries near 38 wt% SiO; (see Table 4).

zoning in the optically homogeneous green glass. The sulfur
content is measurable but variable (Table 2).

Analyses of fusion crust glass are listed in Table 2 and shown
in Fig. 8. Its composition is very similar to the bulk-rock
chemistry of Dreibus ef al. (2000). The brown color of the
glass suggest the presence of ferric iron.

SHOCK FEATURES AND METAMORPHISM

SaU 094 is an unbrecciated, shocked gabbroic rock
displaying solid-state deformation features as well as finely
grained recrystallized areas along grain boundaries, and pockets
of shock-melted rock (Fig. 3c).

In pyroxene mechanical shock deformation produced
deformation bands, polysynthetic twin lamellae and fracturing.
Polysynthetic mechanical twinning subparallel to (001) with
twin spacing of 2—40 um dominates in such a way that pigeonite
appears like twinned magmatic plagioclase (Fig. 9a). The twin

Gnos et al.

boundaries are generally straight, sometimes slightly curved.
All pyroxene grains are irregularly fractured but one set of
fractures perpendicular to the prism is common. Sets of planar
fractures are restricted to areas around melt pockets. Along
pyroxene grain contacts and within the crystals fine-grained
granular corridors produced by frictional melting and
recrystallization are very common (Fig. 9b).

Based on experimental calibrations that relate refractive
index to shock pressure (e.g., Stoffler, 1984) the optically
isotropic, labradoritic maskelynite can be used for estimating
minimum shock pressure in SaU 094. Refractive indices
obtained for three maskelynite grains are 1.540 and twice 1.542,
indicating shock pressures in excess of 45 GPa (Fig. 10).

Olivine is characteristically yellow to dark brown (Fig. 9c¢)
and patchy and shows several sets of planar fractures and strong
mosaicism (Fig. 9d). Locally, the grains were melted, the melt
now visible as small crystalline grains and a bleached zone
(deformation-free, recrystallized olivine) separating the
oxidized olivine from the melt pocket (Figs. 3c and 10c). Areas
and veins of fine-grained recrystallized olivine are common
and quenched glassy olivine is locally preserved along melt
pockets where olivine crystals turn clear (recrystallization to
Fe2+-olivine). At the contact to melt pockets olivine shows
characteristically rounded (resorbed) edges.

Chromites behave brittly during shock metamorphism and
show several sets of parallel fractures. The same is observed
in the few phosphate grains. Compared with spinels, ilmenite
shows more intense shock fracturing and characteristic
mechanical twinning (Fig. 3¢). Chromite and ulvéspinel are
ideomorphic as inclusions in olivine and pyroxene, but rounded
(resorbed) in contact with shock melt.

The most obvious shock feature in sulfide grains adjacent
to silicate shock melts is complete or partial melting (Fig. 9e),
resulting in the formation of globular sulfide droplets
enclosing silicate droplets (Fig. 9f). One large pyrrhotite
grain (Fig. 9f) shows partial melting and a recrystallized
(grain size 5-10 um), polygonal, pentlandite-free transition
zone (50 um wide) towards unaffected, pentlandite-rich,
coarse polygonal pyrrhotite (grain size 20-50 um).
Pyrrhotite in the compositional range observed is hexagonal

FIG. 9. (right) Shock features in SaU 094. (a) Shock-induced mechanical twinning in pigeonite leading to a plagioclase-like appearance.
Crossed polarizers, section D, width of image 1 mm. (b) Shock-produced fine-grained polygonal granular bands of recrystallized pigeonite
in pigeonite. These bands characteristically occur at grain boundaries and commonly as parallel (crystallographically oriented?) swarms
within pigeonite grains. Crossed polarizers, section D, width of image 1 mm. (¢) Shock-oxidized olivine. At its left end, in the extension of
the melt pocket, the olivine turns dark brown (higher defect density) and at the direct contact to the melt pocket the olivine is reduced due to
in situ recrystalliation of the vitrified olivine. Plain light, section D, width of image 2 mm. (d) Olivine grain showing strong mosaicism.
Crossed polarizers, section D, width of image 1 mm. (e) Maskelynite quenched in a state of being injected by brownish melt from left to right.
Note the flow structures suggesting fluidization of maskelynite. Plane polarized light, section D, width of image 0.11 mm. (f) Pyrrhotite
showing transition from coarse polygonal crystals (with pentlandite exsolution lamellae; right) to finer polygonal crystals with small silicate
inclusions (center, dark speckles) to globular sulfide melt droplets set in silicate shock melt (left). Reflected light, oil immersion, section D,
width of image 0.11 mm. (g) Globular sulfide melt droplets in silicate melt. Note that the sulfide melt droplets show exsolutions of silicate
melt, and the silicate melt tiny exsolutions of sulfides. This suggests that maximum mutual solubility was reached. Reflected light, oil
immersion, section D, width of image 0.09 mm. (h) Grano-globular partly-melted sulfide inclusion in melt pocket. Note the grain boundary
areas full of silicate melt inclusions, whereas pentlandite exsolutions remain unaffected by melting in the central part of the grains. The
sulfide aggregate was subsequently crossed by a carbonate vein. Reflected light, oil immersion, section D, width of image 50 um. Msk = maskelynite;
Cpx = pigeonite; Ol = olivine.



Sayh al Uhaymir 094: A new martian meteorite 849




850
L L
n maskelynite
1.580 -
1.560 :
1.540 Sau094 |
1.520] 5
] g completely isotropic |
% 30 partially
1.5001 5 R -
w 254 completely crystalline
i 0O 20 40 60 8  100]
_ : : __ An[wt%] :
0 20 40 60 80 100
An[%]

FIG. 10. Minimum shock pressure estimate based on maskelynite
chemistry and optical refractive indices. The data indicate shock
pressures in excess of 45 GPa throughout the rock. Isobars are from
Stoffler (1984).

at room temperatures but no deformation were observed in
reflected light, suggesting complete recrystallization. Even
the least affected pyrrhotite grains are aggregates of
polygonal grains.

Shock-wave and ultra-high pressure experiments on Feg oS
and FeS compositions were conducted by Brown ef al. (1984)
and Williams and Jeanloz (1990). Their data indicate that shock
temperatures of ~3000 K at >45 GPa are needed to melt
pyrrhotite.  This temperature drops below 2000 K at lower
pressures (Fig. 11). Brown et al. (1984) noted phase transitions
of Feq ¢S with increasing pressure before it melts. This suggests
that the equigranular polygonal texture of the pyrrhotite grains
in SaU 094 was acquired either during recrystallization after
shock deformation (dislocation density too high and post-shock
temperature high enough), recrystallization associated with a
phase transition, or a combination of the two.

Gnos et al.

Shock melt pockets form up to 6.7 vol% of the rock. The
central parts of larger pockets generally consist of a fresh green
glass, locally containing sulfide melt droplets and vesicles
(Fig. 3¢). The glassy part is separated from the host rock
minerals by a dark (macroscopically black) zone of a very fine-
grained, polycrystalline silicates (Fig. 3c¢) also containing
globular sulfide droplets and angular oxide fragments. Based
on experimental work such melt pockets suggest local shock
pressure as high as 80 GPa (e.g., McSween and Stéffler, 1980)
accompanied by heating to 1600-2000 °C. The oblate
millimeter-sized vesicles are common in glassy and
recrystallized shock melts in SaU 094 (Figs. 2 and 3c) and have
a preferred orientation (Fig. 4).

Considering all shock features, the shock grade of SaU 094 is
S6, according to the scale for chondrites proposed by Stoffler et
al. (1991). In the original description of SaU 094 (Grossman and
Zipfel, 2001) which was based on small fragments lacking melt
pockets only S5 was estimated (optically isotropic maskelynite).

OXYGEN ISOTOPES

The oxygen isotopic composition of SaU 094 was initially
determined on a 18 mg untreated sample recovered from the
surface. Two oxygen isotope measurements on a surface chip
yielded 6170 2.50/2.51%o, 8180 4.30/4.28%o, 3170 0.27/0.30%o.
The low 6170 value probably is influenced by the presence of
terrestrial calcite. The 180 vs. 8170 values plot close to the
fractionation line defined by other Mars meteorites (Franchi et
al., 1999; Fig. 11). The O isotopic composition of SaU 094 is
one of the lightest of the known Mars meteorites, similar to
Chassigny.

DISCUSSION
Magmatic History

In comparison with similar shergottites like DaG 476/489/
670/735 (e.g., McSween and Treimann, 1998; Zipfel et al,,
2000; Folco et al., 2000; Mikouchi ef al., 2001) the minerals
and glasses in SaU 094 show little zonation (Fig. 6). This
implies that the minerals had enough time to chemically
reequilibrate during crystallization. Also, the grain size of the
groundmass is larger than in typical terrestrial volcanic flows.
Both criteria suggest crystallization in a plutonic to subvolcanic
environment. Oxygen fugacity conditions were near the Fe/FeO
buffer as indicated by the presence of chromite to titanian
magnesian chromite and Fe3*-poor ilmenite. Because of the
shock oxidation and the weak zoning of olivine megacrysts in
SaU 094 no attempts are made here to interpret them as
phenocrysts or xenocrysts. However, Zipfel (2000) described
the olivines in SaU 005, which we interpret as paired with SaU
094, as phenocrysts, and compared them with DaG 476 where
the large olivines were interpreted as xenocrysts (Mikouchi et
al., 1999; Zipfel et al., 2000).
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FIG. 11. Schematic diagram showing different steps in the formation of oriented vesicles in melt pockets. Note that not all parts of the rock
reached melting conditions. Sulfide melting curve is from Williams and Jeanloz (1990), the SiO, polymorph boundaries from Hemley e al.
(1994), all other phase boundaries from McDonough and Rudnick (1998). ms = milliseconds; min = minutes. For discussion see text.

Considering the trace element distribution, Zn and V are
strongly fractionated into chromites, Mn is slightly fractionated
into the oxides. Maskelynite concentrates K (and presumably
St, Ba, Cs, Rb). Co and Ni concentrate in pentlandite and
olivine. As, Se, and Cu fractionate mainly into pyrrhotite and
pentlandite. REEs are fractionated into merrillite but occur
probably also in the other Ca-phases clinopyroxene and
plagioclase.

Based on a content of 0.3 wt% sulfides and an average
pentlandite volume fraction of 0.085 in the sulfides (derived
from image analysis), the NiS fraction in the sulfides averages
7.1 wt%. Using a total Ni of 310 ppm (SaU 005; Dreibus et

al., 2000) and KD values for sulfide/silicate partitioning of Ni
from the compilation of Naldrett (1989), a range of 3.6-6.6%
NiS in the sulfide is predicted. Given the uncertainties, this
indicates that the Ni content of the sulfides corresponds to
magmatic equilibrium values. The detectable arsenic in the
sulfides in SaU 094 indicate that this phase probably is the
most important As carrier in the meteorite.

Shock Metamorphism

The shock oxidation of olivines in SaU 094 is similarly
strong as that in ALH 77005 (Osterdag et al., 1984) and Lewis
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Cliff (LEW) 88516 (Harvey ef al., 1993). This suggests a shock-
imprint under oxygen fugacity conditions that were relatively
high, probably near the martian surface or, alternatively,
terrestrial oxidation of shocked olivines. Itis evident that during
the early stage of shock imprint on Mars some shock-deformed
olivines along shock melt pockets melted and recrystallized as
clear (Fe3*-poor) olivine.

Interesting is the high amount, large size and the preferred
orientation of vesicles in Sall 094, to our knowledge not reported
from other shergottites. As the amount of shock melt is similar to
other shergottites (e.g., Dar al Gani in Table 1) this may, however,
indicate that they have been overlooked. It remains to be confirmed
that such oriented vesicles are additional evidence for very high
shock pressures (near a fragmentation value).

A model as to how such oriented vesicles may have formed
during shock deformation is shown in Fig. 11. An anisotropic
shock wave produces oriented deformation bands and fractures
in the bulk rock parallel to the main stress direction oy (a).
Olivine shock oxidation and crystal plastic, as well as brittle
deformation occur during this very early stage.
Decompressional heating induces melting in areas of highest
dislocation densities (b), and these melt herds propagate along
the prestructured rock upon decompression resulting in many
cases in elongated melt pockets (b, ¢). Mineral grain contacts
with appropriate minimum melting composition seem not
important because melt formation is seen within olivine and
pyroxene (see Table 2). The composition of the melt is
controlled by the local mineralogy, and only larger pockets reach
near bulk-rock composition. Although 2000 K may have been
reached at peak pressures (e.g., McSween and Stéffler, 1980),
reaching such temperatures by decompression melting is
probably more effective, and very likely in our case, where the
pyrrhotite melting curve is crossed at lower pressures. During
the cooling stage at low pressure silicate melt and fluid (vapor)
exsolve to produce globular fluid droplets in a silicate melt (c).
As cooling propagates from the walls of melt pockets to the
interior, fluid (vapor) migrates and coalesces in the central part
of the melt pockets (Fig. 3¢). The interplay of diffusion and
melt viscosity results in larger, elongated vesicles in the central
part of the melt pockets which are recognizable on the
tomographs (Fig. 2). Smaller globular droplets remain trapped
in the melt pocket glass. We suggest that also the shock melt
pockets have a preferred orientation. However, the tomographs
do not allow to distinguish shock melt from the rest of the matrix.
The elongated shock melt pockets with central, elongated hole
are visible in thin section (Fig. 3c). The proposed p-T-t path
suggest presence of ultra-high pressure phases like ringwoodite,
majorite or KAIS130g hollandite which were found in similarly
strong shocked martian meteorites (Lagenhorst and Poirier, 2000).

Low-Temperature Overprinting

If we assume that shock metamorphism occurred during
ejection from Mars, consequently, all oxidation products are

Gnos et al.

of terrestrial origin and SaU 094 shows no obvious signs of
pre-terrestrial aqueous alteration. This is also indicated by
the absence of pyrite which is present in the majority of
martian meteorites. Due to its maximum thermal stability
of 743 °C pyrite is an indicator of fluid-driven alteration
processes.

Comparison with Dar al Gani 476

Dar al Gani 476/489/670/735/876 and SaU 005/008/051/094
are similar in modal composition, mineralogy, grain size and
texture. Direct comparison of SaU 094 and DaG 476 in
backscattered images (Fig. 12) indicates that similar zoning in
pigeonite is found in both. The chemical variation in DaG 476
is stronger, and even macroscopically visible (Folco et al., 2000;
Mikouchi et al., 2001; Wadhwa et al., 2001; Zipfel et al., 2000).
Although irregular zoning patterns can occur in magmatic
pyroxenes (e.g., by replacement) the zoning is unlike typical
magmatic pyroxene growth zoning parallel to the crystal faces
(compare Fig. 12b and 12c¢). The relatively narrow Xy, range
of olivine in SaU 094 is similar to lherzolitic shergotties (e.g.,
McSween and Treimann, 1998) and below the maximum of
Fo7¢ found in DaG 476 (Mikouchi ef al., 2001). Moreover,
SaU 094 shows slight Mg enrichment towards olivine rims
(Fig. 6), whereas olivine rims in DaG 476 are Fe-rich. As
shock oxidation affects the Fe/Mg ratio of the olivines it is
difficult to deduce a magmatic history from the zoning. The
anorthite content of the maskelynite is also similar to lherzolitic
shergottites and higher than the anorthite content in basaltic
shergottites, except DaG. In SaU 005 (Zipfel, 2000; Goodrich
and Zipfel, 2001) the observed compositional ranges are Fogz_73
(olivine), EnygWog to Engy Wo 3 (pigeonite), Eng7 4ng 50W032
(augite) and Ansi 50193 09 (maskelynite). The observed
compositional ranges in SaU 094, and the mineral zoning further
support that SalU 094 and SaU 005/008 are paired.

A comparison of the magnetic properties of pyrrhotite
using the Bitter method (Soffel, 1991) showed that magnetic
pyrrhotite in DaG is significantly more abundant, consistent
with a stronger magnetization of DaG compared with SaU
as reported by Rochette ef al. (2001). Since rare magnetic
pyrrhotite is associated with weathering products in SaU 094,
and DaG is more strongly altered, the stronger bulk
magnetism of the latter may be related to its degree of
terrestrial alteration.

CONCLUSIONS

SaU 094 is a strongly shocked gabbroic shergottitic
meteorite with Iherzolithic affinities. Its chemistry is very likely
that of a basaltic shergottite. Low-temperature alteration
products apparently are all of terrestrial origin and there is no
obvious pre-terrestrial aqueous alteration. Besides the lower
degree of terrestrial weathering, the similarity with DaG 476
and paired shergottites is extremely high.
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FIG. 12. Comparison of backscattered electron images of pigeonite
zoning in DaG 476 (a) and SaU 094, obtained with the same detector.
Both samples show similar chemical zoning although the chemical
variation is larger in DaG 476. Note that the zoning in SaU 094 in
(b) is irregular within a crystal. Grain boundaries are more visible in
the optical microscope image (c). The chemical irregularities within
one grain are also reflected in the pigeonite single crystal traverses in
Fig. 6.
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