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Shock-induced deformation of Shergottites: shock-pressures and perturbations of mag
matic ages on Mars

A. El Goresy*, Ph. Gille?, MIYAHARA, Masaaki®, OHTANI, Eiji3, OZAWA, Shir?, P. Beck, G. Montagnat
LUniversitat Bayreuth?EPFL,3Tohoku UniversityUniversite Joseph FourietEcole normale superieure de Lyon

Shergottites and Chassignites practiced major deformation effects whose nature, magnitude and relevance were controversiz
evaluated and disputatively debated. Our studies of many shocked shergottites present, contrary to numerous previous repol
ample evidence for pervasive shock-induced melting amounting of at least 23 vol.% of the original labradorite, finding of several
high-pressure polymorphs and pressure-induced dissociation reactions. Our results cast considerable doubt on using the refract
index (R. I.) of maskelynite, in estimating magnitudes of peak-shock pressure in shergottites or ordinary chondrites because F
I. of maskelynite was first established after quenching of the feldspar liquid to maskelynite glass followed by glass dilation after
decompression and first at the closure temperature of relaxation. This procedure widely practiced in the past 38 years, reveal
unrealistic high-pressure estimates discrepant with the high-pressure mineral inventory in shergottites and with results obtaine
by robust static experiments. Shergottites contain the silica high-pressure polymorphs seifertite, a monoclinic ultra dense poly
morph of silica, stishovite, a dense liquidus assemblage consisting of stishovite + Na-hexa-aluminosilicate (Na-CAS) and botl
K-lingunite and Ca-lingunite. Applying individual high-pressure silica polymorphs alone like stishovite, previously practiced to
estimate the equilibrium shock pressure, is inadequate due to the considerable shift of their upper pressure bounds intrinsical
induced by spatially variable absorptions of minor oxides like@l, Na,O, FeO, MgO and Ti@. This revealed variable pres-
sure estimates within the same shergottite subjected to the same peak-shock pressure. Occurrence of Na-CAS + stishovite, lack
NaAlSiO, Ca-ferrite structured polymorph or jadeite indicates that the peak-shock pressures barely exceeded 22 GPa. We prese
convincing evidence to discard the claim that the shock-induced high-pressure inventory in shergottites and ordinary chondrite
resulted from local shock spikes in excess of 80 GPa and during the decompression stage. Such scenario calls for a series
incomplete and quenched retrograde reactions starting with Mg-silicate perovskite + magnesiowustite if formed above 80 GP
followed by majorite-pyropess + magnesiowustite below 23 GPa and 2000 degree, ringwoodite above 16 GPa, respectively ar
finally polycrystalline olivine at ambient pressure. Such incomplete retrograde reactions were never encountered in any shergo
tite, chassignite or shocked ordinary chondrite so far. Olivine-ringwoodite phase transformation commences with the coherer
mechanism producing ringwoodite lamellae with their (111) parallel to the (100) plane of olivine followed by the incoherent
mechanism due to build up of strain in the parental olivine. Application of experimentally obtained kinetic parameters of the
olivine-ringwoodite phase transitions reveal duration of the natural events for at least several seconds thus refuting the claime
decompression mechanism.

The shock-induced pervasive melting of labradorite and partial melting of clinopyroxene strongly suggests partial to complete
resetting of the Ar-Ar, Rb-Sr, Sm-Nd, Lu-Hf, and Hf-W radiometric systems. This also casts considerable doubt on the radio-
metric ages shorter than 575 Ma reported in the past 38 years to be the igneous crystallization ages. These short ages resul
from partial or total shock-induced age resetting.
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Dissociation of pigeonite in shock melt vein/pocket of Martian shergottites: Implications
for impact events on Mars

OZAWA, Shint*, Masaaki Miyaharh Ahmed EI Gores3, Eiji Ohtani', Gilles Montagnag, Philippe Gillet

IDepartment of Earth Science, Graduate School of Science, Tohoku University, Sendai 980-8578B3gmaisches Geoinsti-
tut, Universitat Bayreuth, D-95440 Bayreuth, Germaiaboratoire de geologie de Lyon, Ecole Normale Superieure de Lyon,
46 allee d'ltalie - BP 7000, 6934Ecole Polytechnique Federale de Lausanne, Lausanne, Switzerland

Itis widely accepted that SNC (Shergottites-Nakhlites-Chassignites) meteorites with a meteorite Allan Hills 84001 are derived
from Mars. Among the currently recognized 104 Martian meteorites, shergottite is the largest group with 88 members (Meteorit-
ical Bulletin Database). Shergottites are basaltic, olivine-phyric, or lherzolitic igneous rocks probably formed near the surface
of Mars. They are characterized by high degree of shock metamorphism [1, 2, 3, 4]. The shock metamorphic features and higt
pressure phases in Martian meteorites provide crucial information about the nature and history of impact events on Mars [4]
In this study, we investigated shock-induced features and high-pressure minerals in two basaltic shergottites Northwest Afric
(NWA) 856 and Zagami.

We conducted petrographic and mineralogical observations on polished thin sections of the samples using optical microscop
field emission scanning electron microscope (FE-SEM), micro-Raman spectrometer and electron probe micro analyzer (EPMA
Some identified high-pressure minerals were extracted from the thin sections by micro drill and processed by focused ion beat
system (FIB) to thin slices. The prepared slices were investigated by synchrotron X-ray diffraction experiments and transmissiol
electron microscope (TEM).

NWA 856 and Zagami have a basaltic texture, mainly composed of two pyroxenes (pigeonite, augite) and plagioclase glas
(maskelynite). They contain many shock-induced melt pockets. A shock melt vein is also observed in Zagami. In pigeonite
grains adjacent to these melt pocket/vein, we found a dissociation texture of pigeonite not reported so far. The grain margins c
the pigeonite adjacent to the melt pocket/vein seem to have dissociated into at least two different phases with different brightne:
(gray and white) in SEM-BSE images. The gray phase seems to have an idiomorphic crystal habit, whereas the white phas
is interstitial. Raman spectroscopy showed that the untransformed part retains the original pigeonite (clinopyroxene) structure
but the dissociated part seems to contain ringwoodite and majorite-pyrope garnet with pyroxene. The Raman bands of pyroxer
associated with this assemblage are relatively broad than that of the original pigeonite. The intensity of the peak at around 100
cm~! is significantly weaker than that of the original pigeonite. These features imply that this part contains pyroxene glass [5,
6]. This dissociation reaction is more coarse-grained and advanced in Zagami than in NWA 856.

Phase relation of diopside (CaM@8i) shows that diopside dissociates into majoritic garnet + (Ca, Mg)ypgdovskite at
18-22 GPa and 1400-1800 degree C, whereas into ringwoodite + stishovite at the same pressure and 1000-1400 degree C |
The assemblage of ringwoodite + majorite-pyrope garnet in the basaltic shergottites could be formed by dissociation of pigeonit
at 18-22 GPa and around 1400 degree C or in a increasing temperature 1400 degree C to-1400 degree C. The Raman
signals of the possible pyroxene glass might have been derived from that of vitrified (Ca, Mg)Sit¥skite. Since wadsleyite
or akimotoite were not identified, the pressure range may be more restricted to be 19-20 GPa.
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NANOSIMS STUDY OF SHOCK-INDUCED MELT VEINS IN THE ENRICHED LHER-
ZOLITIC SHERGOTTITE GROVE MOUNTAINS (GRV) 020090

LIN, YT *, FENG, LU, Sen Hd, Jianchao Zhang Jialong Had
IKey Laboratory of the Earths Deep Interior, Institute of Geology and Geophysics, Chinese Academy of

Introduction: GRV 020090 is a lherzolitic shergottite found in Antarctica [1]. The lower modal abundance of olivine, higher
abundance of plagioclase, more ferroan compositions of ma-fic minerals and higher REE-enrichment of phosphates [2] dis
tinguish it from most lherzolitic shergottites. GRV 020090 shares the same petrography and geochemistry of RBT 04262 [3],
probably sampled an enriched upper mantle of Mars or the top stratigraphy of the Iherzolitic shergottite igneous unit. Like othel
Iherzolitic shergottites, GRV 020090 experienced heavy shock metamorphism, as indicated by transformation of all plagioclase
to maskelynite and the presence of shock-induced melt veins [4]. However, complete extinction of maskelynite in the host rock
and preservation of olivine and pyroxene glass in the shock-induced melt veins suggest that GRV 020090 was quenched frol
the shock event, followed by little post-shock thermal metamorphism. In this study, we applied nanoSIMS to the shock-inducec
melt veins, in order to constrain the shock metamorphism.

Experiments and Results: A few shock-induced melt veins (up to 100 um wide) were ob-served in two polished sections of
GRV 020090, confined in the poikilitic part that consists of predominant low-Ca pyroxene oikocrysts with less abundant olivine
chadacrysts and minor chromite inclusions. Hence, fragments of the melt veins are composed of monominerals. 23Na+, 24Mg-
28Si+, 40Ca+, 52Cr+, 55Mn+ and 60Ni+ images of areas of 20x20 um were acquired in multi-collection mode of a CAMECA
nanoSIMS 50L at the Institute of Geology and Geophysics, Chi-nese Academy of Sciences. The O- beam of 5 pA and "600 nn
in diameter was used, and the mass resolution power was “6000.

Olivine grains adjacent to or entrained in the veins were transformed to ringwoodite - oli-vine glass assemblages, surrounde
by a layer of olivine glass with a Raman band at 666 cm-1. Element mapping revealed enhanced concentrations of Mg, Ca, M
and Ni in ringwoodite rela-tive to Si and olivine glass, with little variation in Na and Cr. Pyroxene glass with smooth sur-face
was found along the walls of the melt veins. Ca distribution shows presence of lamellasn(in width) in the pyroxene glass,
which are continuous to the host pyroxene. Coexisting with ringwoodite and majorite-pyrope solid solution, pyroxene grains
were converted to lamellae of akimotoite and amorphous material. Distributions of Ca, Na and probably Mn show lamellae with
an orientation different from the akimotoite lamellae.

Discussion and Summary: Presence of high-pressure polymorph assemblages of ring-woodite, majorite-pyrope solid solutiol
akimotoite and tuite in the melt veins suggests a shock-induced condition of 18-20 GPa, "1800C. The olivine glass has a Rame
band at 666 cm-1 simi-lar to the olivine dissociation assemblages [5] that composed of magesiowustite+poorly crystal-lized (Mg
Fe)SiO3. The nanoSIMS mapping reveals redistribution of elements during the phase transformation. Preservation of the Ca di
tribution lamellae in the pyroxene glass suggests that it was formed by solid-solid transformation without melting, or vitrified
from (Mg, Fe)SiO3 perovskite.

References: [1] Miao B., et al. 2004. Acta Geologica Sinica 78: 1034-1041. [2] Lin Y., et al. 2008. Meteoritics & Planetary
Science 43: A86. [3] Usui T., et al. 2010. Geochimica et Cosmochimica Acta 74: 7283-7306. [4] Lin Y., et al. 2011. JpGU [5]
Miyahara M., et al. 2011. Proceedings of the National Academy of Sciences of the United States of America 108: 5999-6003.
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High-pressure minerals in the Earth and planetary materials
TOMIOKA, Naotakd*, MIYAHARA, Masaak#

Hnstitute for Study of the Earth’s Interior, Okayama Universttinstitute of Mineralogy, Petrology and Economic geology,
Tohoku University

Shocked meteorites are the most important sources of high-pressure minerals in addition to impact crater rocks, diamon
inclusions and mantle xenoliths. In most cases, natural high-pressure minerals occur as submicron-sized grains. However, sta
of-art techniques such as transmission electron microscopy and synchrotron X-ray diffractometry enabled the identification o
such small crystalline grains. As a result, many of natural high-pressure phases of silicates and oxides have been discovered
the past 15 years. Textural, crystallographic and chemical characteristics of the natural high-pressure minerals provide us n
only the clues to understand the impact events of meteorite parent bodies, but also insights on the structure and dynamics of tl
deep Earth. In this talk, we summarize the occurrences and discovery histories of the natural high-pressure minerals.

Keywords: High-pressure minerals, phase transformation, meteorites, shock metamorphism, TEM
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Jadeite in shocked L6 and H6 chondrites

MIYAHARA, Masaakit*, OZAWA, Shint, OHTANI, Eiji!, KIMURA, Makoto?, SAKAI, Takesht, NAGASE, Toshird, Masahiko
Nishijima®, Naohisa Hirad

Tohoku University?Ibaraki University?IMR, JASRI

Feldspar in shocked meteorites transforms to its high-pressure polymorphs or amorphous (maskelynite). Synthetic experimer
indicate that jadeite is a dissociation product of albite; albite = jadeite + silica [1]. Jadeite as a dissociation product of albite exists
in and around shock-melt veins of shocked ordinary chondrites. However, the natures, occurrences and formation mechanism
the jadeite have not been clarified yet in detail. In this study, we observed jadeite as a dissociation product of albitic feldspar ir
and adjacent to shock-melt veins of the Yamato 791384 L6 (hereafter, Y-791384) and Yamato 75100 H6 (hereafter, Y-75100
ordinary chondrites by TEM subsequent to micro laser-Raman analysis and SEM observation.

We focused our investigations on six albitic feldspar grains in and adjacent to the shock-melt veins of Y-791384 and Y-75100.
Raman spectrum corresponding to jadeite was recorded from the albitic feldspar in the shock-melt veins, implying that jadeite
was formed subsequent to the breakdown of the albitic feldspar. Stishovite is the most likely silica phase because estimate
shock pressure in the shock-melt veins of the Y-791384 and Y-75100 based on equilibrated high-pressure polymorph assembla
is "15 GPa or more [2-4]. However, stishovite was not detected from present albitic feldspar including jadeite. TEM images show
that many massive or network-like assemblages of jadeite crystal exist in the albitic feldspar. Jadeite crystal is surrounded b
amorphous material having pseudomorph texture. The chemical composition of the amorphous material are varied, and plotte
between jadeite and silica phase. Recent high-pressure and -temperature synthetic experiments using albite as a starting mate
demonstrate that the nucleation rate of stishovite is significantly slower than that of jadeite [5]. Jadeite would crystallize from
albitic feldspar subsequent to polycrystallization in solid-state. Absence of stishovite is due to the critical differences of kinetics
between jadeite and stishovite.

References
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Shock History and Formation Mechanisms of High-pressure minerals in Grove Moun-
tains (GRV) L-chondritic meteorites

FENG, Lu*, M. Miyahar&, T. Nagasg, E. Ohtant, S. HU', A. EIGoresy, Y. Lin!

Hnstitute of Geology and Geophysics, Chinese Academy of Sciences, Ghistitute of Mineralogy, Petrology, and Economic
Geology, Tohoku University, JapariCenter for Academic Resources and Archives, Tohoku University, JafBaygerisches
Geoinstitut, Universitat Bayreuth, 95447 Bayreuth, Germany.

Introduction: Of 83 shocked Grove Mountains (GRV) ordinary chondrites, 21 L5-6 samples with melt veins were studied
with SEM, Raman, EMPA and FIB-TEM, in order to estimate the P-T conditions of the shock events, and discuss formation
processes of the high-pressure minerals.

Results: The matrix of the melt veins consists mainly of fine-grained majorite-pyrope solid solution and ringwoodite. The
host-rock clasts entrained in the veins are mostly rounded or ovoid. Ringwoodite, majorite, akimotoite, pyroxene glass, jadeite
lingunite and maskelynite were identified by Raman in the clasts.

We encountered abundant Olivine-Ringwoodite (Ol-Rgt) assemblages with novel textures and diverse chemical composition:
These assemblages contain FeO-depleted, dendrite-like Ol cores and FeO-enriched polycrystalline Rgt rims (up to 10 microm
ters in width). Nodule-shaped objects of Rgt islands also occur inside the Ol core parts of the large assemblages. The Rgt rin
and islands consist of idiomorphic Rgt crystals (" 1 micrometer) showing 128le junction. The dendritic cores are composed
of fine-grained Ol&= 100 nm) with interstitial Rgt crystallites. Rgt are Fe-enriched;{Fg), while Ol shows a bimodal Fa-
distribution (Fa_14 and Fas_s5). Difference in the FeO-contents between Rgt and Ol is up to 74 mol%. Intergrowth textures of
Ol grains with single crystals of Rgt were commonly observed.

Most low-Ca pyroxene grains entrained in the melt veins have been partially or entirely transformed into akimotoite-pyroxene
glass (Aki-Px Gl) assemblages. Idiomorphic Aki grains (100-400 nmy_k8) scatter in Px Gl (F§_39). The CaO contents
of Px Gl (0.4-4.5 wt%) are slightly higher than those of Aki (0.1-3.1 wt%) and the Px grains in the host rock (0.8-1.0 wt%).
However, the AJO5 contents of them are almost identical.

Discussion:The presence of majorite-pyrope solid solution and ringwoodite in the melt veins is similar to that reported in other
shocked L6 meteorites[1-3], suggestive of a peak shock pressure and temperature of 18-23 SRPa0&W®IC, respectively,
according to the phase diagrams obtained by high-pressure and -temperature melting experiments of Allende and peridotite
[e.g., 4].

The textural and compositional features of Ol-Rgt assemblages are suggestive of fractional crystallization from Ol melts [5-
6], starting with MgO-rich wadsleyite (ka4) followed by relatively FeO-richer olivine/wadsleyite ¢za-5) from the shock-
induced Ol melts. Rgt with high FeO-content {kags) crystallized from the residual melt. During the decompression, MgO-rich
wadsleyite probably transformed back to Ol of the same chemical composition.

The euhedral grains and heterogeneous compositions of Aki suggest crystallization from pyroxene melts. The FeO conter
of the Px Gl is significantly higher than the maximum solubility of FeO in perovskite under 18-23 GPa [7], which indicates that
the Px Gl could not have been back-transformed from preexisting silicate-perovskite. As crystallization of Aki with high Mg#
commenced, the residual melt became enriched in Fe and Ca, which quenched to Px Gl under high pressure.

It is generally accepted that the high-pressure polymorphs encountered in melt veins of meteorites were formed directly vie
solid-state transformation from their parental minerals [e.g., 8]. Our studies of OI-Rgt and Aki-Px Gl assemblages from GRV
chondrites supply with robust evidence for fractional crystallization from mono-mineral melts [5, 6, 9], which can be another
essential formation mechanism of high-pressure minerals.

References 1] Xie et al. (2006) GCA, 70, 504-515. [2] Chen et al. (1996) Science, 271, 1570-1573.[3] Ohtani et al.(2004)
EPSL, 227, 505-515. [4] Agee et al. (1995) JGR, 100, 17725-17740. [5] Miyahara et al.(2008) PNAS, 105, 8542-8547. [6] Miya-
hara et al. (2009) PEPI, 177, 116-121. [7] Ohtani et al. (1991) EPSL, 102, 158-166. [8] Xie et al. (2007) EPSL, 254, 433-445.
[9] Ferrior et al. (2009) MAPS, 44, A69.
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Rb-Sr isotopic systematics of alkali-rich fragments in Bhola and Yamato-74442
YOKOYAMA, Tatsunori'*, MISAWA, Keiji 2, Osamu Okanb
ISOKENDAI, 2AMRC, NIPR,?Faculty of Sci., Okayama Univ.

Introduction: Alkaline elements (potassium, rubidium, and cesium) are classified as large ion lithophiles and are enriched in
residual liquid phase during crystallization. Sodium, potassium, rubidium, and cesium are also classified as moderately volatil
elements and large fractionations are expected as a result of evaporation/condensation.

Alkali-rich igneous fragments were identified in the brecciated LL-chonderites, Krahenberg (LL5) [1], Bhola (LL3-6) [2], and
Yamato (Y)-74442 (LL4) [3-5], and show characteristic fractionation patterns of alkaline elements (e.g., Na 0.5xCl, K"12xCl,
Rb™45xCl, and Cs™70xCl [6]). The alkali-rich fragments in Krahenberg, Bhola, and Y-74442 are very similar in mineralogy,
petrography, and mineral chemistry, implying that they could have formed from related precursor materials [5]. In order to
understand origin of these alkali-rich fragments as well as to constrain timing of their formation and elemental fractionation, we
have undertaken Rb-Sr isotopic studies on alkali-rich fragments in Bhola and Y-74442.

Results and DiscussionAbundances of rubidium in the whole-rock samples of Bhola and Y-74442 are 2-10 times of those
of ordinary chondrites, indicating a contribution of alkali-rich fragments. Rubidium in four fragments from Y-74442 are highly
enriched; 20-180 times of those of ordinary chondrites. Two fragments (87-94 and 87-99) show an enrichment of rubidium ("80-
180x0OC) and a depletion of strontium ("0.2-0.3 x OC).

Alkali-rich fragments (Y-74442,87-101 and 87-114) yield a two-point isochron age of 4441+/-30 Ma (2 sigma) with an initial
87SrfSSr ratio of 0.7082+/-0.0085, indicating a young age with a slightly high inffigrf°Sr ratio compared with those of
Krahenberg (T=4656+/-33 Ma®{Srf5Sr);=0.6994+/-0.0011; recalculated by Rb decay constant)=1.402 x 10a 1)[1].
Relatively young**Ar-4°Ar ages of "4200 Ma were reported for alkali-rich fragments in Bhola [7] and a whole-rock sample
of Y-74442 [8], which suggests that they suffered impact event(s) with the partial degassing of argon, and that their alkaline
fractionation might have occurred prior to the impact event(s).

An alkali-rich fragment in Y-74442,101-2 shows porphyritic texture: subhedral olivines are ("50 um in size) embedded in
microcrystalline pyroxene ("5 um in size) and alkali-rich glass groundmass, suggesting that the temperature did not excee
liquidus, and that the fragment was cooled more slowly. The difference in thermal history among alkali-rich fragments will
provide a clue of their "formation” processes. We suggest one of the possible formation processes of alkali-rich fragments i
impact heating.

The alkali-rich fragments in Krahenberg and Bhola possess flat REE patterns [6]. Geochemistry (i.e., solid/liquid fractionation
process) could not be responsible for the enrichments of heavier alkalis in the Krahenberg, Bhola, and Y-74442 fragments
Taking into account for the lack of detectable potassium isotopic fractionation in the Krahenberg fragment [9] along with the
old formation ages of "4.56 Ga for the Krahenberg [1], the alkaline elemental fractionation of the precursor materials could have
occurred during an early stage of solar system evolution. After the elemental fractionation events, the fragments might be partl
melted by impact(s).

References{1] Kempe W. & Muller O. (1969) Meteorite Res., pp. 418. [2] Noonan A. F. et al. (1978) Geol. Survey Open File
Report 78-701, 311. [3] Yanai K. et al. (1978) Mem. Natl. Inst. Polar Res. Spec. Issue 8, 110. [4] Ikeda Y. & Takeda H. (1979)
Mem. Natl. Inst. Polar Res. Spec. Issue 15, 123. [5] Yokoyama T. et al. (2011) LPS XLII, Abstract #1941. [6] Wlotzka F. et al.
(1983) Geochim. Cosmochim. Acta 47, 743. [7] Trieloff M. et al. (1994) Meteoritics, 29, 541. [8] Kaneoka I. & Nagao K. (1993)
Proc. NIPR Symp. Antarct. Meteorites, 6, 88. [9] Humayun M. & Clayton R. N. (1995) Geochim. Cosmochim. Acta 59, 2131.
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Insights from silica minerals on chondrule formation, metamorphism and impact process
ing of EH chondrites

FAGAN, Timothy'*, KOMATSU, Mutsumi, Sho Kataokéa
Waseda University, Tokyo, Japan

Unusual sulfide minerals, Si dissolved in metal and the FeO-poor compositions of mafic silicates attest to the formation anc
metamorphism of enstatite chondrites (ECs) at low oxygen fugacities. Because of these unusual conditions, some metamorpt
reactions in ECs are different from those of ordinary and carbonaceous chondrites [1]. Furthermore, shock events have affects
the thermal histories of ECs [2]. Therefore, it has been difficult to infer metamorphic sequences for the ECs and to distinguisr
effects of nebular processes from thermal and shock metamorphism. In this study we focus on textures and phases of silica
distinguish nebular vs. metamorphic crystallization events in three EH chondrites.

Our main results are from three polished thin sections of ALHA81189 (EH3), ALH 84170 (EH3) and St. Marks (EH5). Other
enstatite chondrites were used for comparison. Thin sections were examined using petrographic microscopes. Mineral analyse
elemental maps, and back-scattered electron images were collected using a JEOL JXA-8900 electron microprobe at Waseda U
versity. Silica polymorphs were identified by Raman spectroscopy using a Jobin Yvon LabRam 300 Raman micro-spectromete
[Horiba, Ltd.] at Waseda.

Chondrule textures and the clastic matrix characteristic of type 3 enstatite chondrites [3] are easily identified in ALHA81189
and ALH 84170. These rocks contain coarse olivine. Silica is also present, often as fine-grained rims around chondrules. Th
presence of olivine with silica is evidence of the unequilibrated state of these two samples. Disequilibrium is also indicated by
the wide range in Mg/(Mg+Fe) of pyroxene and olivine. Some of our Raman spectra from silica in the two samples are ambigu-
ous, perhaps due to fine grain sizes, poor crystallinity, or the presence of some glass. Nonetheless, Raman spectra indicate t
cristobalite is present in both samples. No other silica polymorph was identified in ALHA81189. Quartz was identified in ALH
84170 and some ambiguous spectra suggest tridymite. Tridymite and quartz, as well as cristobalite and glass, were identified
ALH 84170 by Kimura et al [4], who also used Raman spectroscopy.

In contrast to the two EH3 chondrites, original chondrule/matrix textures have been recrystallized in St. Marks, though some
chondrules can still be recognized. No olivine was identified in St. Marks, and almost all of the pyroxene is Fe-poor. Silica occurs
as coarse equant crystals. Raman spectra from silica in St. Marks are clear and all of our spectra indicate quartz, consistent wi
[4].

With the exception of some relict chondrule textures and rare Fe-rich pyroxene, St. Marks has been thoroughly recrystallizec
during parent body metamorphism. Although we cannot be certain that peak metamorphic temperatures were in the quartz st
bility field, the universal occurrence of silica as quartz in St. Marks suggests that this is likely.

Only one silica polymorph (cristobalite) was identified in ALHA81189; based on this observation alone, ALHA81189 could
be interpreted as an equilibrated chondrite. However, as discussed above, other parameters indicate the unequilibrated condit
of this sample. The abundance of cristobalite is due to high temperatures and rapid cooling associated with chondrule formation

Several silica polymorphs are present in ALH 84170, indicating disequilibrium. Two interpretations are possible. (1) Quartz
formed in situ during metamorphism of ALH 84170, and cristobalite, tridymite and silica glass are relict phases from chondrule
formation. (2) Quartz in ALH 84170 formed during metamorphism of a previously existing rock and was mixed with the other
silica phases during impact processing.

References: [1] El Goresy A. et al. (1988) Proc. NIPR Symp. Ant. Meteorites 1, p. 65-101. [2] Rubin A.E. et al. (1997) GCA
61, p. 847-858. [3] Rubin A.E. et al. (2009) MaPS 44, p. 589-601. [4] Kimura M. et al. (2005) MaPS 40 p. 855-868.

Keywords: enstatite chondrites, silica, chondrules, metamorphism, shock
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First discovery of a heavily shocked CM carbonaceous chondrite
NAKAMURA, Tomoki*, Katsuki Yoshioka, Aiko Nakatd, Masaaki Miyahara
Tohoku University

Collisional impact events are a fundamental process for the evolution of solar-system small bodies. The impacts on the ac
teroids result in shock deformation and localized melting in chondritic meteorites. We are able to elucidate the nature of shocl
events based on the analysis of shock-induced features in meteorites. Cracking, deformation, and phase transformation by i
pacts are commonly observed in ordinary chondrites. However, carbonaceous chondrites are known to have escaped intens
shock metamorphism. One of plausible explanations for this difference is that large amounts of volatiles in carbonaceous chor
drites promote destructive explosion upon impacts and therefore the impacted materials fragmented into small pieces and do n
become meteorites (Tomeoka et al.1999).

Some of CV3 chondrites show chondrule flattenning and a preferred orientation due to impacts (Nakamura et al., 1992). Expe
imental impacts on a CV3 chondrite reveals that "10GPa impact is needed to reproduce recognizable chondrule flattening (199
2000). On the other hand, CM chondrites that are more enriched in water than CVs are almost free of shock metamorphisr
(Scott et al. 1992) and thus no CMs have been found to show chondrule flattening. In the present study, we found CM chondriti
METO01072 shows chondrule flattening and high densities of cracking of matrix materials perpendicular to compaction axis. In
addition to chondrules, PCPs are heavily compacted and deformed, exhibiting flow-like texture along with chondrule surface
The cracks normal to shock compression axis was reproduced in the impact experiments on Murchison CM chondrite (Tomeok
et al. 1999). The cracks might have been generated due to dehydration of water-bearing minerals during pressure release, |
synchrotron X-ray diffraction (S-XRD) analysis indicates that serpentine is still dominant in the matrix of MET01072.

In order to estimate shock temperature, a small piece of PCP (30x15x15 microns) was separated using FIB and exposed
X-rays for diffraction. Tochilinite in PCP has a very low decomposition temperature ("250C) and thus it is the most sensitive
temperature indicator. S-XRD analysis showed that tochilinite in the PCP is not completely decomposed and gave broad diffrac
tions. This result suggests that shock temperature might have exceeded tochilinite decomposition temperature, but the durati
was too short for complete decomposition.

Nakamura T. et al. (1991) EPSL 114, 159-170.
Nakamuta T. et al. (1995) MAPS 30, 344-347.
Nakamura T. et al. (2000) Icarus 146, 289-300.
Scott E. R. D. et al (1992) GCA 56, 4281-4293.
Tomeoka K. et al. (1999) GCA 63, 3683-3703.
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High-pressure phase relations in FeCr204 with implications to post-spinel phases ir
shocked meteorites

AKAOGI, Masaki'*, Shouichi Tsukamotq KOJITANI, Hiroshit
LGakushuin University, Faculty of Science

Studies on natural high-pressure minerals in shocked meteorites may provide valuable information on shock events of the mq
teorites, as well as mineralogy and dynamics of the Earth’s deep mantle. High-pressure polymorphs of FeCr204-rich chromit
were found in a shocked chondrite by Chen et al. (2003a, b). The polymorphs have structures of calcium-ferrite (CaFe204
type and calcium-titanate (CaTi204) type, the latter of which was named xieite. However, the high-pressure stability relations in
FeCr204 have not yet been well clarified.

In this study, we have examined the phase relations in FeCr204 to apply the results for evaluation of pressure-temperatul
conditions of formation of the natural FeCr204-rich high-pressure polymorphs in the shocked meteorite. The high-pressure ex
periments were carried out up to about 27 GPa and 1800 oC, using a multianvil high-pressure apparatus. The quenched samp
were examined by microfocus and powder X-ray diffractometers, and the compositions were analyzed by a scanning electro
microscope with an energy-dispersive X-ray spectrometer.

Above about 14 GPa, FeCr204 chromite with the spinel structure dissociates into an assemblage of a new Fe2Cr205 pha
and Cr203 with corundum structure. The new Fe2Cr205 phase has the same structure as a high-pressure form of Mg2AI2C
found recently by high-pressure experiments in MgAI204 (Enomoto et al., 2009, Kojitani et al., 2010). The two phases combine
at 16-19 GPa into the FeCr204 polymorph with the calcium-ferrite structure below about 1300 oC, while they combine into
the other polymorph with the calcium-titanate structure above about 1300 oC. Both of the calcium-ferrite and calcium-titanate
phases are stable up to at least 27 GPa. These results suggest that the natural FeCr204-rich calcium-ferrite and calcium-titan
were formed at pressure above 19 GPa at temperature below and above 1300 oC, respectively, during the shock event. This
generally consistent with the texture observation of the two FeCr204 polymorphs in the shocked meteorite.

Keywords: meteorite, shock compression, FeCr204, post-spinel, high pressure
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Formation of metastable seifertite
KUBO, Tomoaki*, KATO, Takumi', DOI, Naokd, HIGO, Yuii?

IKyushu Univ.,2JASRI

Seifertite is a polymorph of silica with alpha-PbO2 type structure that was found in the heavily shocked Martian meteorite (e.g.,
El Goresy et al., EJIM2008). This phase is thermodynamically stable at more than 90 GPa corresponding to the base of Eartt
matntle (Murakami et al., GRL2003). However it has also been known that this phase metastably appeares from cristobalit
at around more than 40 GPa and room temperature (Dubrovinsky et al.,, CPL2001). In this study, we focus on the kinetics o
metastable formation of seifertite as important constraints on shock conditions of meteorites containing silica phase.

We have carried out high-pressure and high-temperature in-situ XRD experiments of quartz and cristobalite using a Kawai
type apparatus (SPEED-1500) at BLO4B1 of SPring-8. Diffraction peaks of both quartz and cristobalite became very broac
with pressures during cold compression, suggesting that the partially amorphization occurred. In the experiments of quartz, w
observed sharpening of diffraction peaks and complete amorphization when heating at around 19 and 23 GPa, respectively.
both cases, stishovite appeared at more than 500-600C without formation of seifertite. Whereas in cristobalite, we observe
formation of seifertite before appearance of stishovite when heating at 11-23 GPa. In the time scales of tens of minutes, th
formation temperatures decrease from 500C to 200C for seifertite and increase from 600C to 800C for stishovite with pressure:
As a result, the metastable field of seifertite can be kinetically defined, which expands to much lower pressures than previousl
thought. Further analyses of kinetic data obtained enable to estimate the P-T-t conditions for the presence of seifertite in shocke
meteorites quantitatively.
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Vaporization of MgSiQ from First Principle Molecular Dynamics Simulations and Im-
plications for Planetary Impacts

ZHANG, Zhigand*, Lars Stixrudé

IKey Laboratory of the Earth’s Deep Interior, Institute of Geology and Geophysics, tpartment of Earth Sciences, Uni-
versity College London

During the planetary impacts, large amounts of vaporized debris can be generated by releasing highly compressed materic
adiabatically and intersecting the liquid-vapor phase envelope. They have long been recognized to be important for the chemici
equilibrium and dynamics in the aftermath of giant impacts. However, present knowledge of the liquid-vapor phase equilibria anc
vapor phase speciation of silicates is extremely scarce or completely unknown over much of the relevant range, which makes tt
degree of impact-induced vaporization impossible to estimate accurately and therefore hinders our understanding of planeta
formations and evolutions.

In this study, we have studied the vaporization of liquid Mgsfom first principle molecular dynamics simulations over
unprecedentedly high temperature regime (from 4000K to 8000K). Heterogeneous simulations involving two coexistence phase
have been carried out with initial conditions prepared by first running a one-phase liquid simulation and then embedding the fina
shapshot in a large simulation cell that consists mostly of vacuum. The interfaces between the phases were then identified v
the Gibbs criterion, which allows us to determine the densities and compositions of liquid and vapor phases in each snapshc
Speciations in the gas phase were inspected through bond-length criteria and analysis of the charge densities. The location of t
critical point was finally estimated.

While the finite-size effects and phase behaviors of the other systems await further investigations in our subsequent studie
the ab initio simulation results in this study provide new constraints on silicate vaporizations and substantially reduce current
uncertainties on the critical temperature and speciation. These may greatly affect the amount of vapor produced in giant impac
the composition of the first atmosphere overlaying the hadean magma ocean and potentially alter the accretion history of terre
trial planets.

Keywords: vaporization, first principle, impact, heterogeneous, phase equilibrium, silicate
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Timescale of the cetral peak formation suggested by impact melt distributions within lunar
complex craters

KURIYAMA, Yutaro'*, OHTAKE, Makiko?, HARUYAMA, Junichi?, IWATA, Takahirc®
LEarth & Planet. Sci.,Univ. of Tokyo / ISAS, JAXAJSAS, JAXA

Introduction: There have been many studies on impact cratering, but the formation process of complex craters with central
peaks has not been understood well. The timescale for the rise of central peaks has been discussed on the base of observatio
the terrestrial impact structures whose impact melt sheets surround the central uplift [1, 2]. However, recent studies suggest th
there seems to be smooth surface material not only on the floors but also on the central peaks in several lunar craters, suggest
an impact melt [3, 4]. But there is little description that how impact melts extend on the central peaks. In this study, we analyzec
both occurrences and the composition of impact melts on the central peaks of two relatively fresh lunar complex craters, Jacksc
(22N, 197E, 71km diameter) and Tycho (43S, 11W, 85km diameter), in attempt to constrain cratering formation.

Method: Each mineral or impact melt exhibits unique spectral absorption depending on their compositions. We used the nine
spectral bands data (415-1550nm) of the Multiband Imager (MI) on SELENE [4] to estimate mineralogy by comparing with the
data from the RELAB Spectral Database (Apollo samples) [5]. Topographic data was also derived from MI. In addition, we used
Lunar Reconnaissance Orbiter Camera (LROC) image data whose resolution is 0.5m per pixel [6] to identify impact melts with
flowing structures or droplets.

Results: Based on the MI spectral and topographic data, there are primarily three zones on the central peaks: the steepest slo
zones with the plagioclase spectral absorption pattern, the intermediate slope zones with the pyroxene pattern, and the gent
zones with the impact-melt-glass pattern like floor-melt pattern. There is no clear boundary of absorption patterns betweel
pyroxene and melt-glass zones, but they change continuously.

LROC data revealed smooth surfaced melt patches, melt lobes, and cooling cracks on the central peaks as well as in the floc
and on the wall terraces in both of Jackson and Tycho, and there was no droplet pattern. Many of these melt-related features we
found in the zones which have melt-glass spectral pattern and were also observed in the pyroxene zones.

Discussion and ConclusionsT he extent of the melting features observed by LROC and the MI spectral data of the two craters
demonstrate that there are impact melts on the central peaks. Since impact-melt-glass zones and pyroxene zones exhibit spec
continuities and melting morphologies, we consider that both of these zones are impact melt origin. Therefore, the central peak
uplifted from under the impact melt sheets because massive, homogenous melts covered the peaks, and there are no droj
features.

Melosh and Ivanov (1999) explained that central peaks had formed before impact melt sheets solidified, since melt sheef
extend around the peaks [2]. This study, however, exhibits the impact melts on the top of the central peaks. Therefore, wi
consider that central peak formation of craters of these size are not before melts solidification but almost same timescale withi
a few minutes.

References:[1] Melosh H. J. (1989Ympact Cratering -A Geologic Proces®xford, New York, New York, USA. 245 pp.
[2] Melosh H. J. & Ivanov B. A. (1999Annu. Rev. Earth Planet. S¢cR7, p.385-415. [3] Dhingra D. and Pieters C. M. (2011)

LPSC 2025-2026. [4] Ohtake M. et al. (200¥ature 461, 236-241. [5] RELAB Spectral Database by Brown University,
http://www.planetary.brown.edu/relabdocs/retiibclaimer.htm. [6] Robinson, M. S. et al. (2018pace Sci. Rey150, 81-124.

Keywords: impact crater, impact melt, central peak, moon, SELENE
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