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ABSTRACT
In thispaper wediscuss the occurrencel@bermannite (IMA 2013-128),
KAISi30g, a new shock-generated, highressure tetragonal hollanditge

structuresilicate minerglin the Zagami basaltic shergottiteeteorite. Liebermanite
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crystallizes inspace groupd/mwith Z = 2, cell dimension®f a = 9.15+0.14 (&) A,
c=2.74+0.13 A, and a cell volume of 229+19 (for the type materiy) as revealed
by synchrotron diffraction. In Zagami, liebermannikely formedvia solidstate
transformatiorof primary igneous Keldsparduring an impact event that achieved
pressures of20 GPa or morelrhe mineral namesiin honor of Robert C.
Liebermanna highpressuremineral physicisat Stony Brook UniversityNew
York;"USA.

INTRODUCTION

Basaltieishergottites provide key insights into igneous processes on Marsl¢&geen
1994; Bridgesrqand Warren 2006) but they are also highly sh@Ekéziet al 2005), thereby
providing information about shock conditions during the excavation of samples from the planet
and of $iock processes in generald.,Stoffler et al 1991 Sharp and DeCarli 2008eck et al.
2007). Shoked meteorites are alsioe main source of natural samples of hjglessure minerals
(e.g., Binnswetal. 1969; Smith et al. 1970; Price et al. 1983; Sharp et al. 1997; Tonaloka et
1999; Tschauner et al. 2014; Walton et al. 2014; Ma et al. 2015b, 2016, 2017), many of which
are rockforming in the deep Earth or important carriers of incompatible eler(eigts Stixrude
and LithgewBertellani 2012; Kawai and Tsuchiya 2013).

Silicate hollanditesreof particularinterest because dieir affinity for large, low-
valence cationsThis affinity istheresult of a structure consisting of edge-sharing octahedra that
form chains"parallel to theaxisandare cornetlinked to form cavities containing K and other
large cations«(Bystrom and Bystrom 1930alsomakeshollandites ptentially important
carriers of large ion lithophile elemenisthe Earth’s mantland, henceamportant contributors
to the Earth’s heat budget (Zhagigal. 1993; Yagi et al. 1994; Harlow and Davies 2004; Ferroir
et al. 2006).Lingunite, NaAIS;Os in the hollandite-type structure, named and approved as a
new mineral (IMA 2004-054; Liu and El Goresy 2007), has been observed in ordinary chondrites
(e.g., Gilletet'al. 2000; Kimura et al. 2003). Here, we report the occurrenebaifiannite,
KAISi 303 intthe tetragonal hollanditigpe structurebserved irthe martian shergottite Zagami

and on the implications dhis newhigh-pressure silicate for the Zagami impact event.
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Naturaloccurrencsof liebermanniteverepreviouslydescriled by Langenhorst and
Poirier (2000) and Beck et al. (200B)the basaltic shergottites Zagami and Northwest Africa
(NWA) 480 These authors characterized the phageganalytical transmission electron
microscopy anelectron probe microanalysiE®PMA) in combination witrRamanspectroscopy.
However, ngguantitative structural analysis was presenié@ pesentwork representthe first
report ofliebermanniteasa mineralapproved by the Commission on New Minerals,
Nomenclature'and Classificationtbie International Mineralgical Association (IMA 2013-128
(Maet al. 2014). The name liebermannite honors the mineral physicist Robert Liebeaihann
Stony Brook University for his many contributions to the experimental study of phases at
elevated pressas and temperaturés.g., Liebermann 1970, 2014)a et al. (2014b, 2015a)

providedpreliminary reports on the results of this study.

SAMPLE AND METHODS

The,Zagami meteorite, which fell at Zagami, Katsina Province, Nigerfactober 3,
1962, is agartianenrichedbasaltic shergottitée.g., Bridges and Warren 2006) with abundant
black shock veins (e.g., McCoy et al. 1992). It is one of only five marte&troritefalls (versus
~100 martian meteorite findsYhe type materiabf liebermannite, identiéid ina Caltech
Zagami_thin“sectiofFig. 1a), has been deposited in the collections of the Smithsonian
Institution’s National Museum of Natural History, Washington DC, USA, urefgistration
number USNM 7619.

Eleetron,microprobe analysis (EPMA), higesolutionscanning electron microscope
(SEM), eleectron baclscatter diffraction (EBSD)ynchrotron Xray diffraction, and micro-
Raman analyses were used to characterizepbemenBackscattereclectron (BSE) imaging
was performed using@arl Zeiss, ILC 1550VP field emission SEM. The EBSD analyses were
performed.using an HKL EBSD system on the ZEISS 1550VP SEM. Chemical analyses were
performedwith.a JEOL 8200 electron microprobe (WDS: 15 kV, 5 nA, beam in focused mode)
interfaced.with the Probe for BFA program from Probe Software, Inc. Standards for analysis
were Asbestomiicrocline (SKa, AlKa, KKa), syntheticanorthite (C&«), Ameliaalbite (N&a),
syntheticfayalite (F&a), synthetidorsterite (MKa), syntheticTiO, (TiK«), syntheticCr,O3
(CrKa), and synthetidin-olivine (MnK«). Counting times were 20 s on-peak and 10 s each on

high and low background positior@uantitative elemental microanalyses were processed with
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the CITZAF correction procedurdimstrong1995 and analytical results are givenTiablel.
The detection limits @& 0.05 wt% Si, 0.04 wt% Ti, 0.06 wt% Al, 0.06 wt% Fe, 0.02 wt% Mg,
0.02 wt% Ca, 0.03 wt% Na, 0.02 wt% K, 0.05 wt% Cr, and 0.06 wt%I¥Me.accuracy is-2%
for Si, Al, Ca, Na and K, based analysis of feldspar standards as unknowns.

Synchrotron diffraction data were collected at beamline 12.2.2, Advanced Light Source
(ALS), Lawrence Berkeley Laboratory, using a primary beam energy of 25.000 keV (0.59494A)
monochromatized by a double crystal Si 111 monochromator. Tiag Keam was focused &0
20x15pum?areaby vertical and horizontal Kirkpatri€laez mirors, and diffraction data were
then collected using a MAR 345 image plate detector vdlhthe only physical axis of rotation
over 80 degreesaken inl degree incrementddditional data were obtained beamline 13
IDD, GSECARS Advanced Photon SourcARS), Argonne National Laboratory, which was run
using a primarylbeam energy of 40.0@0/ focused to 8x4 um? areaand a Rayonix MAR 165
CCD areadetector.

Raman.spectra of liebermannite, silica, and lingunite were obtained using a 514.3 nm
solid-stateflaser in a Renishaw M1000 migtaman spectrometer system with a spot size of ~2
um. The nethodsweredescribed in Ma and Rossman (2008, 2008 collectednumerous
spectraonoeeurrences diebermanniteand lingunite in USNM 7619 using varioagproaches
(e.g., various laser powers, focused and defocused beanadlecounting times) bt all of the
spectra were featurelesa contrastRaman spectraf surrounding augite and pigeonite and of
synthetic pure_ liebermanniteere well defined. We discuss the reasons for the lack of detectable
Raman shifts imaturaltypeliebermannite below

IR reflectance spectiaf synthetic and natural liebermannitereobtained at beamline
5.4 at the'Advanced Light Source, Berkeley, using a memanyrium telluride detector, KBr
beamsplitter, 0.48 crhresolution and 1014 um? spatial resolution. Dataere collected in
mapping moede:with ax& um? grid. Raman and IRpectra were calculated with a formenstant
model (Dowty*1987) usingpfce constants obtained by fitting the Raman spectra of stishovite

and synthetic liebermannite.
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RESULTS

Occurrence

The Zagamithin section (USNM 7619) is dominated by augite, pigeonite and
maskelynitewith minor mesostasis and accessory silica, merrillite, apatite, fayalite, ilmenite,
titanomagnetite, baddeleyite, and pyrrhotiténe Dasic petrography is consistent vatiNZ
(“normal Zagami”)lithology (Stolper and McSween 1979; McCoy et al. 198 ock nelt
pocketsandveinsarevolumetricallyminor in USNM 7619arelatively smallthin section, 6 x
10 mnf) an@"we observed only onéeach Thus, highpressure phase assemblagdsich are
typically associated witlshockmelt veins and pocketsccur heterogemeisly, shock phasethat
we observed imUSNM 7619 includgishovite, lingunite, liebermannitas we discuss in this
paper), maskelynitg, highpressuregalcium-aluminosilicatgphasezagamiite(Ma et al. 2017
Ma and Tschauner 2017), and a new type of tissintite (Ma and Beckett Z&diirtite has also
been reported (El Goresy et al. 200Bjterature descriptions of shoecketamorphighases in
Zagamicanbe found inBeck et al(2004, 2005), Langenhorst and Poirer (2000), and
Malavergnesetal2001).

A first'eccurrence oliebermannitevasobservedvith lingunite, silica, ilmenite and
baddeleyitesurrounded by augipigeonite with nearby maskelynite atitdnomagnetit€Fig.
1g this is.the typenateria). A second occurrence of liebermannite is associaigdsilica,
chlorapatite and baddeleyit€ig. 19. A third occurrence is shown in Fig. 1c, close to the type
occurrencelLiebermannite in Zagami is colorless and transparent in plane dghtrringin
aggregates WP oyl 5 um across within regions of 1000 — 4000um?. In the type occurrence (Fig.
13, individual€rystallites are-20 um in diameter; grains are smalleprhh diameter or lesén
theseond occurrence (Fig. 1b), where they form textured aggreget@svealed by
synchrotron diffraction

According to Stolper and McSween (1979)rish mesostases are more reddish in plane
polarized light.than Kpoor mesostases. Reconnaissance tests rothiiir observatiofor
reddish Krich mesostases (includingfi€ldspar composition domainis) our sectionand in
none of thesesexamples was the material very prone to beam damage. Onlyrivi (K
liebermannite occurrences (Figs. 1a) Were establistd using synchrotron diffraction but both
are optically transparent and colorless (i.e., not red) and both are highly sensitive to electron

beam damage. It may, therefore, be possible to identify liebermannite-begrorgs i@ Zagami
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through the simplartifice of connecting K-mapping by EPMA to determine the locations of K-
enriched regions and using optical properties and sensitivity to beam damage tandetdnch
of these contain liebermannite. We designated the third occurrence of liebeensimowin in

Fig. 1¢ based on electron beam sensitivity and because it was transparent in plane light.

Chemical Composition and Crystallography

Thecompositions of liebermannite, linguite and nearby maskelynite determined by
EPMA are"given in Table I'The compsition of type liebermannite leads to a formula of
(K 0.76Nag 14Ca0.02)Al 1 03Si3.000s and a density of 3.98 g/érasing the celparameters described
belowfromssynehrotron diffractiorAlthough a low beam current of 5 nA was used for analysis,
thelow caton sum (0.92) for the K site is likely due to diffusion of Na away from the electron
beam Aluminum and Si contents are consistent with full occupancy of the K-site by monovalent
cations. The endthember formula of liebermannite is KA, which requies SiQ 64.76,

Al,03 18.32, and KO 16.92 (total 100.00 wt%PDbserved K/Natomic ratiogange from 2.53
to 5.43,andallof the liebermannite crystals haigngicant amounts of Ca (0.68.07 pfu).

We were unable to obtain EBSD patterns on Zagami irefenite and Raman spectra
were featureless. Givaheresults described below, we infer that EBSD failed to produce viable
patterns.forliebermannite because the examined crystallites were both electresebstive
and highly deformed. &mage markgenerated by a focused electron beeneobserved
during EBSD analysiddigh-pressure phases inagtked meteorites are often beapnsitive, so
the possibilitythat this washagh-pressure polymorph of KAIZDg led usto examine the
sample usingssynchromdiffraction which is much less damaging.

Synchrotron dfraction revealedhe crystal structure of liebermannite. The type material
in Fig. la,,examined #LS, gave rise t@set of broad single crystal reflections with legree
Full Width-at.the HE Maximum (FMHW) along thep- andy-axes (the-axis being the
azimuthal:angle within thdetector plane)Hig. 29. The observed reflections are superimposed
on a vitreeus signal of maskelynite and occur in the cengedehse regiothat lieson the top
of the maskelyniteUsingthe RSVprogram Dera etfal. 2013) we identified withinthis set of
reflections two subsets of 20 and 21 reflectieash of which beloregito a reciprocal lattice.
Indexingthese setsdividually with Cellnow and Xprep(Sheldrick2008a,bgave tetragoal or
pseudatetragonal cells with dimension$ 9.0-9.4 Afor two and 2.6-2.7 Aor the thirdaxis, and
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anglesof 90°+0.5° All cells werecompatible with body centered Bravais latticastially, we
left open the question whether this crystallibage assumes a tetragomala pseudotetragonal
metric asboth tetragonal and monoclinic cells were compatible with the observed set o
reflections. We notéhat thecompatible monoclinic cells match by Bravais type and cell shape
the direct subgroups of the tetragonal badwtered celin space groupd/m. Regardless of the
space group, howevehecell dimensions implya density of~4 g/cn? for the following reasons
the chemicalformulgK,Na)AISi;Og implies that the site with lowest Wilghdf multipli city is
occupied bythe alkaitoms The multiplicityof this site is 2 (in botthetetragonal and
monoclinic cellghat arecompatible with the dataThe stoichiometry then requires ti&tand
Al residetogether orone site withmultiplicity of 8 or ontwo sites with multiplicity4. Oxygen,
accordinglyis locatecon two or foursuch sitesThus, with the given unit cell dimensio&sis 2
and the densityymust be approximately 4 g/dmespectiveof the detailed crystal structure.

In summary, we detecd a crystalline phase of compositionNi&)AISi;Og with a
densityof ~4 g/cn? and cell dimensions around 9x9x2.8 An addition, all unit cells matciby
Bravais typerand cell shape, the space gtdlmor its direct monoclinic subgroug/m(C2/m)
in various settingd-ollanditetype KAISi;Og (Akaogi et al. 2004) is thenty phase matdhg all
of these constrainthat isknown from experiments withithe K;O-Al ,03-SiO, systemfor
pressuressbelow ~20 GPehetetragonahollandite phasdoes transfornbto a monoclinid2/m
structureat ~20 GPa but th transition $ unquenchable experimentgFerrior et al2006).

Wetook an additional step in anaing thestructuraldata by examininghe
compatibility’ef,the obseerd reflection intensitiewith the hollanditetype structure. We
rescaled and-combingide two sets of reflections, resulting in a set buniquemerged
reflections(i.e., averagedymmetryequivalent reflections). The integralfRctor, which
measures.the deviation of observed symmegupvalent reflections from their averggioes not
indicate a preference for tetragonal or psetgiagonal monoclinic cell$lence, we use the
more-highly. symmetriccell (i.e., tetragonalas a basis for th&ructuremodel. Although the
number of uniga reflections is 1lthe number of refinable parameters in the structure is 10
(fractioral coordinates x/a and y/b for ions Si, O1 and O2 (Tahlar®t By, of (K+Na), (Si+Al),
01 and 02). Given theparse dateet, we pursued the following approach: 1gwefined B,
and the AlSi site ocapancies in ShelgSheldrick 2008g and2) we examined the overall

compatibility of the structure and data usangeversed MonteCarlo approaethich measures
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the compatibility of different configurations of K(Si,Al)s and KAISEOg within the given unit
cell shape without bias by crystal symmetry. We found convergence and goodness diidit
hollandite type structure of KAIgDs: R; = 0.09, wR = 0.16, GooF =S =0.943, and a
Restrained GooF = 0.948 the refinenent, and we obtained:R= 0.06in the reversed Monte
Carlo analysisThis analysiconfirms that the observed reflections are highly compatible with
hollanditetype (K,Na)AlSEOs (Table ).

The'symmetnconstrained cell refinement led to a tetragonalwih a = 9.15+0.14
(16), c = 2:74%0:13 A, and a cell volume of 229+18 Atomic coordinates are given in Table 2
and structure factor moduli in Tabla.3Thea cell dimension of 9.14+0.14 A is noticeably
shorter but-oyerlaps within uncertainties with values reported in the literature for synthetic and
meteoritic Na/Khollandites, which are 9.26 A (Akaogi et al. 2004; Boffa Ballaran et al. 2009;
Ferrior et al. 2006; Gillet et al. 2000; Langenhorst and Poirier 2000; Ringwood 863j.
Yamada et .al. 1984; Zhang et al. 1298 turn, thec axis is a bit larger but overlaps within
uncertaintiesvith values for synthetic samples (2.74+0.13 versus ~ 2.73 A) and, consequently,
the cell volume'is smallehan values obtained froexperimental data (2229 A% vs. 232 — 243
A3 but, withinsiincertainties, overlappiribhe marked uncertainty in cell dimensions
corresponds.directly to the large rocking curves of the observed reflections and a higg afegr
residual.deformatiariThe angles of peak centroids have largerertaintieshan very sharp
reflections of an undeformed, defdte crystalandthe variance of reciprocal lattice vectors
reflectsan everall deformation of the lattice. Most of tHeformation does noéflectelastic
strain.For example if we take the average teimensionf theliebermannite type material
thestrain ofithea axis[relative to pure synthetic liebermann{ioffa Ballaran et al. 2009
corresponds to an axial stress of 9 @GRd thec axis dinension to an axial stress-&GPa. It is
not to be expected that a solid with a shear modulus of 9(Ezi#a Ballaran et al. 2009;
Ferrior et al=2006¢0uld sustain such large anisotropic stresses at ambient pressurgekfiret
this strain,to.be the result of inelastic deformation that occurredsipmk release, similar to
the high strain levels observed in shocked olivines in meteorites that expehegtegcade
shock metamerphism (e.g., Jeanloz 1980; Stoffler et al. 1991). We note that liebemannit
lingunite solid solutions exhibit a ferroelastic transition above 17 GPa (e.q.,Baféaan et al.
2009; Ferrior et al. 2006; Kawai and Tsuchiya 2013). Thus, plastic yielding upon high stress

during shock release is to be expected and the observed strong deformation of natural
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liebermannite is alpusible result. For eashember lingunite, this transition is not reported and,
consistently, there are no repasfssuch strong deformation in meteoritic lingunjtéee
observed diffraction signal refleathuch less strain.

We examinea second oagrence of liebermannite (Fig. llatAPSbeamline 13DD.

This sample.is.a fingrained, highlytextured aggregate with strammoadened reflections. We
evaluated the results based on the structure model obtained above from the type ecandenc
refinement'of texture, which was fitted by spherical harmonics (GSAS) using orientatiomx mat
angles fitted'with GSA (Dera et al. 20138he Rietveld refinement converged to an Rwp of 10%
(Fig. 2b) LeBail extradbn of structure factor moduli converged to 7Structure factor moduli,
extracted andseorrected for texture effects, gaveranf R7.8% (Table 3b). The cell parameters
are close to'the limits of those found for the type example,awitB.2969) A (vs. 9.15+0.14)
andc=2.772(§ A (vs. 2.74+0.13). Thislifferenceis unlikely to be a simple consequence of the
differing compositions (QeAbssAng vs. OrzsAb2,An, for the typematerial), as the cell
parameters vary weakly with Na/K (Yagi et al. 199)ediscrepancy may be owed in part to
the large defamation of the type material unit cellhe uniteell parametes for this second
occurrence areomparable to values cited in the literatwbgerebyc is longer. This leads to a

cell volume,(20+3 A% at thehigher end of values reported by other workers for synthetic K-
hollandites(Akaogi et al. 2004; Ferroir et al. 2006; Ringwood et al. 1967; Yamada et al. 1984;
Zhang et al. 1993).

The,Raman spectra of liebermannite and lingunite in USNM W&t8 featureless. This
result stands‘in,sharp contrast to Wedl-defined Raman spectra of calcic hollandite from NWA
856 presented’by Beck et al. (2004), lingunites from ordinary chondrites (e.g., Gillet et al. 2000;
Kimura et al. 2003), or synthetic emtembeiriebermannitewhich hasharacteristic bands at
214, 288, 511, 544, 726, and 7@2g. 3a; this study) or &11, 281, 411, 540, 620 and 760tm
(Chen et al..2004). However, liebermannite and lingunite in USNM 7619 and Zagami occurs in a
different setting than lingunite in NWA 856 and in various chondrites. In the latteEméioe-
type silicatesappears to have formed at high temperature, if not from melt (Gillet et al. 2000). In
the regions'obJSNM 7619 and Zagami that we examinkebermannite occurs within
maskelynite and fons comparatively large (i,eafew to 10um dianete), highly deformed
crystallites.The deformation reduces phonon life time, while a high density of defects induces a

highly structured background through brdaaihd fluorescencéothof theseeffects contribute
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to the lack of observable Raman shifts. Moreover, surrounding maskelynite geimteatss
broadand fluorescencevhich defeats collection of Raman spectra with a laser operating in
continuous wave mode and a detector that integrates signal over seconds to nmieutéstel

we collected IR reflectance data on liebermannite in Zadaigure 3bshows the IR reflectance
data of liebermannite and surrounding maskelynite in comparison to the reflespacteim of
synthetic pure liebermannite collectesingthe same instraent. Despite the strong broad
reflectance"band of maskelyniteis quite clear that synthetic and natural liebermannite exhibit
very similar'spectral features. We note that the spectrum of synthetic liebermannite appears to be
strongly directiordependenfFig. 3c). The spectra of the fine-grained eutegion of the sample
gives differentspeak intensities from those collecteithéncoarserained interioralthough both
regions show onlgiffraction pattens of liebermannite.

Based on the spectrum a@fmore fine-grained section of the synthetic sample and the
natural samie in Zagamj we can assign the observed babgsising Dowty’s (1987)drce
constant modelThe highest vibrational energy corresponds to the superposition of two doubly
degeneratesymmetric stretching modes (along x and y) and the band around 700-8@6 am
doubly degenerate symmetric stretching mode.

Both.Ramanand IRspectra exhibit noticeabignals around 550 to 620 niThese
features.do™not occur within any reasonable modification of force conati#ints Dowty’s
model as long as the main stretching vibrations remain matched. We obse&ieAiisite
ordering with according symmetrgduction td2/m allows matching all observed modes. We
give therespeective assignmeint Fig. 3b (harked with a starto indicate that the mode
symmetry refers to a monoclinic rather than tetragonal metne . other assignment refers to the
tetragonal metric that we also used in the structure anausidiffraction data cannot resolve a
possible monoclinic symmetry reduction. Indeed, the diffraction pattern of sgntheti
liebermannite refinebetter witha manoclinic structure

The_ high-energy shoulder in the reflectance band between 1000 and 1200 cm
synthetic liebermannite is inditive of symmetryreduction through site ordering, Ashas
lower masstthan Si but similar bond distance strehgth and therefore the equivalesttetching
vibration is shiftedo higher energy. Figure g@mpares the Raan and IRfeflectance spectra
of synthetic liebermannite along with an indication of calculated mode energigshssi

monoclinic structure. We emphasize that the monoclinic symmetry reduction is not directly
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related to the known ferroelastic transition in silicate hollandites (Fetral.2006;Caracas and
Boffa-Ballaran 2010) but a consequence of Al-Si ordering. The Raman shift at 214 cm
corresponds to vibration of K atoms along the (pseudar-fold axis.

Whether site ordering occurs during shock or releass,imduced by the probe laser-
beam in the.optical spectrometegmains an open questioAl-Si site orderingan potentially
be used to,probe cooling rates in feldspar-bearing shock-metamorphic rocks andeseteor

DISCUSSION

In this sectionthe conditions for libermannite formation are evaluated by first
considering associated phases in the studied saRiglee 4 shows compositions of
liebermannite and lingunite (the Na analog of liebermannite) from Zagami togetheéhose of
maskelynite and mesostas&dlper and McSween 19Y9rojected from Si@ Where projected
from silica, liebermannite compositions are consistent with thosermhkmesostasis
compositions, which have silica in excess of the amount needed to construct feddspar; i
therefore, likeyuthat K-rich feldspars or feldspar composition glassesdeostasis were the
precursors'toliebermannite. In contrast, reported lingunite compositionsbatargially more
calcic thamKpoor mesostases; they plot with maskelynite in &ignaking plagioclase, and not
alkali feldspar in Kpoor mesostasis, the likely precursor. If we accept a mesostasis origin for
the liebermannite, then plagioclase coexisting with the origirathiKmesostasis would have
been subjected to similar conditions.

Thewegions of Zagami containing liebermannite also conmtaskelynite stishovite
pigeonite, andingunitet{e hollanditestructured form of NaAIgOg). Stishovite is stable over
a broad range of pressures and temperatures abbl/&®a 1ao et al. 2001)Maskelynitecan
alsobe formed under a variety of conditions (e.g., Fritz et al. 2005a,b; Kubo et al.E2009
Goresy et.al..2013)NaAlSi;Og, the endmember for lingunitemay not have a hollandite
stability field. atall (e.g., Deng et al. 2010) buéteortic lingunitesall have significant Ca
contents and'itis likely th&ta stabilizes themLinguniteswith compositions appropriate for
meteoritiC 0cecurrencegppear not to have been studied experimentally butntfagyprovide
important constraints on shock evebésause compositiond the meteoritic materiareso

restrictedrelativeto the available range of bulk maskelynite ghabioclase precurso(gig. 4).
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Liebermannite exists stabbywera broad rage ofpressures, temperaturasd bulk
compositions (e.g., Yagi et al. 1994; Liu 2086ffa Ballaran et al. 2009), as shown in Fig. 5.
At 1400°C, low Cdiebermannite plus stisivite (no pyroxene) of Fig. 1 would be stable at ~19-
21 GPa, hounded at higinessureéby the breakdown of liebermannite to a monocligien
(K,Na)AISizOg,structure andat low pressurgby the formation of pyroxene and stishovits.
highertemperatureshe stability field expandewardsboth low (~17 GPa at 2000°C) and,
especially; higtpressure

Liebemamite in Zagami difers frommostother known occurrences of higinessure
minerals in shoked meteorites by the comparatively large size ottpstallitesand their high
level of deformation. The 2-10 um grains are large enoughrierate single crystal diffraction
paterns ontthe‘scale of micfocused X-ray beams, in contrast to suspumgrains of
meteoriticringwoodite, ahrensite, bridgmanite, akimotoite, eadlsleyite(Tschauner et al.

2014; Ma et al. 2016High-pressure minals in shock melt pockets amdinsdo not exhibit
marked deformation indicating that, upon release from the shocktb&fdastic limit was
crossed atrlower particle velocities than for liebermannite. We are also awae @ample of
pmescalecrystllitesformed in shock experimentasimow et al.(2016) observed the formation
of Al-Fe-Cu.quasicrystals far from the experimentally generated hot spot. Growth of these
crystallitesprobably occurred upon releabecause lattice deformation is very sngaABimow et
al. 2016).In contrastthe deformation foZagamiliebermannite is largéAs arough
approximationwe can estimate the dynamic stress that generated this deformation through the
observed strain,and knowniakcompressibilitieso bec; = cijjj &= (9+9-5)/3= ~4 GPa. This
value then‘earresponds adower limit of the averagestress bounébr plastic deformation of
liebermannitealthough the large anisotropy in deformation indicttedikelyrelevance of
directional stresses. Theess distribution and evolution upon skaelease ithesolid state is
not homogeneous anid, theabsence ofvhat would be aery difficult, threedimensional
modeling of.the release path in a polycrystalline aggreda®®arepresents aeroth order
estimateof.the plastic deformation limitWe note thathis limit is rather low for a silicate or any
material with-a,bulk modulus around 200 GPa and a shear modulus of 9B@faeBalleran et
al. 2009; Ferroir et al. 2006). For instance, the Hugotastie limit of olivine is around 12 GPa
(Jacksorand Ahrens 1979)yhereaghat of copper is 10 GPa (see for instance An et al. 2008).
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Thelargegrainsize ofliebermannite crystallites Zagamisuggest$ormationduring
shock or upon shoctelease through a mechanism differgatn formation of the high pressure
phases in mejpodkets or veins (or the immediate vicinity thereof). Plausithiis different
mechanism is aolid-statetransformation oprecursor alkalfeldspar tahe highpressure
liebermannite.structureThe highly deformed natucd theliebermannite crystals reflects
anisotropic.stresses during shock relesaressures exceeded the stability of liebermannite and
anl2/mphase'was producethenbacktransformation té4/m liebermanniteoccurred during
guenchand anisotropi stresses shétlthe transformation boundary to a lower average pressure
range.Theabsenc®f jadeite inliebermannitebearing aggregates, even for teatively sodic
compositionssof the second occurrersigggestselatively lowformationtemperaturg(i.e., well
below 2000C and likely below 140@) with pressuresf ~20 GPaor lower, although peak
shock pessures could have been high&he heat source for liebermamndccurrences shown
in Fig. lis uncertainbecauseshock melt in USNM 7618 >800 pmawayfrom the
liebermannite occurrences described here, at least in tha@itwvemsions provided by the thin
section It is"poessible that a melt pocket or vein out of the plane of the section providedtthe hea
source. Alternativelysmaltlscalecrads or voids in or near mesostasis collapsed during shock,
leading to~200um hot spots (e.g., Ma et al. 2016; Walton et al. 2014) that heated them enough

to facilitatethe formation of stishovite and/or silica glass plus liebermannite

CONCLUDING REMARKS

Liebermannite is a new highressure form of KAISOg, first observed ithe Zagami
basaltic shergottite from Mare/hereit forms heterogeneously in Keh mesostasafter alkali
feldspar. The large grairsize and highly deformed naturéliebermannite type material suggest
formation through a solidtate transformatigrwhich may have occurred directly from alkali
feldspar or-as-a badgkansformatiorfrom a higher pressure phase during quenie presence
and compaesitioiof liebermanniteand the presence or absence (as in Zagafmnassociated
breakdownphas¢adeite arekey markers for shock conditionssnchMartian meteoritedt is
possible to 1dentify liebermannite-bearing regions in Zagami through the sirtifite af
connecting Kmapping by EPMA to determine the locations of K-enriched regions using optical
properties and sensitivity to beam damagesetenine which of these area@ntain

liebermannite
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Table 1. Analytical data foliebermanniteand associated lingunite and maskelynite.

| T the 2nd the 3rd lingunite maskeleyite | maskeleyite

Oxide ] ) ) ) ] | nexttotype | neartype near the 2nd

liebermannit@ | liebermannitd | liebermannitd | . . _
liebermannite| liebermannite| liebermannite

n=6’ n=2 n=3 n=3 n=5 n=4

Sio, 65:4(0.39 68(2) 66(2) 59.3(0.8) 57.1(0.7) 59.6(0.2)

TiO, b.d¥ 0.09(0.06) | 0.06(0.02) | b.d. 0.07(0.05) | 0.09(0.02)

Al,0; 19°0(0.2) 19.8(0.4) 20(1) 26.0(0.2) 26.5(0.5) 26.3(0.3)

FeO b.d 0.30(0.03) | 0.35(0.04) | b.d. 0.66(0.04) | 0.73(0.08)

cao 0.37(0.09) 1.4(0.7) 1.5(0.3) 7.9(0.3) 9.0(0.4) 7.9(0.2)

Na,O 1:62(0.04) 2.2(0.3) 2.1(0.5) 6.0(0.1) 5.8(0.2) 5.5(0.2)

K,O 13.02(0.09) | 8.53(0.06) 11(2) 0.4(0.02) 0.41(0.05) | 0.75(0.02)

Total 99.4 1003 1010 99.6 99.5 100.9

No-© 8 8 8 8 8 8

atoms

Si 3700 3.01 2.95 2.65 2.58 2.64

Ti 0.00 0.00 0.00 0.00

Al 1.03 1.04 1.07 1.37 141 1.37

Fe 0.01 0.01 0.03 0.03

Ca 0.02 0.07 0.07 0.38 0.43 0.37

Na 0.14 0.19 0.19 0.52 0.50 0.47

K 0.76 0.48 0.60 0.02 0.02 0.04

Sum cations| 4.95 4.80 4.89 4.94 4.97 4.92

®See caption to Fig. 1 for explanation of terms.

Pn = number of analyses.

“Errors given.inside parentheses are one starmtiasidtion of the mean based on all of the

analyses:

.d.= below detection limit: 0.04 wt% Ti, 0.08% Fe.Magnesium, Cr and Mwere also

analyzed but werbelow thedetection limitin all cases0.02 wt% Mg, 0.05 wt% Cr, 0.06 wt%

Mn.
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Table 2. Atom coordnatesof type liebermannite structure.

xla y/b Zlc Occ. Biso

K 0 0 0.5 0.76 0.65(4)
Na O 0 0.5 0.14 0.65(4)
Ca O 0 0.5 0.02 0.65(4)
Si 0.346(5) 0.15(2) 0 0.657 0.47(4)
Al 0.346(5) 0.15(2) 0 0.343 0.47(4)
01 0.20* 0.20* 0 0.141)
02 0.50% 0.16* 0 0.12(3)

*fixed

Table 3a. List of observed and calculated normalized structure factor moduli of unique

reflectionssoftype liebermanniten Fig.la.

h kel Fo? F?  o(F%)/su  Fc/Fe(max) Resolution(A)
4 40 64.12 143.93 1.95 0.146 1.62
6 10 O 9.47 0.01 1.42 0.001 0.78
1 550 1032.02 1198.46 1.2 0.421 1.79
0 60 500.57 414.17 1.05 0.247 1.52
0 3 1 7251.11 6766.4 1.04 1 2.04
-3 6 1 15.36 315 0.84 0.068 1.22
-3 5, 0 166.15 134.63 0.69 0.141 1.57
-2 5 1 138.81 112.86 0.62 0.129 1.44
-1 50 1021.21 1090.94 0.51 0.402 1.79
5 7 0 11.18 14.4 0.24 0.046 1.06
1 4 "k 269.15 278.55 0.15 0.203 1.72

R; = 0.088 for 11 unique reflections after merging for Fourier, wR2 = 0.1617, GooF = S= 0.943.
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Table 3b. Structure factor moduli for the second occurrence of lieberitein Fig. 1b.

h k| d[A] |Fead] | Fexpl D(IFI)
2 0 O 4.72 298.3  180.2 1181
2 -2 w0 3.338 195.1 191 4.1
3 -1...0 2.986 337 3829  -459
e 2.986 593.9  655.9 -62
1 0T 2.51 219.1  203.6 15.5
4 0 0 2.36 4125  333.3 79.2
3 34 20 2.225 36.8 16.2 20.6
2 1w 4 2.216 4942 3577  136.5
1 -2 -1 2.216 54.2 6.3 47.9
4 20 2.111 19.1 9.9 9.2
2 4.0 2.111 3455 3315 14
3 Ot 2.006 457.7 3441  113.6
5 -1 %0 1.852 287.5 245 425
1 B, 0 1.852 3953 3189 76.4
3 2071 1.846 0.4 22.5 -22.1
2 3 - 1.846 187.1 1982  -11.1
4 1L 1 1.719 277.1 3793  -102.2
S | 1.719 522 793.7 -271.7
W/ ) 1.669 40.9 30.6 10.3
5 -3 0 1.619 93.9 127.9 -34
3 -5 0 1.619 24.8 17.1 7.7
6 OuO 1.574 696.3  584.7  111.6
5 Opcd 1.529 279.3  269.4 9.9
4 3.1 1.529 12.5 12.6 -0.1
3 4wy 1.529 165.7  155.9 9.8
6 -2 0 1.493 255.7  258.6 2.9
2 6 0 1.493 89.7 94.6 -4.9
5 -2 -1 1.454 488.8  402.7 86.1
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-2 -5 -1 1.454

-7 -1 0 1.335
-5 -5 0 1.335
-1 -7 0 1.335
-6 -1 -l 1.333
-1 -6 -1 1.333
-6 =4 0 1.309
-4 -6 0 1.309
0 0 -2 1.302
-5 -4a FL 1.283
-4 -5 4 1.283
-1 -1 -2 1.278
-2 0__-2 1.255
-7 -3 0 1.24
-3 -7 0 1.24
-6 -3 =l 1.238
-3 6wy -1 1.238
2 2072 1.213
-7 0 -1 1.198
-3 -1, -2 1.193
-1 3072 1.193
-8 0 0 1.18
-7 -2 -1 1.161
2 - -1 1.161
-8 -2 0] 1.145
-2 -8 0 1.145

525.9
92.1
68.5

388.4

165.3
21.3

173.5

324.4

883.9

662.1

363.7
93.3

152.8

258.9

179.3

141.9

127
97.4
194

185.9

315.7

134.9
56.5

130.9

136.4
98.7

431.5
81.1
80.2

342.3

144.1
19.8

228.8

406.3

1000
684.7
355
65.8
141.4
243.2
164

148.6
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maskelynite

i

augite

Fig. 1. Bsmes of Zagami USNM 7618) First occurrencef liebermannitewhich occurs
with Iingumsilica phase, ilmenite, and baddeleyite; the assemblageimsied by augite
and pigeonite'with nearby maskelynite and titanomagnétitis.is the type material for
liebermanni The second occurrence legbermannitewith silica, chlorapatiteand
baddeleyi ounded by augite, pigeonite, chlorapatite, maskedynitpyrrhotite The patchy
appearance itermsof greyscale contragh maskelynite is an artifact, derived from high-
current BMging (at 15kV and 5nA). (c) The third occurrence of liebermannitds iwhic

~140pum @om the type materishown in panel a.

Auth
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L 3

Fig. 2. (a) WWeep diffractogram of liebermannite reflections from the type matenel
diffraction si was obtained during rotation along éhkeaxis of the goniometer. Reflections of
Iieberman@e from two or three multidomain crydtads exhibit substantial deformation.
The high level of deformation is apparent in the large rocking curve of theti@iealong the
x-axis N‘% e azimuthal angle in the given geometry). Black boxes indicate the locations
of reflectiﬁm thenerged sebf two crystal domains, which were used for structure

analysis Thi of reflectionwas used for structure identification. Data were collected at the
beamline 2 ALS with a 0.4959 A wavelend@lreak features are artifacts generated by
intense r ions.
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Fig. 2. (b) Integrated diffraction pattern (black crosses) and modeled diffractitarpéted line)
from Rietveldrefinemenibf liebermannite in the secondaurrence along with coexisting
clinopyroxene and pigeonite. The volume fractions of the three minerals were 18, 48, and 34
vol% (x2%) for liebermannit¢Phase 1), clinopyroxer{fhag 2), and pigeonite (Phase 3),
respectively. Liebermannite exhibits marked texthegwas fitted by spherical harmonics with
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the GSAS Rietveld refinement softwaRegeonite is from material undernedtte shock

metamorphised mesosigghat contains fie-grained liebermannite and clinopyroxene.

I L, 1 L] I L I y I

1 Synthetic Liebermannite

=}, Black: Raman observed .
41 Green: Raman calculated .
=x (with Al-Si site ordering) -

= @ I
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Fig. 3. (a){Ranan spectrunof synttetic liebermanniteGreen bars: Calculated energies of the

Raman shifts of monoclinic liebermannite with Si and Al ordered.
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Fig. 3. (b) IR reflectance spectra of synikdted) and natural (black) liebermannite. Margins for
calculated,vibrational energies and mode assignments are indicated. The bands ar&@@0d 550
cm™* do not occur as regular vibrations in tetragonal liebermannite. We modeledémets by

Al-Si site @dering and subsequent reduction of crystal symmetry to monoclinic. The star
indicates thatithese mode assignments therefore do not refer to the same metric. Any ef the sub
bands withinsthe energy intervals 690 — 810 and 940 — 120G&anmalso be intergted as result

from Si-Allordering and symmetry reductions.
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Fig. 3. () IR-reflectance spectra of natural (black) and synthetic liebermannite (red, blue) from
different parts of the synthetic sample. The red spectrum is from-gréiveed section, the blue
one from a‘large grain of unknown orientation. Diffraction patterns show that both spectra
adhere to/ebermannite. It is possible ththe coarsegrained section includes spectral features

of organic material.
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Fig. 4. Compesitions of liebermarta and lingunite (this study), N&-Ca hollanditeslabeled
“Hollandite” (Langenhorst and Poirier 2000; Beck et al. 2008sostasisStolper and
McSweenl979),and maskelyniteStolper and McSween 19:7this study)rom Zagami in terms
of orthoclasealbite-anorthite molar abundance3r(Ab-An). Compositions of liebermannite
and lingunite from this study were modified from those given in Table 1 by adjusting Na
contents to provide full occupancy of theske. Mesostasis compositions are projected from
SiO;, (i.e.,'a feldspar and the same feldspar but with an additional two, three,yotirtigt as

much quartz would plot in the same place).
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Fig. 5. Phasesdiagram for the NaA8ls- KAISi 303 join at 1400°C (solid curves atabeled
fields) and 2000C (dashedgl after Liu (2006 )with compaitions of Zagami liebermanniteith <3
mole % An component from this study shaded in grash: LiebermanniteHoll-II: 12/m
hollandite; . Jd: jadeite; Cf: Clerrite structured (Na,K)AISIQ St: stishovite
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