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Abstract

We report the synthesis of h-magnetite, ideallye§l with considerable amounts of
substitutional cations (Cr, Mg, Al, Si) and quenuleao ambient conditions. Two types of
experiments were performed at 18 GPa and 1800 &mnlti-anvil press. In one, we used an
oxide mixture with a majoritic stoichiometry Mgre; 2(Al1 4 Cro.2Sip 2M0o.2)SisO12, With Si

and Mg in excess as starting material (MA-367, M#OB In the second type of experiment
(MA-376), we started from an oxide mixture on tleenposition of the Fe-oxide phase
obtained in MA-367. The Fe-oxide phases of botheexpents were investigated by electron
microprobe and transmission electron microscophuding electron diffraction tomography.
Our investigations show that the Fe-oxide phasgstaliize in the structure-type of h-
magnetite. However, electron diffraction data shbat keeping the cell setting from
literature, this phase crystallizes in space gronam and not in space grolgbmm as
previously proposed. In the experiment MA-367, Fleeoxide phase are mutually intergrown
with majorite, the major phase of the run produ€te formula for h-magnetite in this run
was calculated &8 (F€**o.7s Mgo.26) "q{F€*0.70 Clo.15Al 0.11 Sio.04)204. In the experiment on

the bulk composition of the Fe-oxide, the main ghaas h-magnetite with composition

Pl Fef*) 0p) TqFE€0.65 Clo.16Al 0.13 Sh.09-0s and traces of nearly pure end-member wadsleyite
and stishovite. Our results indicate that the suhgin of 20 to 30% of Fe (0.7 to 0.9 atoms
per formula unit) by smaller cations favored thegarvation of the high-pressure form to
ambient conditions. We prove that the h-magneyijpe-bxide is also stable in chemical
systems more complex than Fe-O. Based on our sesuiich were obtained at 18 GPa and
1800 °C in a system (MA-367) that is closely relate Fe-enriched oceanic lithospheric
material, we suggest that asPg-rich phase may be present in environments connected to
deeply subducted slabs and possibly associateddeép carbonatitic melting. Our

observations show that Cr strongly partitions i dixide phase such that the coexisting



silicates are depleted in Cr compared tgzdree assemblages. This may significantly affect

the chemical signature of melts produced in thgdaeantle.

Introduction

The discovery of the high-pressure Fe-oxidgds€Lavina et al. 2011) revealed that the Fe-
oxide phase relations, especially at high pressaresstill poorly understood. Under ambient
conditions, the Fe-oxides FeO (wustite);®G£(magnetite) and E®3 (hematite) are stable
and form complex defect structures. StoichiomdigO© is very difficult to synthesize —
wistite chemical composition is more realisticaliytten as Fe,O (Hazen and Jeanloz
1984). It crystallizes in the cubic NaCl-type sture and forms a solid solution series with
MgO (periclase). Magnetite is a cubic inverse-sipipgee ferrite whose unit cell contains
eight F€" in the tetrahedral sites, and a “uniform”, mixealence occupancy of 8 e+ 8

Fe’* in the octahedral sites. Common impurities in reltmagnetite are traces of Mg, Zn,
Mn, Ni, Cr, Ti, V (Bowles et al. 2011). @3 occurs in different modifications, with hematite
(0-FeO3) as the most prominent one. Hematite is knowmdeoriporate traces of Ti, Al, and
Mn (Bowles et al. 2011).

All three Fe-oxides show non-quenchable, pressuitaaed phase transitions. According to
Ono et al. (2004) hematite transforms at 30 GPal&3@—-2200° C into a perovskite-type
structure. Wistite at ambient temperature transsatrpressure above 17 GPa into a
rhombohedral or monoclinic polymorph (Zou et al8@9Shu et al. 1998; Fei 1996; Kantor et
al. 2008; Fisher et al. 2011) and to a NiAs-typymorph at pressures above 60 GPa and
high temperatures (e.g. Fei and Mao 1994; Kondd. &004).

The phase diagram of &8y is still controversial. According to Pasternak le{®994), cubic
inverse-spinel magnetite transformgat 25 GPa and room temperature to a monoclinic

high-pressure phase. Dubrovinsky et al. (2003)Lazbr et al. (2007) propose> 19 GPa as



pressure for the transition of magnetite to h-méagnat room temperature. In a Mossbauer
and X-ray diffraction study, Rozenberg et al. (20@ported a pressure-induced
transformation of inverse magnetite to normal-sipnagnetite at 8 GPa. However, Glazyrin
et al. (2012) did not observe for magnetite thesrse to normal spinel transition nor the
transformation to h-RE©, at pressures up to 21 GPa. On the other side Bamegt al. (2013)
predict in a theoretical ab initio study a phas@sition from inverse-spinel magnetite to h-
Fe;0,4 at 10 GPa. According to them there is no invetgs@&ormal-spinel transition in
magnetite.

The symmetry of h-magnetite, initially interpret@slmonoclinic (Pasternak et al. 1994) has
also been subject of controversy. In a synchro¥aay diffraction study, Fei et al. (1999)
found that h-FgD, is not monoclinic but isotypic with CaM@, (space groupbcm), with all
Fe** ions in octahedral sites and’Fan eightfold-coordinated sites, which are desatibs
bicapped trigonal prisms. Haavik et al. (2000) pedinout that their X-ray data were also
consistent with the Caf0, structure-type (space gro@pmm). Space grougbmm for the h-
Fe;0O4 structure has been confirmed by Lazor et al. (2aDdbrovinsky et al. (2003) and
Bengtson et al. (2013). Dubrovinsky et al. (2008)gest that Fé& occupies trigonal prism
(Fel) with an average Fel-O distance of 2.058 AthatFé" occupies octahedra (Fe2) with
average Fe2-O distance of 1.961 A.

The high-pressure Fe-oxide,,Bg is stable from 5 to at least 30 GPa, and is reaile to
ambient conditions (Lavina et al. 2011). They sgsthed FgOs in a pure Fe-O system, using
mixtures of Fe and B@©, as starting material, &= 10 and 20 GPa, afidbetweenl227 and
1927 °C and refined the structure as isostructuithl CaFgOs (space grougmcm). In the
proposed structure, the atomic arrangement cordi$igo non-equivalent, edge-sharing
Fe(; octahedra (Fel and Fe2), which form layers peripatad to thec-axis, alternating with
layers of face-sharing trigonal prisms (Fe3). Thhse,structure is very similar to h-fe,.

Lavina et al. (2011) speculate that synthetigdsenay show stacking disorder involving



Fe,Os and h-FgO, octahedral layers may occur. In an in situ highspure X-ray diffraction
study, Woodland et al. (2012) observed that cutagmetite breaks down to a mixture of
hematite and R©®s between 9.5 to 11 GPa and 700 to 1400 °C, in cheagent with
Schollenbruch et al. (2011) who observe an isocbariansition to h-magnetite in the same
pressure and temperature regime. Woodland et@l2jXsuggested that the two coexisting
phases, hematite and,Bg, recombine at higher pressures to form BczeWoodland at al.
(2013) investigated the stability of J&& in several simple chemical systems and they found,
e.g., that Fe in the F®s phase can be substituted by considerable amouoth@f cations,
e.g., Cr*.

Until now, h-FgO4 has been investigated only as a pure Fe-oxidetdrasinever been
recovered at ambient conditions. There is no infiiom about F&/ZFey ratio and possible
incorporation of cations other than iron. Here,reqgort crystal chemical and structural data
of this high-pressure Fe-oxide synthesized at 18 &#l 1800 °C using: (1) an oxide mixture
with a SiQ concentration close to that of the bulk silicatet (O’Neill and Palme1998) and
(2) a Fe-dominated oxide mixture plus Cr-, Mg- &wmaxides. Surprisingly, the structure was
guenchable in both types of experiments to amlwentlitions, which allowed us to collect
precise electron diffraction data by automatedtedecdiffraction tomography (ADT). With
this technique, we were able to deliver crystallpgra information for single nanocrystalline
domains in a polyphasic mixture. We observe thatdgnetite coexisting with the silicates is
strongly enriched in Cr, and we speculate on thectsf that such partitioning might impose
on the concentration of Cr in the coexisting stisaand in melts produced in the deep
mantle.

Experimental methods

A. Synthesis

We performed three multi-anvil runs with a 10/5eamsbly, rhenium heater, and type C

thermocouples @& = 18 GPa and = 1800 °C for 6 hours. Two experiments, MA-367 and



MA-380, used a homogenous oxide mixture with 44%\8i0,, 19.3 wt% MgO (annealed at
1200 °C), 15.7 wt% FeO, 17.1 wt%8; and 3.3wt % GOsplaced in Fe-doped Pt-capsules
(about 3 wt% Fe) to reduce the potential loss ofek@., Grove 1981). In these two runs we
produced assemblages with majorite as the majaepaiad three additional minor phases:
stishovite, magnesite, and a Fe-oxide with the asition given in Table 1. We intentionally
did not remove traces of adsorbed water op @@he starting materials as this may have
served as a flux to enhance the growth of largstaly. The presence of G@nd water
explains the formation of traces of magnesite enrtin products and goethite as alteration
product during quenching (see below). To achiexgelarystals in the second run (MA-380),
the temperature of 1800 °C was cycled by 20 °GHerfirst 30 min of the run duration. The
starting material of the third run was a homogermude mixture with 42 wt% FeO, 34 wt%
Fe0s, 13 wt% CpOs, 6 Wt% AbOs; and 5 wt% SiQ@also placed in Fe-doped Pt-capsules to
reduce the potential loss of Fe. At the end ofualks temperature was quenched to ambient
conditions within 2 minutes, and the decompressime was 43 h to avoid breakage of the
WC cubes. The 10/5 assembly was calibrated usmfptlowing phase transitions: coesite—
stishovite (Akaogi et al. 19959 Mg,SiO, (Morishima et al. 1994~y Mg,SiO, (Inoue et
al. 2006), enstatitgg-Mg,SiO,—stishovite (Gasparik 1989). All the syntheses vpendormed
at the high-pressure laboratory of the German Res&2entre for Geosciences (GFZ) in
Potsdam.

B. Electron microprobe analyses

Multi-phase aggregates of products from all thrggeements were embedded in epoxy and
polished for the electron microprobe (EMP) measemism The chemical composition of the
phases was determined by wavelength-dispersiveyXamalysis (WDS) techniques using a
JEOL JXA-8500F (HYPERPROBE) electron microprobéhatGFZ in Potsdam. The
analytical conditions included an accelerationagdt of 15 kV, a beam current of 20 nA, and

a beam diameter of 1 um. The following natural syrithetic standards were used (with the



respective element and peak counting time listgzhnentheses): diopside (for Mg; 40 s, Si;
40 s, Ca; 40 s), hematite (for Fe; 40 s) argDe (for Cr; 40 s). The background counting
times were always set to half of the respectiv&kpeanting times. The CITZAF routine in
the JEOL software was used for data processingnéiledistribution maps were produced in
WDS mode using an accelerating voltage of 15 kVabdam current of 20 nA. We
accumulated a 500 x 400 pixel frame with a step efZ0.5um and a dwell time of 200 ms
per pixel in stage-scanning mode. We could notinlgatisfactory analyses of magnesite,
which was instead identified by Raman spectros¢Spypplemental Fig.'), because it was
not stable under the electron beam.

C. X-ray diffraction

X-ray diffraction patterns of compact multi-phaggeegates of the run products MA-367 and
MA-376 about 10Qum in size were collected using a Rigaku R/AXIS200C#R diffractometer
operating at 40 kV and 30 mA at GFZ. The samplegwunted on CryoLoops (Hampton
Research), and the loops were placed into a goneni@uring data acquisition the goniometer
holding the sample was rotated continuously at@dmf 2 ° per s over 360°. A rotating Cu
anode served as the X-ray photon source. The awtesststem consists of a cylindrically shaped
image plate, which reads out the diffracted radrath a @ range of — 60 to 144° in horizontal
and +/- 45° in vertical direction. LeBail refinentavas donaising the GSAS software package
(Larson and Van Dreele 1998). Starting valuesHerrefinements were the fractional atomic
coordinates and lattice parameters for majoritshsvite, and magnesite taken from the
ICSD database (Belsky et al. 2002), the inorgaimiciire database. For h48a we used the
results obtained from our automated electron diffoa tomography analyses (ADT).
Powder XRD patterns for MA-376 were also recordettansmission using a STOE STADI

P diffractometer (CKia; radiation), equipped with a primary monochromaitiod a 7° wide

! Deposit item AM-14-1110, Supplemental Table, Fégand CIF. Deposit items are stored on the MSA siteb
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position sensitive detector at the GFZ Potsdamar @f the run product was ground to a
final grain size of about pm, diluted with Elmer's white glue and spread aireular
amorphous foil. The foil was placed into a transmis sample holder and covered with a
second foil. Intensities were recorded in the raofg@ from 9° to 125° with a detector step
size of 0.1° and a resolution of 0.02°. A 1 mm khAd-foil was placed in front of the detector
to reduce fluorescence radiation in the Fe-rich@anCounting time was selected to yield a
maximum intensity of 5000 counts. Unit cell werémed using the GSAS software package
for LeBail refinements (Larson and Von Dreele 19&tarting values for the refinements
were the fractional atomic coordinates and lattimestants for h-R®, from our ADT
analyses.

D. Transmission electron microscopy

Electron-transparent foils of sample MA-367 and @26 for transmission electron
microscopy (TEM) were prepared at the TEM Labonatdrthe GFZ by a focused ion beam
(FIB) milling technique (Wirth 2009). Foils withétdimensions 15 x 10 x 0.156n° were

cut with a FEI FIB200TEM device using Ga-ions aecafed to 30 keV from the polished
section of the sample on spots which were identifie Fe-oxide.

Automated electron diffraction tomography (ADT) wesried out with a FEI TECNAI F30
ST transmission electron microscope operating @tk¥0at the Johannes Gutenberg-
Universitat in Mainz. ADT has already been usedlierstructure characterization of high-
pressure experimental products, like the hydroubedring pyroxene HAPY (Gemmi et al.
2011). We investigated both, FIB foils from MA-36id MA-376 and micrometric graing-(
crystals) selected with a micromanipulator. Samplese deposited on carbon-coated copper
grids. In total nine ADT data sets were collectenf MA-367 (four sets from-crystals and
five sets from different areas of the FIB foil) amight ADT data sets were collected from
sample MA-376 (three sets fraurcrystals and five sets from different areas ofsame FIB

foil).



ADT was carried out using the automatic module deed in Kolb et al. (2007). Each ADT
data collection was performed in tilt steps offd?,total tilt ranges of 90-120°. Electron
diffraction patterns were acquired in nano-beamtsda diffraction (NED) mode, with a
quasi-parallel illumination obtained using a corgraperture (C2) of 10 um. The beam on
the sample had a diameter of 70 nm. Crystal positias tracked after each tilt step in pu-
probe scanning transmission electron microscop$TEM) mode. Data sets were collected
both with and without precession of the beam [@sioa electron diffraction, PED, for
details see Vincent and Midgley (1994); Mugnaislak (2009)]. Data sets without
precession were used for accurate cell parametemdi@ation, while data sets with
precession were used for reflection intensity ettoa.

ADT data were analyzed using the ADT3D softwarelfkat al. 2008, 2011; Mugnaioli et al.
2009; Kolb et al. 2011; Schlitt et al. 2012), irsilug three-dimensional diffraction
reconstruction and visualization, cell determinatiand reflection intensity integration. Ab
initio structure solution was performed by directhods using SIR2011 (Burla et al. 2012).
Conventional in-zone electron diffraction pattewere recorded on the FIB-foils in a Tecnai
F20-X-Twin microscope with a field emission guntlas electron source at the TEM
Laboratory of the GFZ in Potsdam. The TEM is eqapwith a Gatan imaging filter (GIF
Tridiem), a Fishione high-angle annular dark fide&tector (HAADF), and an EDAX X-Ray
analyzer. Energy-dispersive spectra were collefcted0 s on different spots of the sample to
identify the phase of interest and to ensure ti@atiditional elements are intrinsic to the Fe-
oxide. Electron diffraction patterns were recorétes these sites with image plates>Fe
concentration was determined with electron eneogg-spectroscopy (EELS), applying the
technique described by van Aken and Liebscher (R(®)2ctra were acquired in the
diffraction mode with a camera length of 700 mmn@argence angle was 2 mrad, and the

collection angle at the camera length used wasri@d mith a GIF entrance aperture of 2 mm.



Dispersion was 0.1 eV/channel. The energy resaluwfdhe filter was 0.9 eV at full-width at
half maximum of the zero loss peak.

E. FTIR spectroscopy

To check for the presence of intrinsic OH, IR spewtere taken at the FTIR Laboratory to
the GFZ on single crystals of majorite and multg#aggregates containing the Fe-oxide
from run MA-380. Spectra were recorded on a Brikettex 80v FTIR spectrometer,
equipped with a Globar light source, a KBr beanittgpland a Hyperion microscope using
Cassegrainian objective and an InSb detector. Bpeetre taken with aperture sizes
depending on the crystal and aggregate size from3Dto 50 x 10qm? and a resolution of

2 cm’. Spectra were averaged over 256 scans.
Results

Optical analyses of the products of MA-367 in traitted light revealed that the major phase
is a yellowish, isometric phase up to 8@ in diameter, identified later as majorite,
accompanied by an opaque phase, often appeargigragated aggregates with 10 to, 30
long and later identified as h-§&. In addition, we identified two additional colaskephases,
stishovite and magnesite, of the same small size.skme phases were also identified in the
second run MA-380. In the latter, the majorite talswere on average much larger than in
sample MA-367, (up to 100m). Obviously,T-cycling of the run produced larger single
crystals of the garnet phase. Optical examinatfidheproducts of MA-376 in transmitted
light revealed that it is completely opaque powder.

Electron microprobe analyses

Electron microprobe analyses confirmed that thelpcoof run MA-367 consist of four
phases: majorite [Mgd-e1.09Al 1.61Cro.11SI0.11MJ0.16) Sis012], nearly pure stishovite

(Sip.98Al 0.020O2, a carbonate with composition of (Wére) 2)COs, and a Cr-, Mg-, Al-, and Si-
containing Fe-oxide (Figs. 1a and 1c; Table 1).0kdmg to the results of the TEM analysis

the normalization procedure for the Fe-oxide wasopeed on the base of four O atoms and



to account for the presence ofFeve assumed the stoichiomely/O = 0.75. The
calculated formula for the Fe-oxide is thed €0 75Cro.2dMdo.26Al 0.21Si0.08) £-304. The
microprobe analyses of magnesite showed a relgtoggistant composition of about
Mgo gFe 2COs (based on six analyses). The presence of ferr@gmesite as an impurity has
been confirmed by Raman spectroscopy (the Ramédss aea shifted to lower wavenumbers
compared to the pure magnesite end-member, thdismorg Fe-Mg substitution;
Supplemental Fig.L

Electron microprobe analyses further revealedttietun products of MA-380 consist of
Mg-rich majorite, nearly pure stishovite {SdAl0.02)O,, and a Cr-, Mg-, Al- and Si-containing
Fe-oxide (Fig. 1b). The crystal size of the Fe-exnthase in the polished section of run MA-
380 was too small to obtain sufficiently good chemhanalyses, and the oxide sums are
always approximately around 90%.

Electron microprobe analyses revealed that theymtoof run MA-376 consists of three
phases: the major phase is a Cr-, Al-, Si-, andclligtaining Fe-oxide and in addition traces
of stishovite and nearly pure Mg-end-member wadgd¥ig. 1d). The composition of the
Fe-oxide phase present in MA-376 is slightly diéierwith respect to that in MA-367 as it
does not incorporate magnesium and is thus morekeThe calculated formula for the Fe-
oxide normalized to four oxyges (FE*1 sgm€**1.02Cr0.37Al 0. 2:Si0.08) =304

X-ray diffraction and Transmission electron micros®py analyses

MA-367. We collected X-ray diffraction patterns on severggregates of MA-367 using the
Rigaku diffractometer and could identify majorigethe major phase plus stishovite plus
magnesite. Some patterns showed weak reflectioaiscait B¢, 33.2°, 33.8°, and 37.5 -
37.6° (listed by decreasing intensity) that coubt lme explained either with the phases
mentioned above or with other known oxide phashasréfore the Fe-oxide phase of the
sample was further investigated using automateztrele diffraction tomography. ADT data

revealed that the sample MA-367 contains two diffiéi~e-oxide phases, which we asll



phase an@-phase for simplicity. The-phase is always predominant compared t@the
phase. Data acquired from p-crystals show thatvibephases usually appear together and
that the diffraction images contain strong sigmdlthea-phase in addition to weaker signals
from thep-phase. However, in the FIB foils it was possilblegcognize areas where the two
phases are clearly separated and in these amas fiossible to acquire ADT data from each
of them. Figure 2 shows a high-angle annular desld-image (HAAD) image (camera length
330 mm) of a FIB foil cut from a Fe-oxide graintbfs sample. Fe-oxide grains consist of
coherent areas ofphase, separated by planar deformation featuted Wwith thep-phase.
ADT structure analysis of thephase: Detailed analyses of the ADT data setampte MA-
367 revealed that thephase crystallizes in the h-magnetite structur@ajck et al. (2000)

in situ X-ray powder diffraction (XRPD) at P > 22P@]. This was a surprise because h-
magnetite is known to be unquenchable to ambiemditon. All ADT data sets taken on the
a-phase were consistent with an orthorhombic cah warametera = 9.8(2),b = 9.6(2),c =
2.87(6) A (Figs. 3a and 3b). These values are ¢iwsiee cell parameters determinedtier
Fe;0,4 by Haavick et al. (2000) on the basis of XRPD. &halysis of the three dimensional
reconstructed diffraction volumes revealed alwégsgresence of two main extinction rules:
hkl : k + 1 = 2n andhQl : h = 2n, consistent with space groufsiam, Ama2, andA2;am (Table
2). These extinction rules are not consistent Wislavick’'s space groupbmm. Amam and
Bbmm are both not conventional settings of space gf@mpm (63), but represent physically
different objects when the cell parameter settinfixied (in our case a=’long’, b="medium’,
c="short’). The difference between our ADT and Hak\s findings can be reconciled
exchanging thea andb parameter. There are two possible explanatiothferdifference: (1)
there is a real structural modification relatedwitie introduction of Mg and Cr and/or the
guenching of the material, and (2) there is anrarrthe determination of cell parameters or
extinctions either by ADT or XRPD data. We point that, despite the high error (2%)

related with a single ADT cell determination (Kabal. 2011), the evidence tleis always



longer tharb and that the presence of extinctions consistettt sgace groupmam were
always confirmed by all the independent ADT acdiass. On the other hand, in presence of
closea andb cell parameters and low quality XRPD data [asaihes available by Haavick et
al. (2000)], it is not trivial to discriminate bed@n space grougsnam andBbmm. For a

matter of clarity, we report in Table 2 the extiontrules associated with these two space
groups. Swapping andb axes, the two space groups can be exchanged.dvagawith the
orthorhombic setting, reflection intensities wargegrated for the two best ADT acquisition
series, both performed with beam precession (Mwdjreti al. 2009). Experimental details are
given in Table 3. Ab initio structure solution waerformed independently for the two data
sets by direct methods implemented in SIR2011 @Betrlal. 2012), using scattering factors
for electrons (Doyle and Turner 1968) and kinemagiproximation I proportional to

Fria?). Structure solution converged in space gradmam. Only the solution automatically
picked by the SIR2011, i.e., the one with the lIdwesidual, was considered. The resulting
potential maps (Table 4) show two strong maximbo¥etd by three weaker maxima. The
first two positions were interpreted as iron angl fiblllowing three as oxygen atoms. In spite
of the different space group, the structure aclidyeADT is in fact very close to the one
refined by XRPD (Haavick et al. 2000). The struetwas subsequently refined by least-
squares using SHELX97 (Sheldrick 2008) includingipboccupancy of iron/magnesium and
iron/chromium in the octahedral sites (CIF file éadale’). Only soft “SADI” restraintsd =

0.05 A) were applied to Fe-O distances, indepeylénteach Fe atom. The model obtained
ab initio remains stable upon refinement with SHELDUt the refinement does not converge
better than to R} = 33.83% (Table 3). Structure residuals and Gaefegh when compared
with X-ray diffraction, but typical for electronffliaction data (Kolb et al. 2011). In the
present case dynamical effects and structure ralsidgme emphasized by the high density of
the material and the thickness of the samplesmat#d about 200-400 nm farcrystals and

150 nm for the FIB cuts (Kolb et al. 2011; JacohleR013). F& occupies a nicely



symmetrical octahedron, while ¥és hosted inside a trigonal prismatic coordinagsn
suggested by Dubrovinsky et al. (2003). Resultsrahability of structure refinement by
(ADT) electron diffraction data for an accurateatatination of interatomic distances and
partial occupancies have been recently reportedismadssed by Birkel et al. (2010),
Pignatelli et al. (2014), and Jacob et al. (20m8g either kinematical and dynamical
approaches. Here, we stress that in agreementuyshallochemical expectations and with
the results of Dubrovinsky et al. (2003) Fe-O dis&s related to Béare significantly shorter
compared with the ones related t6'Hg2.04> A vs. <2.14> A). This is not the casetfu
structure refined by Haavick et al. (2000), wherteiiatomic F&-O distances in the trigonal
prismatic coordination vary significantly. Part@cupancies Fe/Cr and Fe/Mg of the Fe sites
were refined up to values close to the ones estidnay WDS. While the former converged to
similar values for both the refinements, the lasteowed a large deviation.

Identification of the-phase: Detailed analyses of the ADT data setsA{3@7 revealed that
the B-phase is most likely isostructural with goethisg¥OH (Yang et al. 2006), which is also
confirmed by a preliminary structure solution basedhe ADT data. It has a primitive
orthorhombic cell with parameteas= 4.6(1) A,b = 9.5(2) A,c = 3.00(6) A. Extinctions are
consistent with space groonm. Whenao-phase an@-phase are present together they
always have orientation relations wdfw) // b(B), b(a) // a() andc(a) // c¢(B) (Figs. 3¢ and

3d). The main feature for distinguishing the twagés is the different length of the cell
parametec.

The unknown reflections observed in the X-ray diftron pattern of MA-367 can be
explained as reflections of h-magnetite with thié marameters determined based on our
ADT analysis.

High resolution TEM confirmed that the Fe-oxide gh@roduced in run MA-367 is h-
magnetite quenched to ambient conditions. It atsdioned the presence of a second phase,

which we did not further investigated with highokgion TEM. We measured the reciprocal



lattice vectors in the TEM diffraction pattern aralculated the respectivkespacings and
angles between adjacent vectors or lattice plahe.ahalyses were performed with selected
area electron diffraction (SAED) patterns in diffiet orientations (zone axes). The diffraction
images are shown in Figure 4a and can be indexbeFagO, along thg211] zone axis. The
basis for the indexing was the set of lattice patans and structure obtained from the ADT
analyses for h-magnetite. With the high-resolui&M we only confirm the presence of h-
magnetite we cannot prove the space group. Tabll®®s the observatispacings and
corresponding angles between vectors for both sssnpi our TEM analyses both in Mainz
and at the GFZ we systematically supplementedrelecliffraction with energy-dispersive
X-ray spectroscopy (EDX) performed in the sametioca of the foils. All the EDX
measurements always yielded the same proportio@s, dflg, Al, and Si and there was no
clear difference between the composition ofdhghase an@-phase.

In addition, we measured EEL spectra of the Feddges of h-magnetite of run MA-367 and
compare them to the spectrum of a synthetic majbiitLenz et al. (2012) (Fig. 5). The
spectrum of the iron oxide does not show the chariatic Ls splitting that is present for
majoritic garnet (Fig. 5). In addition the maxinfalre L and L, egdes are shifted to lower
energy compared to cubic magnetite, e.g., the maximof the I3 of magnetite lies at 709 eV
(van Aken and Liebscher 2002). Applying the calilorm by van Aken and Liebscher (2002)
the averaged BéFa ratio for both phases was approximately 25% (edgiatyses), which
is, in the case of majorite, in the range expetitau other experiments (Stagno et al. 2013),
but much too low for h-magnetite (Table 1). Crocetid et al. (1995), Van Aken and
Liebscher (2002), and Gloter et al. (2003) obsefeethagnetite an unsplitted broad but
asymmetric k peak at about 709 eV. They attribute this featorgrong charge-transfer
interactions between ferrous and ferric iron (etathopping). Thus, the calibration of Van
Aken and Liebscher (2002) cannot be used to quethiéf FE* content in the oxides of our

run products.



MA-376. Sample MA-376 consists of about 95% Fe-oxide phasthis sample the Fe-oxide
phase presents defect density, deformation feqtaneksregion characterized by poor
crystallinity. In addition, in spite of our efforts isolate it from atmospheric moisture, the
oxide phase appears to suffer progressive weathalfie collected X-ray diffraction pattern
on several opaque aggregates of MA-376 with thalRigliffractometer at the GFZ. The
diffraction patterns (from integration of the siaginages) were dominated by two peaks at
20¢, 32.7 ° and 34.3 °. However, the intensity ratibthe two peaks vary very strongly from
image to image, which may indicate a strong texéfifect. To get information on the whole
sample we ground several aggregates and prepaedtoperly for the STOE transmission
diffractometer. The X-ray diffractogram and theulesof a LeBail refinement are shown in
Figure 6. The X-ray pattern of the Fe-oxide phasklA-376 can be explained with h-
magnetite with slightly different lattice constarita = 9.99,b = 9.58, andt = 2.83 A. We did
not observe reflections of goethite. This is likdlye to the relative small volumetric amount
of B-phase. Additionallyp-phase crystallizes in tiny nano-crystals and el garameters are
related with cell parameters of h-magnetite. Tiselltant peak enlargement and overlap make
B-phase signal almost completely hidden by the ggoh-magnetite signal. The fin@agg
value was 1.7 %. A list of the intensity extractitikl) is shown in Supplemental Tablé 1
Finally we investigated the sample with ADT and FIRM. Both methods confirm the
presence of h-magnetite but also indicate thasémeple has a high defect density and cannot
be used for structure determination. The diffractinage of the Fe-oxide from the foil of run
MA-376 measured with HR-TEM is shown in Figure 4ld @an be indexed as hJftgp

viewed along th@001] zone axis. The ADT data sets revealed again #sepce of goethite

in larger amounts than in MA-367 and the same tettmtergrowth with h-magnetite.



FTIR-Spectroscopy

The total amount of hydrogen incorporated in mégoof run MA-380 has been quantified as
about 500 ppm kD by weight by comparing the IR spectra with seofra synthetic
majorite (Lenz et al. 2012) containing 2200 ppa®Hby weight (Fig. 7).

Discussion

TEM analyses show that the Fe-oxide in our higtsguee run products crystallized in the
structure of h-F#, and are quenchable to ambient conditions andestatder the
experimental condition of most of the measureméxisay, electron beam). Microprobe
analyses are consistent with about 62% of thg.frcorporated as F& Electron microprobe
(WDS) along with analytical TEM analyses reveakst tihe Fe-oxide incorporated significant
amounts of Cr, Mg, Al, and Si. We assigned the ldiviacations to the larger Fel site and the
three and four-valent cations to the smaller oateddesite Fe2 (Dubrovinsky et al. 2003).
This is also supported by ADT analyses. Hence wpase the following structural formula
for the high-pressure Fe-oxide synthesized H&W&Ee™, 75 Mgo.26) {F€**0.70 Clo.15Al .11
Sio.04)204 for MA-367 and™(Fe**1 45 "{F€**0.65 Cro10Al 0.13 Sio.09204 for MA-376.

In MA-367 the Fe-oxide forms hypidiomorphic elorngditaggregates10 — 3én long,

mutually intergrown with majorite, the major phadehe run products. The texture of our
“synthetic rock” composed of majorite, stishovitel-e3Q, and magnesite (Fig. 1), and the
uniform chemical compositions of the phases sughesthey have attained equilibrium. It is
difficult to estimate the redox conditions in terofdo, during the experiment. But at least the
presence of magnesite gives us a minimum valuerdicg to Stagno et al. (2011) at 18 GPa
andT between 1500 and 1700 °Cfan of at least 3 log units above IW is required tevant
the reduction of magnesite to diamond and MgO. Tivgsestimate that tHg, in the
experimental charge was near the magnetite-wikstifer (that is 3-4 log units above IW). It
is clear that the coexisting majorite must als@iporate F& to some extent; however, for

simplicity, the Fe pfu for the majorite phasesto$tstudy were calculated assuming ferrous



iron only. As shown in Figure 6 for a majorite ahdar composition and synthesized in the
experiment MA-337 under similar conditions (Lenakt2012), 25% of the total Fe can be
assumed to be Fe

The same holds true for MA-380, in which we suceekit crystallizing large crystals by T-
cycling in the first heating phases.

In MA-376 the h-magnetite is more Fe-rich than iA{867. It has no magnesium
incorporated in the Felsite. The oxide phase temdscompose with time, maybe due to its
Fe-richer composition. However, the transformatgnot abrupt as known for the pure Fe-
end-member. One and a half year after the syntiaesiould still prove its presence.
Compared to MA-367, the products of run MA-376 utdd the end-member wadsleyite,
which stores all the Mg present in the startingemnat. As h-magnetite in run MA-367 did
incorporate Mg and did coexist with Fe, Mg — silesawe tend to interpret this observation as
non-equilibrium.

The presence of small amounts of goethite was adgrved in the ADT data sets neither in
our X-ray diffraction data nor EMP analyses. Frdéma oriented intergrowth with h-magnetite
it is clear that there is a secondary phase, wiveth formed most likely during quenching.
Although we did not add pure water to the sampdepibwder contained adsorbed water as

proven by the OH incorporation in the majorite tays
Implications

We report the synthesis of h-magnetite, ideallyetk with considerable amounts of
substitutional cations (Cr, Mg, Al, Si) and quenaleao ambient conditions. The substitution
of Fe by smaller cations may stabilize the highspoee form during quenching. If this is true,
then similar substitution mechanisms can be apptieather non-quenchable high-pressure
phases to recover them for better crystal chenaiedlstructural characterization.

Our experiments suggest that h-magnetite is a pat@onstituent of the Earth’s mantle. It

can incorporate large amounts of Cr, Mg, Al, ané8i the most of its iron is EeThe



preservation of mantle heterogeneity as relictafterials (most likely related to ancient
subduction) that are not thermally and/or chemycadjuilibrated with the ambient mantle is
suggested by seismic observations, and is consistdnmineral physics results, even in the
deep mantle (Mosenfelder et al. 2001; Kaneshina &007; Bina 2010; Vinnik et al. 2010).
Heterogeneities and anomalies observed at thatiangone level can be connected to
fragments of ancient subducted lithosphere nothggmally equilibrated where Fe-enriched,
oxidized lithospheric material could be intermixeith remnants of carbonatic sediments
(Nolet and Zielhuis 1994; Courtier and Revenaugbi720In such environments, before
complete equilibration, local redox conditions niymore oxidized than that of the ambient
mantle. Our syntheses performed at transition-poessures show that h-magnetite is

stabilized in equilibrium with Fe-rich majoritic geet atfo, close to the magnetite-wistite

buffer (i.e., 3-4 log units above IW) in a simpdifi system comparable to a Fe-enriched
subducted lithospheric material. We observe thas Gtrongly enriched in the oxide phase

with respect to the coexisting majoritic garnethatpartitioning coefficient g°xde/Majrite

of
about 2.6. Our experimental results suggest thak®, can be considered as deep mantle
mineral (at least in special environments). Itsrfation may have consequences on the
chemical signature of coexisting silicates. WhefetO, forms in the presence of residual
carbonates, such strong fractionation could berdecbin terms of the chemical signature of
silicate inclusions in deep diamonds associateld deep mantle carbonatitic melt production
(Rohrbach and Schmidt 2011; Stagno et al. 2013).

This work demonstrates the advantage of electrifradiion, and particularly of the ADT
method, for the structural analysis of phasesdhatir only as nano-sized crystals in
polyphasic assemblages, even when a limited anadunaterial is available. ADT method

also allows to recover geometrical informationtet hano-scale, like the reciprocal

orientation of goethite and h-§&, intergrowth in the Fe-oxide grains.
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Figures

Fig. 1: Back scattered electron image of the pelilstun products of run MA-367 (a), run
MA-380 (b), and run MA-376 (d). In the main grayjtm@d matrix represents majorite (Maj),
the dark gray phase is stishovite (Sti), the dangkase is magnesite (Mgs) and the light
phase corresponds to the Fe-oxide. In b only ntajégray), stishovite (dark gray) and a Fe-
oxide phase (light) are present. (c) This showsralined element mapping image, i.e., phase
map of run product MA-367: in yellow the main phasajorite, red the stishovite, blue the
Fe-oxide, and green the Fe-bearing magnesitea slightly smaller portion of a and the

black line is a guide for the eye and connectsamethe same oxide grain in the two

different images. (d) This is a representative B8&ge of the Fe-oxide phase of run MA-

376.

BFZ COMP  15.8KY  18pm

yellow Maj
red Sti

blue Fe-oxide
green Magnesite

GFZ COMP 15.8kY 18pm

Fig.1



Fig. 2: STEM image of a part of the FIB foil cubfn an Fe-oxide grain of MA-367. The
foil's dimensions are 15 x 10 x 0.1fén®. Two phases can be distinguished. @hghase
was identified as h-magnetite and flaphase as goethite. The oriented intergrowth of the

phases indicates that goethite is a secondary phase

Fig. 2



Fig. 3: Threedimensional ADT reconstructed diffraction volur from the sample M-367:
(a-b) diffraction volume froma-phase viewed down a* (a) and @wn b* (c-d) diffraction
volume collected from an area containing ba-phase an@-phase viewedlong different
projections The difference oa-phase ang-phase is evident due to the different length o
vector and due to the éentered pattern w-phase. Botlphases have related crystallogray
orientationsExtinctions with rulehkl : k +1 = 2n are recognizable for tla-phase in panels a
and c. We stress that these are projections oé-dimensional diffraction volumes, and t

extinctions visible in panels a and c involve tdslumns of reflections alorhQ0.
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Fig. 4a, b: Selected-area electron diffraction iesagf the mixed valence iron oxide indexed
on the basis of the structure proposal obtaingdisstudy using ADT. With this figure we

prove that the iron oxide is h-magnetite.
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Fig. 5: Representative EEL spectra displaying théJz-edges of a majorite, synthesized by
Lenz et al. (2012) of similar composition thanhiststudy at 18 GPa and 1500 °C and h-
Fe;0,4 of run MA-367. The spectrum for iron oxide does stoow the characteristig L
splitting as present for majoritic garnet. In addhitthe maxima of thedand L, egdes are
shifted to lower energy compared to cubic magnetig, the maximum of the; lof

magnetite lies at 709 eV (van Aken and Liebsch&220Applying the calibration by Van
Aken and Liebscher (2002) the averageti lFeo ratio was for both phases about 25% for
eight analyses, which is much too low for eitheszeor magnetite.
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Fig. 6: Observed, calculated (LeBail Fit) and diéiece X-ray powder pattern of the run
product MA-376 using the structural data of k®g(h-mgt) and stishovite (sti). Data were

collected in transmission using a STOE STADI Prddtometer (CKo; radiation).

Convergence was achieved Wk agg in % = 1.7.
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Fig. 7: Infrared spectra (a) of a single crystajarte of run MA-380 showing the typical OH
bands for majorite, (b) of a multi-phase aggregétein MA-380, (c) of a single-crystal
majorite, and (d) of a multi-crystal aggregate, ltiteer two taken from run MA-337 of Lenz
et al. (2012). The starting material of this rus asimilar bulk composition but water in
excess (run conditions 18 GPa, 1500 °C, 3 h). pdcsra show the typical OH bands around
3100 and 3600 cih Spectra b and d (aggregates) show in additiawadbOH band around
3400 cn* resulting from vibrations of molecular water, mpsbbably located on the grain
boundaries of the majorite aggregates. Compar#tetmajorite phase ¢ of MA-337 that
contained 2200 ppm4@ by weight, majorite crystals of run MA-380 (antain about 500
wt ppm HO. In the multi-phase aggregate of MA-380 no addai absorption feature than
those of OH in majorite can be observed. The treskrof the crystals was each 100.
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Supplemental Fig.1: Raman spectra of Maj and Mg® frun MA-367 acquired on the
polished section prepared for the microprobe ingasbns in comparison to a spectrum
magnesite spectrum (X=50115) taken from the RRU&iRlthse. They were measured with a
Horiba Jobin-Yvon Labram HR 800 spectrometer (grafi800 grooves/mm) in a
backscattering configuration using a CCD deted®SS laser with 532 nm excitation line
and an Olympus BXFM optical microscope. The spactier was calibrated using the Neon
Plasma lines in this energy range. The numbergspond to the peak positions. The Raman
peaks of Mgs are shifted to lower wavenumbers coetpto the spectrum of the endmember
Magnesite of the database (RRUFF), which is in atamce to the incorporation of Fe in run
MA-367. The peak position of the corresponding Rain@nds of siderite are 182.1, 285,

1085.8 cm-1 (RRUFF ID 50349.1).
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Tables

Table 1: Electron microprobe analyses and caladleé¢ions pfu (n= number of
measurements; numbers in parenthesis @sgaindard deviation on the last digits)

MA-367 h-FeO, majorite stishovite carbonate*
n=13 n=20 n=4 n=3
FeO 72.07(14) 17.33(24) 0.70(16) 15.99
Cr0s 10.21(4) 1.98(14) 0.15(6) -
MgO 4.93(9) 19.86(19) 0.24(9) 36.10
Al,O3 4.89(5) 18.95(5) 1.81(8) -
SiO, 2.31(7) 43.11(17) 1.35(9) -
) 94.41 101.26 100.54 52.09
4 O atoms 12 O atoms 2 O atoms 3 O atoms
Fet* 0.75(1) 1.05(4) 0.01(1) 0.20
Fe'* 1.39(1) - 0.00(1) -
cr? 0.29(1) 0.11(3) 0.00(1) -
Mg 0.26(1) 2.14(2) 0.00(2) 0.80
Al 0.21(1) 1.61(2) 0.02(1) -
Si 0.08(2) 3.11(2) 0.98(1) -
) 3.00 8.02 1.01 1
MA-376 h-FeO, wadsleyite
n=12 n=3
FeO 73.01(16) 0.19(7)
Cr,05 12.16(6) 0.02(1)
MgO 0.02(9) 54.82(16)
Al,O3 5.45(8) 0.09(1)
SiO, 1.35(9) 41.88(14)
) 91.99 97.00
4 O atoms 4 O atoms
Fef* 1.02(1) 0.01(1)
Fe'* 1.30(1) -
crt 0.37(1) 0.00(1)
Mg 0.00(1) 1.97(2)
Al 0.25(1) 0.01(1)
Si 0.05(1) 1.01(2)
) 3.00 3.00

* carbon was calculated by stoichometry

Table 2: Extinction rules for space grougisnm andAmam (the “=2n" is omitted)

Point group hmm)  hk Okl hol h0O 0kO 00l
mm h+ 1 K, | h+1 h k I
Amam K+ k+1 h, | h K I




Table 3: Experimental details about ADT data sets and relate initio structure
solutions and refinements.

Crystal 1 Crystal 2
a (A) 9.8(2)
b (A) 9.6(2)
c A 2.87(6)
a (%) 90
B () 90
y (°) 920
Space group Amam
Wavelength of radiationA() 0.0197 0.0197
Max resolution (A) 0.80 0.80
Unique reflections 121 171
Reflection completeness (%) 69 97
Rint (%) 17.77 20.32
Range oh, k, | -10<h< 10 -12<h< 12
-12 <k < 12 -12 <k <12
-3<1<3 -3<1<3
R(5|R2011) 24.26 24.36
R4 (%) 33.11 38.33
R (%) 33.83 39.77
GooF 5.248 4.500

Least-squares parameters 16 16




Table 4:Ab initio solution by direct methods (SIR2011) astducture refined by least squares
(SHELX97) on the basis of ADT electron diffractidata.

Ab initio solution — SIR2011 Refinement — SHELX97
Atom Height  Multipl. X y z X y z Fe:Cr U(iso)
name  (e/Ad) Fe:Mg (A?
Fel 3.59 8 0423 0630 1 0431 0633 1 33:1 0.005
Fe2 3.54 4 Ya 0.388 Ya 0376 *» 15:1 0.012
O1 1.70 4 Yo Yo Yo Yo Yo Yo 0.032
02 1.60 4 Ya 0537 1 Ya 0540 1 0.104
03 1.46 8 0.393 0.266 1 0.378 0.275 1 0.022

1°ghost  0.67

Notes: First column: atom name; second column: evalfithe maxima recognized in the
potential map (the *1ghost height is reported for comparison); fourthsteth columns:
fractional coordinates of the solution proposedrstio; seventh to ninth columns: fractional
coordinates refined by least squares; tenth colupantial occupancy Fe:Cr and Fe:Mg;
eleventh column: isotropic thermal factor U. Sauatand refinement from “Crystal 1” data.

Table 5: Transmission electron microscopic analysesibers in parentheses behind the
experimental data ares standard deviation on the last digits

MA-367

exp h-FeO, exp h-FeO,

4.220(9) 4.294 (120) 47.08(5)° 47.0° (131)/(120)
2.716(9) 2.749 (011) 27.95(5)° 28.5°(131)/(011)
2.053(9) 2.084 (131

MA-376

exp h-FgO, exp h-FgO,

9.948(6) 9.990 (100) 26.05(6)° 25.62° (1209/(010)
4.738(6) 4.790 (020) 63.95(6)° 64.38° (120)/(100)
4.291(6) 4.319 (120)

Notes: The calculated-spacings of h-F€©, are based on the structural proposal and thedatirameter (A)
derived in this studya 9.8b 9.6¢ 2.87 for MA-367 anc 9.9b 9.58c 2.83 for MA-376.



