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A new genetic type of chromium garnet—uvarovite with the simplified formula Ca3(Cr,ALTi*,V?*),(Si,Al)301,—was detected
in unusual wollastonite-gehlenite-bearing paralava within the Hatrurim Complex in Israel. The pyrometamorphic rocks of that
Complex usually formed in the sanidinite facies (low pressure and high temperature) and, as a rule, under oxidized conditions.
This paralava contains nodules and grain aggregates of native Fe, usually distributed linearly in the rock or located close to
gaseous voids. The presence of native iron droplets in association with the “meteoric” phosphide—schreibersite, suggests that
the formation of paralava occurred under high-reducing conditions and high temperature, reaching 1500°C. Uvarovite forms
xenomorphic grains either randomly distributed within the rock or flattened crystals on the walls of gaseous voids. Analyzed
uvarovite indicates a significant enrichment in Ti** (up to 8 wt.% TiO,) and V** (up to 4.5 wt.% V,03), the highest concentra-
tions documented for uvarovite. Unlike known uvarovite from different localities, uvarovite from this study does not contain
Fe®*, and Fe®* is present in insignificant amounts. The obtained structural data reveal that the high contribution of hutcheonite,
Ca3Ti*";SiAl;O1; (up to 18%), and goldmanite, CazV**,Si3O01, (up to 11%), end-members increases the lattice parameter a to
>12.00 A. The crystallization of uvarovite occurs in the narrow interval of oxygen fugacity, a little above the iron-wiistite buffer
O3 = AIW. Uvarovite xenomorphic grains formed due to the decomposition of wollastonite and chromite, including H,S from
the intergranular melt/fluid according to the following reaction: Ca3SizOg + Fe**Cr**,O4 + H;,S » CazCr;Siz0q; + FeS + H,0,
while the flattened crystals grew from specific melt that formed on the walls of the voids as a result of exposure of hot gas
flow. The comparison of the obtained results with available chemical data from previous studies reveals a gap in the natural
isomorphic series between andradite and uvarovite.

Te®", and U®; and the four-fold coordinated tetrahedral

1. Introduction

Uvarovite, Ca3Cr;SizOjy, is a relatively rare member of
silicate garnets, which belong to the garnet supergroup
characterized by the following general chemical formula
{X3HY2](Z3)912, where X, Y, and Z correspond to cationic
sites, and ¢ is designated as an anionic site, which indicates
O, OH, and F [1]. The eight-fold coordinated dodecahe-
dral X site usually hosts divalent cations such as Mg,
Ca, Mn, Fe or Na*, and Y*'; the six-fold coordinated
octahedral Y site contains various cations like Mg**, AP,
Fez+,3+) Mn2+,3+) V3+) Cr3+) SC3+’ Ti4+’ ZI’4+, Sn4+’ Si4+’ Sb5+)

Z site is mainly occupied by Si** but also AI’*, Fe**, V>*,
As’*, Li*, Zn*, or a vacancy [1, 2]. Previously, based on
the traditional division, uvarovite, together with grossular,
Ca3Al,Si301,, and andradite, CazFe;SizO1,, was subsumed
into the ugrandite series, which contains Ca-silicate garnets
characterized by different occupancies on the Y site [3].
However, the establishment of the garnet supergroup by
Grew et al. [1] gives evidence to restrict the use of this
term. So far, there is only one additional Cr-rich member—
knorringite, Mg3Cr,Si3O1, within the garnet supergroup
apart from uvarovite [4]. Nevertheless, the Cr-rich pyropes
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from kimberlites [5, 6], as well as Cr-bearing grossular
[7] or andradite specimens [8, 9], have also been noted.
Due to the presence of a significant amount of grossular
and andradite components in naturally occurring uvarovite,
the pure Ca3Cr,Si301, end-member has not been found
naturally, yet [10-12].

The range of environments in which uvarovite has been
detected so far indicates a wide stability field in terms of
temperature and pressure [8, 9, 13-16]. Typically, uvarovite
is associated with various metamorphic rocks, especially
serpentinites. It also occurs in mafic and ultramafic rocks,
that is, peridotite or chromitite, which have undergone
alteration due to metamorphic processes [14, 17-19].
Uvarovite was also reported in rodingites [20, 21], skarn
ore deposits [22, 23], and kimberlites [24, 25]. The last
documented natural occurrence, as well as in synthetic
studies, indicates uvarovite stability in high-temperature
and high-pressure environments [15, 16, 24]. Such a wide
range of stability allows for considering uvarovite with
variable composition as an important phase for geobarome-
try and geothermometry [13, 15, 16].

A new genetic type of uvarovite was detected in large
blocks (up to 0.5 m) of wollastonite-gehlenite-bearing
paralava within melilite hornfels of the Hatrurim Complex
in Israel. This unusual paralava has no known equivalent,
both in the Hatrurim Complex and worldwide, and it
is characterized by the presence of native Fe nodules up
to 1 cm in size. Here, we provide the results of uvaro-
vite investigations within this paralava, which indicates
relatively low iron contents of Fe** (0.2, 0.5 wt.% FeO) and
extraordinarily high Ti and V amounts. In addition, we
present data on the texture and composition of rock-form-
ing and accessory minerals within the paralava. Moreover,
the genesis of uvarovite related to the reducing condi-
tions and crystallization from the melt involving gases is
discussed, and a model of its formation is suggested.

2. Geological Settings

The Hatrurim Complex, also known as the Mottled Zone,
is a geological unit located over the territory of three
countries: Israel, Jordan, and Palestine (online supple-
mentary figure Sla-b) [26-29]. It belongs to the Dead
Sea-Jordan transformation tectonic system, a shear zone
separating the Arabian plate from the Sinai microplate
[30]. The Complex mainly consists of high-temperature,
low-pressure metamorphic rocks similar by composition to
Portland clinker, which formed under oxidizing condi-
tions [26, 28, 30-32]. These rocks were classified as
a product of a rare type of metamorphism—combus-
tion metamorphism (pyrometamorphism), occurring under
the sanidinite metamorphic facies [33]. The bituminous
Maastrichtian to Palaeocene marls and chalks of the
Ghareb and Taqiye formations, abundant in organic matter
containing up to 30% organic carbon, are considered the
protolith of the pyrometamorphic rocks [31, 31, 33, 34]. The
most widespread pyrometamorphic rocks of the Hatrurim
Complex are spurrite marbles, larnite- and gehlenite-bear-
ing rocks, but also different paralavas characterized by
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a variety of mineral compositions [29, 31, 32, 35-37].
Numerous cracks, cavities, and veins usually filled by
low-temperature and secondary minerals indicated the
susceptibility of these rocks to late-hydrothermal alteration
and weathering processes [38-41].

The formation of the Hatrurim Complex is still a
matter of debate. Generally, it is accepted that sedimen-
tary protolith, consisting mainly of carbonaceous lith-
ologies, was metamorphosed by combustion processes.
The predominant hypothesis considers formation due to
the combustion of dispersed organic matter within the
bitumen-rich protolith sediments [28, 38, 42]. A more
recent hypothesis is related to the activity of mud vol-
canism, which caused metamorphic alteration due to the
combustion of methane coming from the tectonically active
zone of the Dead Sea Rift [27, 29].

3. Materials and Methods

3.1. Optical and Scanning Electron Microscopy. Petrographic
thin sections and mount of the studied paralava with
uvarovite and associated minerals were examined using a
Leica DM2700P optical microscope under both transmit-
ted and reflected light. Subsequently, studies of paral-
ava, including semiquantitative chemical compositions of
minerals and their textural relationships, were carried
out using a Phenom XL scanning electron microscope
equipped with an EDS (energy-dispersive X-ray spectro-
scopy) detector. The semiquantitative EDS analyses were
performed using a high vacuum with a beam voltage of
15 kV and a working distance of 6 mm. In addition, the
X-ray elemental mapping for mineral inclusions within the
native Fe was made on a Quanta 250 scanning electron
microscope and converted based on atomic % values.
All mentioned microscopes are part of the Laboratory of
Scanning Electron Microscopy at the Institute of Earth
Sciences (Faculty of Natural Sciences, University of Silesia,
Sosnowiec, Poland).

3.2. Electron Microprobe Analyses. Quantitative chemical
analyses of minerals were performed using a CAMECA
SX100 electron-microprobe operating in WDS (wavelength-
dispersive X-ray spectroscopy) mode using a 15 kV
acceleration voltage and 10-20 nA beam current (Faculty
of Geology, University of Warsaw, Warsaw, Poland and
the Polish Geological Institute, National Research Institute,
Warsaw, Poland). The following X-ray lines and standards
were used during the measurements: NaKa (albite); CaKa,
SiKa and MgKa (diopside); KKa and AlKa (orthoclase,
sanidine); BaLa,Lf (baryte, celsian); SrLa (celestine); MnKa
(rhodonite); ZnKa (sphalerite); TiKa (rutile); FeKa (Fe,O3
and chalcopiryte); CrKS (CryOs); VKa (V,05); CoKa
(Co0); NiKa (NiO, pentlandite); MoLa (molibdenite);
CuKe (chalcopiryte, metal Cu); SKa (baryte and chalco-
piryte); PKa (apatite and YPOy); ClKa (NaCl); and FK«
(synthetic fluorphlogopite and apatite). Due to the mineral
type, size, and character of the studied crystals, the beam
diameter varied from ~1 pm to 5 um.
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3.3. Single Crystal X-Ray Diffraction. Single-crystal X-ray
studies of uvarovite were carried out on a four-circle
Rigaku Synergy-S diffractometer equipped with a dual
micro-focused source and a Hypix detector (Institute of
Geological Sciences, University of Bern, Switzerland). The
measurement was performed at ambient conditions, and
the data were collected using AgKa radiation (A = 0.56087
A). The data reduction and determination of unit-cell
parameters were processed using the CrystAlisPro software
(Rigaku Oxford Diffraction). The crystal structure solution
of uvarovite was performed in the Ia-3d space group by
a direct method using the SHELXS program implemen-
ted in the WinGX software package [43, 44]. The struc-
ture was then refined using SHELXL [45]. The X (Cal)
and Z (Sil) sites were refined with calcium and silicon
scattering factors, respectively, whereas for the Y site, a
mixed scattering curve was used (0.729 Cr + 0.271 Al).
The final structure refinement converged to R = 2.28%.
Further details of data collection and crystal-structure
refinement are reported in Table 1. Atom coordinates,
occupancies, equivalent displacement parameters, and the
main interatomic distances are listed in the CIF file, and
online supplementary table Sla-c reported in Supplemen-
tary Materials.

3.4. Raman Spectroscopy. The Raman spectra of uvarovite
were recorded on a WITec alpha 300R Confocal Raman
microscope (Institute of Earth Sciences, Faculty of Natural
Sciences, University of Silesia, Sosnowiec, Poland) using
an air-cooled solid laser of 488 nm and the CCD camera
operating at —61 °C. The laser radiation was coupled to
a microscope through a single-mode optical fiber with a
diameter of 3.5 um. An air Zeiss (LD EC Epiplan-Neofluan
DIC-100/0.75NA) objective was used. Raman scattered light
was focused by an effective pinhole size of about 30 um
and a monochromator with a 600 mm™ grating. The power
of the laser at the sample position was 42 mW. Integration
times of 5 seconds with the accumulation of fifteen scans
and a resolution of 3 cm™ were chosen. The monochro-
mator was calibrated using the Raman scattering line of
a silicon plate (520.7 cm™). Spectra processing, such as
baseline correction and smoothing, was performed using
the Spectracalc software package GRAMS. The Raman
bands were fitted using a Gauss-Lorentz cross-product
function with the minimum number of component bands
used for the fitting process.

4. Results

4.1. Occurrence, Rock Description, and Chemical Composi-
tion. Uvarovite was found in dark paralava outcrops of
the Hatrurim Complex at the east part of the Hatrurim
Basin between Zohar and Halamish Wadies (Negev desert,
Israel; online supplementary figure S1b-d). The rock sample
has a dark color due to the presence of pyrrhotite inclu-
sions. Areas of the rock characterized by a golden shade
are enriched with microscopic perovskite inclusions (Figure
1(a)). The paralava contains aggregates and nodules of
native iron up to 1 cm in size, which usually are distributed

TABLE 1: Parameters for X-ray data collection and the crystal
structure refinement of uvarovite.

Crystal data

Empirical formula CasCrj 46Alp 54513012

Crystal system Cubic

Space group Ia3d (No. 230)

Unit cell dimensions a=12.0253(3) A

a=90°

Unit cell volume 1738.94(12) A3

Formula weight 486.97

Density (calculated) 3.72

Z 8

Data collection

Diffractometer Rigaku Synergy-S

Radiation wavelength 0.56087 A

Temperature 293(2) K

Min. and max. theta [°] 3.275-29.286

Index ranges e -20h<19
o -20<k<19
e -20<1<19

Structure refinement

Reflections measured 14,566

No. of unique reflections 397

No. of observed unique refl. 305

[I>20(1)]

Rint 0.0982

Ry 0.0228

Goof 1.103

Apmin [e/A?] -0.615

Aprmax [e/A7] 0.347

in a linear fabric in rock and are located in close prox-
imity to the vesicles (gaseous channels), which reach
up to 1 cm in diameter (Figure 1(b)). Rarely, partially
replaced native Fe aggregates are observed inside gaseous
channels (Figure 1(c)). Weakly altered paralava consists
of long-prismatic poikilitic wollastonite crystals (several
mm in length) embedded in the fine-grained crystalline
groundmass of gehlenite (Figure 1(d)). Wollastonite, in rare
cases, is replaced by rankinite and cuspidine. The gray,
altered paralava contains an abundance of iron hydrox-
ides and oxides substituting for sulfides and native iron.
Here, a replacement of wollastonite by hydrated Ca-sili-
cates and gehlenite by hydrogrossular is observed. Most
frequently, accessory minerals in paralava are fluorapatite
and chromite. Chemically, the mentioned Ca-silicates are
nearly homogeneous and exhibit a composition close to the
stoichiometric value (online supplementary table S2a). Only
gehlenite shows minor impurities of Mg, Fe, and Na (online
supplementary table S2a). Fluorapatite typically contains
about 2.5 wt.% of SiO, (online supplementary table S2b).
Chromite is characterized by dark red-brown poikilitic
crystals up to 0.1 mm in length with gehlenite inclusions.
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Its composition is similar to the following empirical crystal
chemical formula (Fe2*0.79Mg0.16Ca0.028r0_01Mn0,OIZn0.01)
31.00(Cr1.57Al0.27V0.08Fe* 0,08 Ti0.01)52.0104 (online
supplementary table S2c).

Uvarovite, optically isotropic and green in color, forms
xenomorphic grains up to 0.3 mm in size and elonga-
ted crystals up to 2 mm with inclusions of wollastonite,
gehlenite, fluorapatite, and rarer chromite (Figure 2(a)-
2(b)). The largest uvarovite was noted as flattened crys-
tals up to 0.5 cm in length on the walls of gaseous chan-
nels filled with low-temperature minerals such as baryte,
celestine, gypsum, calcite, hydrocalumite, tacharanite, and
minerals of the ettringite-thaumasite series (Figure 2(c)-
2(f)). Uvarovite is faceted by the {211}+{110} forms on the
crystal side turned to the cavity space and covered by a
porous red zone (Figure 2(c) and 2(f)). This zone consists
of a fine mixture of iron hydroxides and sulfates with an
admixture of ferric hydrogrossular.

The calculated electron microprobe (EMPA) analyses
presented in Table 2 show that the compositions of
uvarovite from the channel walls and xenomorphic grains
in the paralava are similar (an. 1, 2, 4, Figure 3(a)-3(b)).
These garnets contain 60% of uvarovite CazCr’*,SizO1,
end-member, 14%-18% of grossular Ca3Al,;SizO1;, 8%-
11% of both hutcheonite Ca3Ti**,SiAl;O1,, and goldman-
ite CazV?%,Si30;;, (Table 2). The highest content of the
uvarovite end-member—76%, is noted in grains with
chromite relicts (Table 2, an. 5). In several cases, thin rims
of xenomorphic uvarovite grains are enriched in Ti (up
to ~8 wt.% TiO,), which equals 20% of the hutcheonite
end-member (Table 2, an. 3). This is the highest TiO,
content measured for natural examples of uvarovite. A
similar observation has been made for the V,03 constitu-
ent. The highest V,03 content was equal to ~4.5 wt.% for a
single analysis and >1.2 wt.% for the rest of the measured
uvarovite (Table 2, Figure 3(b)). Only the crystal with the
highest uvarovite end-member content incorporates less
than 1 wt.% of V,03 (Table 2, Figure 3(b)). The chemical
formula calculation for eight cations reveals a slightly higher
than 24e” sum of cation charges indicating an insignificant
presence of Fe?* (~0.02 pfu) instead of Fe** for uvarovite
from the dark paralava (Table 2).

In the analyzed paralava samples, native Fe has a rim
or contains pyrrhotite and rarely cohenite Fe;C inclusions
(Figure 4(a)-4(b)). Aggregates of the Fe-P(+C) system of
minerals occur even more seldomly and are characterized
by the following sequence, from core to rim: iron (+cohen-
ite)—iron with schreibersite inclusions—schreibersite-iron
eutectic (Figure 4(c)). Schreibersite Fe3P is common in
meteorites but has been detected in several localities of
the Hatrurim Complex in association with other so-called
“extraterrestrial” mineral phases [32, 46, 47]. The compo-
sitional data show that the schreibersite contains up to
1.85 wt.% of Ni and a minor amount of Mo (up to
0.43 wt.%) and Co (up to 0.20 wt.%; online supplementary
table S2d). Nickel is a main impurity in native Fe (up to
1.74 wt.%; online supplementary table S2d) and cohenite
(0.6 wt.%, EDS data). Moreover, sphenoidal crystals of iron
nitride e-Fe3N, a mineral similar to siderazote, were also
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identified as inclusions in native Fe (Figure 4(d), online
supplementary table S2d). In addition, elemental mapping
confirms high concentrations of two main elements, Fe
and N, within this needle-like phase (online supplementary
figure S2).

The presence of wiistite, which substitutes for native iron,
was confirmed by compositional data and Raman spectro-
scopy (Figure 5(a); Table S2). Its xenomorphic aggregates
are substituted by magnetite gradually (Figure 5(b)-5(c))
and contain pyrrhotite and tetrataenite inclusions with
the following composition ~Nig 5oFeq 47As0,01 (EDS data;
Figure 5(d)). However, magnetite rims around wiistite and
pyrrhotite grains are usually replaced by hematite (Figure
5(b)-5(d)). Infrequently, tiny inclusions of a Fe-Ni-As-Sb
alloy with different metallic ratios are also observed in
magnetite (online supplementary figure S3a-c). Addition-
ally, fine-flattened inclusions of iron hydroxides resembling
an exsolution structure are noted in wiistite-magnetite
pseudomorphs after native iron (online supplementary
figure S3b). However, unaltered flattened inclusions are
characterized by a high reflectance and a white color in
BSE images (online supplementary figure S3d). The results
of EDS analysis indicate iron with oxygen and carbon traces
implying the formula of phase ~Fe30C 5.

Sulfides in the paralava are mainly pyrrhotite, which
usually overgrows native iron, and it is replaced by
later low-temperature goethite (figures 2(b); 4(b)-4(d);
and 5(b)5(d)-; online supplementary table S2e). However,
pyrite forms pseudomorphs after pyrrhotite and occurs in
netlike pseudomorphs after an unknown sulfide (proba-
bly Ca-Fe or Ca-K-Fe sulfide, Figure 6), in which djer-
fisherite and isostructural zoharite were noted. These
sulfides coexist and can overgrow each other, indicating
changes in chemical composition (Figure 6). Zoharite
is highly enriched in Ba (up to 15.06 wt.%) and Cu
(up to 10.16 wt.%), and the empirical chemical formula
is as follows (Bap 99Kz 51Nag.53)35.94(Fe16.89Ni3.93Cu3 50)
5243252700 (online supplementary table S2e). In turn,
djerfisherite contains almost twice as much K (up
to 7.10 wt%) and additional Cl (up to 1.23 wt.%),
resulting in the composition (Ky4s5,BaggiNag41Cagoq)

v5.78(Fe1g.84Nig 20Cu1 01)524.07(526.10Clo.90)527.00-

4.2 Crystal Structure. Generally, the crystal structure of
cubic garnet consists of alternating YOq octahedra and ZO4
tetrahedra connected by shared corners, forming a three-
dimensional framework. The cavities enclosed between this
framework are filled by X cations forming XOg dodecahe-
dra. The garnet structure can be presented as a layered
or zig-zag arrangement created by alternating edge-sharing
polyhedra and octahedra, between which tetrahedra occur
(Figure 7(a)) [1]. Each O atom in the structure is tetrahe-
drally coordinated by two cations from the X, one from
Y, and one from the Z sites (Figure 7(b)). Such coordi-
nation indicates a high amount of shared edges between
the dodecahedra, octahedra, and tetrahedra. However, the
tetrahedra and octahedra are connected only by corners
(Figure 7(a)).
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FIGURE 1: (a and b) Polished sample of wollastonite-gehlenite paralava with native Fe and gaseous channels marked by dotted lines:
(a) Optical microscope image in diffused light with high contrast. The golden shade of rock with visible long-prismatic wollastonite crystals
defined by perovskite inclusions. (b) An optical microscope image in reflected light. Xenomorphic grains of native iron featured by high
reflectance (white). (c and d) Back-scattered electron images of native iron (white), partially replaced by wiistite and magnetite (gray) in
the gaseous channel (c). The inset section is magnified in Figure 5a. The paralava sample composed of long-prismatic wollastonite crystals
embedded in a fine-grained gehlenite groundmass partially replaced by hydrogrossular (d). Abbreviations: Fe, native iron; Fap, fluorapatite;
Gh, gehlenite; Hgrs, hydrogrossular; Prv, perovskite; Pyh, pyrrhotite; Wo, wollastonite.

For the structural refinement, the  crystal
from a series of grains with the mean com-
position Ca3o(Cry24Alp36Ti"0.22 V**0.14F€*0.02Mg0.02)
52.00(812.85Al0.15)33.00012 was used (Table 2, analysis 1). In
the obtained uvarovite structure, the X site is fully occu-
pied by Ca cations and surrounded by eight O atoms. The
interatomic distances for the dodecahedron (Ca-O) range
from 2.3548(7) A to 2.5045(7) A. The Si cation centers
the tetrahedrally coordinated Z site, and the average Si-O
distances are equal to 1.6574(7) A. This distance is scarcely
more than the standard Si-O = 1.64 A bond [48] and is
connected with the substitution of Si by Al. The population
refinement of the octahedral position converges at 0.729(6)
Cr and 0.271(6) Al and is responded to the electron density
21.02¢” and gives the mean distance of Y-O = 1.9873(7) A
(online supplementary table Slc). These values are similar
to those calculated using the empirical formula with an
electron density = 21.73e” and a theoretical distance of
Y-O = 1.984 A [48], as well as the Y-O = 1.985 A bond
distance value reported for the natural uvarovite sample
in the previous publication [11]. The obtained structural
data of uvarovite from paralava indicate that the lattice
parameter a = 12.0253(3) A is the biggest of all recorded so
far, which usually varies from 11.92 to 11.97 A [49], or is
close to ~12.00 A [11]. In the presented case, the increase

of this parameter is connected with an unusually high
contribution of hutcheonite Ca3Ti**;SiAl,O1; (up to 18%)
and goldmanite CazV3*,Si301;, (up to 11%) end-members
in the uvarovite composition (Table 2).

4.1.1 Raman Spectroscopy. According to the detailed factor
group analysis of the garnet group minerals, twenty-five
Raman active modes: 3 A1q, 8Eg, and 14 g, are expected.
However, it is usually difhcult to observe all of them in
one spectrum [50-57]. Raman modes for silicate garnet
can be divided into two high- and low-energy groups.
Internal (high energy) modes contain Si-O stretching (v;
and v3) and bending (v, and vy) vibrations of the (SiO4)*"
tetrahedra. On the other hand, external (low energy)
modes include rotational and translational vibrations of the
(SiO4)* structural unit and translational vibrations of Ca
or X?** dodecahedral cations [52, 53, 56, 57]. The vibrations
related to the Y site cations are inactive in Raman spectro-
scopy [50, 52, 57].

Raman spectroscopy performed for two uvarovite
crystals detected within the wollastonite paralava revealed
the presence of twenty-two active bands for crystal I (Figure
8(a), Table 3) and twenty-three for crystal II (Figure 8(b),
Table 3), respectively. For a more accurate interpretation,
the Raman spectra presented in Figure 8 were divided into
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Gh+Hgrt

Cal+Zeo+Gp

FIGURE 2: (a) Xenomorphic grains of bright-green uvarovite in transmitted light. (b) Back-scattered electron (BSE) image of elongated
aggregates of uvarovite formed due to wollastonite substitution. (c and d) A gaseous channel filled with secondary minerals and flattened
uvarovite crystals covered by iron hydroxides (red) on a channel wall; (c) polarized reflected light, in high contrast; (d) BSE image. The
inset section is magnified in Figure 2e. (e and f) Uvarovite crystals faceted from the channel side and characterized by xenomorphic surface
from the wall side covered by sulfide layer replaced by hydrated Fe-silicates, iron hydroxides, and sulfates; (e) BSE image; (f) polarized
reflected light image. Abbreviations: Cal, calcite; Chr, chromite; Fap, fluorapatite; Gh, gehlenite; Gp, gypsum; Hem, hematite; Hgrs,
hydrogrossular; HSi-Fe, Fe-hydro silicate + Fe-hydroxide + Fe-sulfate; Prv, perovskite; Pyh, pyrrhotite; Uv, uvarovite; Wo, wollastonite;

Zeo, zeolite.

three wavenumber regions in the following ranges: 100-460
cm™ (low frequency), 460-670 cm™ (medium frequency),
and 750-1000 cm™ (high frequency). A few low-intensity
Raman bands are noted for both spectra in a low wave-
number region around 170-300 cm™'. The bands at 172
cm™ for the I and 176 cm™ for the II crystal are related
to the translational vibration of the (SiO4)* group. In
turn, bands in the range 220-300 cm™ are assigned to the
translation modes of the Ca cations at the dodecahedron
sites (Figure 8). The spectral range between 300 and 460
cm™ is associated with the rotational vibrations of (SiO4)*".
Both spectra are dominated by a very intense Raman
band characterized by vibration modes of Ajg symmetry
at 361 cm™! (I) and 364 cm™ (II). However, some additional
bands of (SiO4)* rotational vibrations are hidden under the

dominant one, and others appear near 450 cm™ (Figure 8,
Table 3).

For both uvarovite crystals, six Raman bands are located
in the spectral range between 460 and 670 cm™ (Figure
8), which are assigned to the symmetric (v,) and asymmet-
ric (vg4) vibrations of O-Si-O bending modes. An intense
peak at 520 cm™ (I) and 522 cm™ (II) with Ajg symme-
try surrounded by several Raman bands with Eg and Fyg
symmetries also characterizes this frequency region (Figure
8, Table 3). The assignment of two Raman bands placed at
716 cm™ (I) and 723 cm™ (II) is problematic due to the
absence of similar bands in previous spectroscopic reports
of uvarovite, as well as other members of the garnet group.
Further investigation is needed, but the authors cannot
exclude incorrect band fitting near such frequencies. Raman
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uvarovite crystals.

spectra of the I and II uvarovite crystals show the presence
of eight bands in the frequency area between 750 and 1000
cm™! (Figure 8). This region is represented by Raman bands
correlated with a Si-O stretching (v; + v3) vibration of the
(SiOy)* group. The asymmetric stretching vibrations (v3)
with the Eg and Fpg; symmetries occur at ~830 cm™ and
above 930 cm™. In turn, symmetric stretching vibrations
(v1) are noted in the range of ~870-920 cm™. It was
previously shown that the band near ~875 cm™ is featured
by Ajg symmetry, while the band at ~890 cm™ by Eg,
respectively. Moreover, the Raman bands in both spectra
at 797 cm™ (I) and 799 cm™ (II) are related to the sym-
metric stretching vibrations (vq) of (AlO4)*" with the Eg
symmetry, which is connected to the partial occupancy
of tetrahedral position by Al Therefore, bands with lower
intensity near ~750-760 cm™ might be assigned to the
asymmetric stretching vibrations of (AlO4)* groups.

The presented spectroscopic results are in agreement
with previously reported data on uvarovite. The frequen-
cies of the most intense Raman bands with Ajg symmetry
are comparable, and the spectral ranges for the remaining
vibrations were distinguished similarly [51-55]. A different
number of Raman bands with regard to the literature data
may be related to the detailed processing of the presented
results, for example, the peak fitting process, as well as
the material type and measurement conditions. The band
shift to the lower or higher frequencies may be observed
mainly in the high-frequency region. It can result from the
occupancy of the Y site by various cations with differences
in ionic radii, cation mass, and crystal field energy [53, 57].
Although the vibrations related to the Y octahedral site are
not present in Raman spectroscopy, the variations within
the crystal structure can lead to changes in the energy
of Si-O bonds, their strength, and at the same time, the
changes of band position [53, 55-57].

5. Discussion of Uvarovite Genesis

A new genetic type of uvarovite relevant to the crystalliza-
tion from the melt with the assistance of hot gases was

detected in the gehlenite-wollastonite-bearing paralava of
the pyrometamorphic Hatrurim Complex. Two morpholog-
ical types of this silicate garnet were distinguished in the
analyzed samples presented in this study. The xenomor-
phic grains were distributed randomly in paralava, and
flattened crystals formed at the channels walls. According to
the chemical composition, presented uvarovite differs from
their previously described counterparts due to the elevated
TiO, and V,03 contents and very low amounts of FeO
(Table 2 [22, 25, 49, 58]). The enrichment in Ti observed
in uvarovite from the pyrometamorphic rocks, even up to
0.5 apfu (~8 wt.% TiO,; Table 2; Figure 3), is the highest
documented for natural uvarovite. In the literature, the
content of TiO; in uvarovite usually does not exceed 2 wt.%,
and the highest content (~3 wt.%) was detected from a
uvarovite grain from podiform chromitite in the Moa-Bara-
coa Ophiolitic Massif in Cuba [14]. A similar observation
was noted in V,03 content, which reaches the highest value
of ~4.5 wt.% in uvarovite from the dark paralava in this
study (Table 2). In comparison, only some uvarovite grains
from the Cr-bearing tremolite-clinozoisite-pyrrhotite skarn
occurring in northern Karelia in Finland reach as high as
~2.5 wt.% of V,03 [22].

The Cr-dominant calcium garnet—uvarovite—was
detected in various geological environments and different
types of rocks, mainly metamorphic, such as serpentinites
[8, 21], quartzites [59], skarns [22, 23], or rodingites [20,
21]. It has also been interpreted as related to the altered
mafic and ultramafic rocks associated with chromite ore
deposits [14, 17-19, 60]. It was also found in kimberlites,
which may indicate a mantle origin [15, 16, 24]. Generally,
it is assumed that a Cr-rich garnet can be formed due to a
metasomatic reaction from the Cr-bearing spinel (chro-
mite/magnesiochromite). However, the wide P-T range of
uvarovite stability enables different mechanisms of crystal
formations depending on the environment [13, 15, 16, 20,
21, 59]. Previous work points out the formation of uvarovite
during the following different processes: (I) serpentiniza-
tion at relatively low temperatures and pressure [8, 14,
17], (II) growing due to the decomposition of chromite
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TaBLE 2: Chemical composition (wt.%) of uvarovite from paralava samples derived from the Hatrurim Complex.

1 2 3 4 5
Mean SD Range Mean SD Range Mean SD Range Mean SD Range
n=15 n=9 n=>5 n=33 n=1
Constituent Core Rim Core
SiO, 34.66 0.33 34.09-35.36 3391 0.45 33.35-34.62 31.62 044 31.09-32.17 34.34 0.60 32.74-35.35 35.04
TiO, 355 0.56 2.24-466 464 076 3.28-543 734 0.88  6.35-8.39 418 0.83 2.80-6.69 2.62
Al,O3 524 036 4.66-5.84 504 068 3.21-551 471 0.14  4.52-4.87 501 062 3.08-593  3.37
V,03 2.08 0.55 1.25-2.81 244 0.75 1.27-3.78 312 0.09 3.06-3.29 266 0.98 1.19-454 0.72
Cr,03 1898 0.57 17.82-19.69 18.52 1.39 16.85-21.40 17.57 0.30 17.20-18.01 18.39 0.87 16.56-20.03 23.34
FeO 0.29 0.07 0.20-047 032 0.09 0.20-0.52 0.61 0.08 0.49-0.70 0.26 0.06 0.16-042 0.25
MgO 0.15 0.06 0.04-0.25 0.15 0.05 0.08-0.20 0.15 0.04 0.12-0.22 0.12 0.05 0.02-0.22  0.06
CaO 34.09 0.26 33.61-34.47 34.32 0.14 34.06-34.49 33.68 0.19 33.52-34.04 34.34 0.17 33.98-34.61 33.85
Total 99.04 99.34 98.80 99.29 99.17
Calculated on 8 cations
Ca?*/X 3.00 3.00 3.00 3.00 3.00
Ti** 0.22 0.29 0.46 0.26 0.16
AP 0.36 0.28 0.10 0.31 0.23
Vi 0.14 0.16 0.21 0.18 0.05
Cr** 1.24 1.20 1.16 1.20 1.52
Fe* 0.02 0.02 0.04 0.02 0.02
Mg** 0.02 0.02 0.02 0.01 0.01
Ca* 0.01 0.03 0.01 0.03 0.01
Y 2.00 2.00 2.00 2.00 2.00
Si* 2.85 2.79 2.64 2.82 2.90
AP 0.15 0.21 0.36 0.18 0.10
Z 3.00 3.00 3.00 3.00 3.00
Charge 24.03 24.01 24.02 24.02 24.04
Uv 62 60 58 60 76
Grs 18 14 5 16 11
Htn 8 11 18 9 5
Glm 7 8 11 9 3
other 5 7 8 6 5

SD, 1o standard deviation. #, number of analyses. 1,4, uvarovite crystals from the channel walls. 2, xenomorphic uvarovite grains (core). 3, xenomorphic
uvarovite grains (rim) enriched in Ti. 5, xenomorphic uvarovite grain (core) with chromite relicts.

and clinopyroxenes in ultramafic host rock [60], and (III)
crystallization at high pressure in a subduction zone setting
by chromite and andradite reactions during the rodingitiza-
tion process [21].

Available chemical analyses for natural uvarovite are
shown in a ternary plot diagram (Figure 9(a)), which
considers three end-members: grossular, uvarovite, and
andradite, characterized by different dominant trivalent
cations at the Y site. Except for Cr-bearing garnets from
kimberlites, individual analyses were excluded from the
population due to grossular or andradite end-member
predominance. Different genetic fields of uvarovite were
distinguished (Figure 9(b)), concerning the type of rocks.

Considering only the relative proportion of trivalent Al,
Cr, and Fe, we confirm that uvarovite from wollastonite-
gehlenite-bearing paralava does not contain an andradite
component as the obtained Fe amount is insignificant
(~0.02 apfu; Table 2) and occurs solely as Fe?*. In contrast,
the uvarovite end-member reaches above 75% (Figure 9(b)).
In uvarovite from rodingite-like rocks, the percentage of
the uvarovite end-member is comparable to the studied
uvarovite (Figure 9(b)), while andradite fluctuates between
10% and 15% [20].

Chromium and aluminum mainly occupy the Y site in
the uvarovite garnets found in kimberlites. These garnets
can be distinguished as intermediate members of the
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FIGURE 4: (a) A large aggregate of native iron intergrowing with pyrrhotite and fluorapatite. (b) Cohenite inclusion with a yellowish color
contrasted with white native iron. (c) Native Fe with a rim of schreibersite-iron eutectic. (d) Elongate, a sphenoid-like crystal of FesN phase
within a native iron grain. Optical images in reflected light. Abbreviations: Cav, cavity; Coh, cohenite; Fap, fluorapatite; Fe, native iron;
Fe3N - iron nitride; Pyh - pyrrhotite; Scb - schreibersite; Wo, wollastonite.

grossular-uvarovite solid solution. Iron enrichment (up to
7.7 wt.% FeO) is also characteristic, but in this case, it
occurs as Fe?* and substitutes for Ca on the X site, similar to
Mg?*. The high amount of MgO (up to 11 wt.%) is related to
the pyrope end-member Mg3Al,Si30;, and pyrope-uvaro-
vite coexistence in kimberlites [6, 24, 25]. Cr-dominant
garnets from the Outokumpu locality (Northern Karelia,
Finland) were divided based on the uvarovite composition
and skarn mineral associations [22]. The main difference is
noted in the Fe** content, which is the highest (up to 3 wt.%
Fe,O3) for uvarovite crystals associated with a diopside-
pyrrhotite-chalcopyrite skarn. Such Fe amounts reduced
the share of the uvarovite end-member at the expense
of andradite in the total composition (Figure 9(b)). The
contribution of the uvarovite end-member in the remaining
skarns varies between 50% and 85%, and the andradite
component does not exceed 2.5% (Figure 9(b)) [22, 49].
Uvarovite garnets related to metamorphic rocks usually
occur in calc-silicate rocks, such as gneiss or quartzites,
and are a product of regional metasomatism [13, 23, 59,
61]. They are characterized by the most variable composi-
tions (Figure 9(a)). The amount of the uvarovite component
varies from ~50% to 80% compared with the grossular
end-member in the range of 10%-40%. This uvarovite
has the highest enrichment of Fe;Os, which reaches up
to 9.5 wt.% for Cr-dominant garnet described in gneiss
from Labrador [13]. The content of the calculated andra-
dite end-member (Figure 9b), ranges from ~10% to ~32%.
Uvarovite is also associated with altered igneous rocks

enriched in chromitite. Usually, it appears in corroded zones
next to the chromite grains or occurs within the cross-cut-
ting veins, lenses, and lenticular bodies at contact with
the surrounding rock [14, 17]. Figure 9(b) shows three
fields (I-III) related to mafic igneous rocks and uvarovite
garnets. The first field (I) corresponds to the type local-
ity—Saranovskii Mine (Russia), which is hosted in dunites
and harzburgites [19]. Uvarovite from this locality occurs
commonly in Alpine-type veins and chemically corresponds
to uvarovite from the Outokumpu skarns, characterized by
slight Fe** enrichments [19, 49, 58]. The second field (II)
is associated with uvarovite related to chromitite deposits,
and their formation was due to metamorphic metasomatic
processes [17, 62]. This uvarovite contains similar grossular
and uvarovite end-member values, whereby the andradite
component (13%-26%) contribution is significant (Figure
9(b)). The third field (III) is also connected with chromitite
pods in which the uvarovite crystallized due to hydrother-
mal alteration (serpentinization) [14]. The contribution of
grossular and uvarovite compounds is similar, as was noted
for the second field, but the third type differs by a very low
amount of Fe** (up to 0.75 wt.% Fe,O3).

These data confirm that the contribution of the grossular
and andradite members in uvarovites is usually variable
and depends on the conditions of formation and min-
eral paragenesis [13, 14, 21, 49, 58, 59]. Additionally,
the contribution of andradite end-member is invariably
below 32% in uvarovite crystals, indicating at least partially
reducing conditions during uvarovite formation. It implies

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2023/lithosphere_2023_214/5986025/lithosphere_2023_214.pdf

bv auest



10

Lithosphere

FIGURE 5: (a) BSE image of native iron partially replaced by wiistite and magnetite. (b and c) Intergrowth of wiistite and pyrrhotite with
a characteristic rim composed of magnetite; substitution of pyrrhotite by goethite. (b) BSE image; (c) optical image in reflected light.
(d) Porous wiistite grain with magnetite observed around the gas channels and small inclusions of tetrataenite and pyrrhotite distinguished
by high reflectivity; optical image in reflected light. Abbreviations: Fe, native iron; Gth, goethite; Hem, hematite; Mag, magnetite; Pyh,

pyrrhotite; Ttae, tetrataenite; Wis, wiistite.

FIGURE 6: Zonal djerfisherite crystals with a zoharite rim in alteration products of an unknown sulfide (marked by an arrow) shown by
pyrite, goethite, and iron sulfate. (a) BSE image; (b) optical image in reflected light. Abbreviations: Djr, djerfisherite; Zoh, zoharite.

the existence of a discontinuous isomorphic series between
andradite and uvarovite in natural specimens.

The generation of wollastonite-gehlenite-bearing
paralava in near-surface combustion foci occurred under
reducing conditions at low pressures and high tempera-
tures, which could locally reach 1500°C, confirmed by the
presence of native iron droplets [32, 47, 63]. However,
Raman spectroscopy data confirmed only the presence of
wollastonite in the analyzed paralava, with no evidence of
pseudowollastonite. That indicates the temperature during
wollastonite crystallization was below 1125°C [64]. The

appearance of numerous tiny drops of sulfide melt in
the silicate melt results in the formation of xenomorphic
pyrrhotite grains after rock-forming mineral crystalliza-
tion, mainly gehlenite, and wollastonite. In rare cases,
large iron melt drops probably formed after Fe-bearing
mineral concretions in a sedimentary protolith. These
native iron nodules are placed near or inside gaseous
channels (Figure 1(b) and 1(c)), which indicates that
gases can locally increase the temperature of paralava
and affect iron reduction. Moreover, the zonal aggregates
within the core are composed of native Fe surrounded
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FIGURE 7: A slice of a uvarovite structure with a characteristic zig-zag arrangement composed of Ca-polyhedra (green) and Cr-centered
octahedra (purple) linked in between by Si-tetrahedra (blue) (a). Tetrahedral coordination of oxygen atom in uvarovite structure (b).
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FIGURE 8: (a and b) Raman spectra of two uvarovite crystals from
paralava samples of the Hatrurim Complex outcrops.

by pyrrhotite, which indicates enrichment in sulfur of
the metal melt. Occasionally, sulfide nodules consisting of
pyrrhotite and an altered phase (probably K-Fe or Ca-Fe
sulfide) were noted, after which secondary pyrite and

TaBLE 3: Modes assignments and symmetries of the Raman active
bands of the uvarovite samples.

Uvarovite crystal I Uvarovite crystal II

Symmetric mode

9
Assignation | Ajg Eg Fyg Ajg Eg Faq
Si-O stretching 873 887 827 875 891 832
vibrations of 933 974 936 978
i~ N4
(5104) 993 999
Al-O stretching 797 756 799 762
vibrations of
(AlOy)*-
0O-Si-0 bending 520 494 551 522 499 553
vibration of 594 607 592 613
(Si04)47
664 667
Rotational 361 324 452 364 386 433
(Si04)47 modes 383 454
Translational 172 176
(Si04)* modes
Translational 221 229
modes of Ca** 268 270
295

pseudomorphs composed of iron oxides-hydroxides with
a characteristic net-like texture were formed. A change
of metal nodule composition in the samples according to
the following sequence: native Fe > wiistite > magnetite
> hematite (Figure 5(a)-5(c)) indicates an increase in the
oxygen fugacity during paralava crystallization. However,
hot reducing gases (like CO, H,, H,S, HF, and methane)
and variations of atmospheric conditions, especially around
gaseous channels, could change the oxygen fugacity rapidly.
Additionally, the association of native Fe with schreiber-
site (Figure 4(c)), which was also described in contact
metamorphic facies of the gehlenite-bearing paralava of
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FIGURE 9: (a) Ternary plot of the Y site contents of uvarovite garnets. The Y site was calculated from the relative proportion of Cr**, AI**,
and Fe** with the consideration of Al partial substitution at the Z site. (b) Fragment of the ternary diagram showing the genetic fields of
uvarovite. Sources of data: [6, 13, 14, 17, 19, 20, 22-25, 49, 58, 59, 61, 62].

the Hatrurim Complex [32], indicates super-reductive
conditions in the crystallization environment: fO2 < AIW
= ~ =3 - -5 (Figure 10). Schreibersite and other phos-
phides can be formed under low-pressure and high-temper-
ature conditions (1200°C-1500°C) due to the carbothermal
reduction process combined with the production of gaseous
by-products that came from organic matter decomposition
[32, 47].

Uvarovite is a relatively late mineral of paralava that
crystallizes in a narrow range of the oxygen fugac-
ity, slightly above the iron-wiistite buffer fO, = AIW
(Figure 10) as indicated by the low Fe?* content in
its composition, and relatively high V** content (Table
2). The decomposition of wollastonite and chromite
with the participation of H,S can lead to the forma-
tion of xenomorphic uvarovite and pyrrhotite accord-
ing to the following reaction: Ca3SizOg9 + Fe**Cr**;0y4
+ HpS > Ca3Cr,Si30;5 + FeS + H,O. In addition,
the texture of xenomorphic uvarovite indicates forma-
tion at the expense of wollastonite substitution, wherein
the relatively low amount of such garnet in paral-
ava is correlated with the limited content of acces-
sory chromite (Figure 2(a)-2(b)). At the same time,
flattened uvarovite crystals on the walls of channels
crystallized from the silicate melt, which is confirmed
by their morphology (Figure 2(c)-2(f)). This melt (thin
layer) was likely formed during a short-time interval
heating of the channel walls by hot gases. In places
where chromite grains were present in paralava, the
melt was enriched in Cr (+V), which enabled the
crystallization of uvarovite. Additionally, the effect of
active gaseous channels in partially crystallized paralava
increased perovskite crystal size by 10-20 times in the
area of their influence.

6. Conclusions

Uvarovite garnet detected in paralava samples from the
pyrometamorphic Hatrurim Complex shows enrichment
in Ti** up to ~8 wt.% and V*up to ~4.5 wt.%. So far,
these are the highest values confirmed for natural Cr**-
dominant silicate garnet. Simultaneously, the involvement
of the uvarovite end-member is significant at ~75%, and it
is comparable to the content of the uvarovite end-member
for Cr-bearing garnet specimens occurring in rodingite-like
rocks. Moreover, iron content is negligible and recorded
only as Fe?* in the investigated uvarovite composition.
The relevant contribution of hutcheonite, Ca3Ti**;SiAl;01,,
and goldmanite, Ca3V*',Si301;, end-members indicates
the increase of the unit-cell lattice parameter a > 12 A,
which is the largest reported for natural uvarovite. In
the analyzed rock samples, uvarovite forms two morpho-
logically different types of assemblages. The xenomorphic
grains appear due to the decomposition of wollastonite
and chromite with the participation of H,S from the
intergranular melt/fluid. In turn, flattened uvarovite crystals
crystallized from a secondary melt formed on the walls of
the channels with the interaction of hot gases. Uvarovite
described in this work presents a new genetic type related
to reduced conditions, indicating a narrow range of the
oxygen fugacity (fO,> AIW = 1), and crystallization from
the melt involving gases. The comparison of the obtained
results with available chemical data from previous studies
reveals the gap in isomorphic series between andradite and
uvarovite within natural samples. The presented investiga-
tion concludes that uvarovite can be an indicator of oxygen
fugacity during rock formation based on the presence of
Fe** and Fe’* in its structure.
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detected in the paralava sample. Modified after [65].
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Uvarovite_Hatrurim Complex.cif file; Table Sla: Atom
coordinates (x,y,z), equivalent isotropic displacement
parameters (Uiso, A2), and site occupancies of uvarovite;
Table S1b: Anisotropic displacement parameters (A2) of
uvarovite; Table Slc: Selected interatomic distances (A)
of uvarovite structure; Table S2a: Chemical composition
(wt.%) of rock-forming minerals detected in analyzed
paralava samples; Table S2b: Chemical composition (wt.%)
of fluorapatite detected in analyzed paralava samples; Table
S2c: Chemical composition (wt.%) of accessory minerals
related to the spinel subgroup and wiistite; Table S2d:
Chemical composition (wt.%) of native Fe, Fe3N phase and
schreibersite; Table S2e: Chemical composition (wt.%) of

sulfides detected in analyzed paralava samples; Figure SlI:
(a) Schematic map of the Middle East with the Hatrurim
Complex outcrops along the Israel-Jordan border; frag-
ment outlined by frame is magnified in Figure S1b. (b)
Hatrurim Basin outcrop with marked locality (red dot) of
the uvarovite sampling. (c) Uvarovite locality in between
Zohar and Halamish Wadies. (d) Samples of dark paralava
with aggregates and nodules of native iron and uvarovite
crystals; Figure S2: Elemental mapping for N, Fe, S, Ca,
Si, Al and O. (a) BSE image of native Fe associated with
pyrrhotite and noticeable inclusion of Fe3N phase. Figure
S3: Wiistite-magnetite pseudomorphs after native iron; (a)
Optical image; (b) BSE image. The framed sections are
magnified in Figures S3c and d. (c) BSE image of Fe-
Ni-As-Sb alloy within the magnetite. (d) BSE image of
tiny needle-like inclusions of iron carbide ~Fe30C0.25.
Abbreviations: Fe — native iron; Fe3N - iron nitride; Gh
- gehlenite; Hem - hematite; Mag — magnetite; Prv -
perovskite; Py — pyrite; Pyh - pyrrhotite; Wo - wollastonite;
Wiis — wiistite.
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