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ABSTRACT

Flamite (Ca,Na,K)>(Si,P)O4 (P6s; a = 43.3726(18), ¢ = 6.8270(4) A; VV = 11122.2(9) A%), a natural
analogue of the P,Na,K-doped high-temperature o-Ca,SiO4 modification, is a new mineral from Ca-
and Al-rich paralava, an ultrahigh-temperature combustion metamorphic melt rock. The type locality is
situated in the southern Hatrurim Basin, the Negev Desert, Isracl. Flamite occurs as regular lamellar
intergrowths with partially hydrated larnite, together with rock-forming gehlenite, rankinite and Ti-rich
andradite, minor ferrian perovskite, magnesioferrite, hematite, and retrograde ettringite and calcium
silicate hydrates. The mineral is greyish to yellowish, transparent with a vitreous lustre, non-fluorescent
under ultraviolet light and shows no parting or cleavage; Mohs hardness is 5—5'; calculated density is
3.264 g cm . The empirical formula of holotype flamite (mean of 21 analyses) is
(CalAgzNaoA09K0A06(Mg,Fe,SI’,Ba)OAoz)Z1Agg(SiOA82P0'18)21A0004. The strongest lines in the powder X-ray
diffraction pattern are [d, A (I,p,)]: 2.713(100), 2.765(44), 2.759(42), 1.762(32), 2.518(29), 2.402(23),
2.897(19), 1.967(18), 2.220(15), 1.813(15). The strongest bands in the Raman spectrum are 170, 260,
520, 538, 850, 863, 885, 952 and 1003 cm™".

Keyworbs: flamite, new mineral, (Ca,Na,K),(Si,P)O,4, dicalcium silicate, a-Ca,SiO,4, larnite, combustion
metamorphism, Hatrurim Basin.
Introduction Basin and belongs to the largest complex of the
unique Hatrurim Formation (Mottled Zone, MZ)

THE new mineral flamite (Ca,Na,K),(Si,P)O4
(P63; a = 43.3726(18), ¢ = 6.8270(4) A; V =
11122.2(9) A%) (IMA 2013-122) was discovered
as a rock-forming mineral in Ca- and Al-rich
paralava, an ultrahigh-temperature combustion
metamorphic rock found in the Negev Desert,
Israel. The type locality is situated in the Hatrurim

in Israel (Bentor and Vroman, 1960; Gross, 1977;
Burg et al., 1992; Sokol et al., 2008). Since the
1960s, numerous rare and new minerals,
uncommon to natural systems, have been found
in the MZ rocks. Most of them are natural
analogues of phases found in industrial cement
clinkers and/or concretes. The Hatrurim Basin is
the type locality for bayerite, bentorite,
ye’elimite, grossite, hatrurite, nagelschmidtite
(Gross and Heller, 1963; Gross, 1977; 1980;
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found barioferrite (Murashko et al., 2011),
shulamitite (Sharygin et al., 2013), murashkoite
(IMA 2012-071, Britvin et al., 2013), zadovite
(IMA 2013-031, Galuskin ef al., 2013¢), gurimite
(IMA 2013-032, Galuskina et al., 2013), fluor-
kyuygenite (IMA 2013-043, Galuskin et al.,
2013b), aradite (IMA 2013-047, Galuskin et al.,
2013a), negevite (IMA 2013-104, Britvin et al.,
2014a), halamishite (IMA 2013-105, Britvin et
al., 2014b), zuktamrurite (IMA 2013-107, Britvin
et al., 2014c), silicocarnotite (IMA 2013-139,
Galuskin et al., 2014).

The new mineral and mineral name have been
approved by the International Mineralogical
Association Commission on New Minerals,
Nomenclature and Classification (IMA
2013-122). The name is derived from ‘flame’
and refers to the origin of the mineral by ultrahigh-
temperature combustion metamorphism triggered
by fossil-fuel ignition. The holotype specimen of
flamite is stored in the collections of the Central
Siberian Geological Museum of the V.S. Sobolev
Institute of Geology and Mineralogy, Novosibirsk,
Russia, catalogue number XII1-341/1.

Occurrence and association of flamite

Flamite occurs as a rock-forming mineral in a
coarse-grained Ca-Al-rich paralava (holotype
sample YV-402) (Fig. 1), an ultrahigh-
temperature combustion metamorphic rock. The
type locality is situated in the southern Hatrurim
Basin (31°10'26"N 35°17'31”E), the Negev
Desert, Israel. Within the Hatrurim Basin, there
are numerous foci of high-temperature combus-
tion metamorphism (represented by spurrite
marble, larnite rocks, larnite-gehlenite, gehlenite
and diopside-anorthite hornfelses), which coexist
locally with ultrahigh-temperature melt rocks
(paralavas) (Sharygin et al., 2006; Vapnik et al.,
2007; Sokol et al., 2008; Galuskin et al., 2013a).
Gehlenite hornfels with sporadic veins of
gehlenite-bearing paralavas are distributed
widely in the southern part of the Hatrurim
Basin. Sample YV-402 is a thin paralava veinlet
in gehlenite hornfels, which has experienced only
slight retrograde alteration. It has a high
Ca0/SiO, ratio of 1.34 and contains (in wt.%)
30.89 SiO,, 0.83 TiO,, 11.00 Al,O3, 5.77 Fe,03,
0.72 FeO, 0.02 MnO, 1.16 MgO, 41.44 CaO, 0.68
Na,0, 0.42 K,0 and 2.45 P,0s, 0.94 H,0, 0.97
CO,. The mineral assemblage consists of ~40%
Ca,Si0y solid solutions (ss) (flamite as a regular
lamellar intergrowth with partially hydrated

584

larnite), ~30% gehlenite, 15% rankinite and 10%
Ti-rich andradite (vol.%). Minor phases
(~5 vol.%) are Fe-rich perovskite, magnesiofer-
rite and hematite. Ti-rich andradite, gehlenite and
occasionally rankinite, which contains tubular
inclusions of cloudy flamite. Ettringite and
calcium silicate hydrates are minor retrograde
phases. The compositions of the rock-forming
minerals are presented in Table 1.

Analytical methods

The flamite-bearing paralava was studied by
optical thin section petrography, scanning elec-
tron-microscopy (SEM) and/or powder X-ray
diffraction (PXRD) for quantification of the
main constituents. /n situ mineral chemistry was
determined by electron microprobe (EMPA) at
the V.S. Sobolev Institute of Geology and
Mineralogy (IGM) in Novosibirsk. The bulk
compositions of major elements were analysed
by inductively coupled plasma atomic emission
spectrometry (ICP-AES) at IGM. The optical
properties of flamite were determined at the
Institute of Mineralogy UrB RAS in Miass.

Microfabric and phase distribution were exam-
ined by LEO 420 SEM and JEOL JSM6380LA
scanning electron microscopes on Au- and
C-coated polished thin sections, at chamber
vacuum pressures of 107> Torr (~0.01 Pa). Both
instruments were operated at 10 kV and 2.0 nA
beam current (measured in a Faraday cup).

The in situ chemical compositions of individual
minerals were analysed by a JEOL JXA-8100
microprobe, in C-coated polished thin sections,
with the chamber vacuum kept at 107 Torr
(~0.001 Pa) or greater. The instrument was
equipped with a single EDS spectrometer and
five WDS spectrometers with LiF, PET or TAP
crystals. Mineral chemistry was analysed at 20 kV
and 15—30 nA, with 10 s counting time and a
beam diameter of 2—3 pm. The compositions
were estimated with reference to the natural and
synthetic standards: wollastonite (Si, Ca), pyrope
0-145 (Al Fe, Mg), fluorapatite (P), orthoclase
(K), albite (Na), Ba-Si-glass Gl-10 (Ba), Sr-Si-
glass Gl-11 (Sr), V,05 (V). Peak overlaps for
CaKp-Ko and SiKo-SrLo were compensated
automatically by the instrument software, and a
matrix correction using the ZAF algorithm was
applied to raw data prior to recalculation into
major oxides. The relative analytical accuracy was
within 2% for >5 wt.% elements, and ~5% for
<2 wt.% elements (Na, K, Al, Fe, Mg, Ba, Sr, V).
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FiG. 1. (a) Paralava holotype sample YV-402 with retrograde minerals, namely calcium silicate hydrates and calcite
(white) filling vesicles in the melt rock; (b—f) morphological diversity of minerals in flamite-bearing paralava; (b) a
mosaic of squarish gehlenite and anhedral grains of flamite, rankinite and Ti-rich andradite with tubular inclusions of
flamite in Ti-rich andradite (plane-polarized light); (c) tubular inclusions of magnesioferrite in rankinite, squarish
gehlenite crystals and lamellar aggregate of larnite and flamite (plane-polarized light); (d,e,f) larnite (B-Ca,SiOy)
lamellae in P,Na,K-doped a-Ca,SiO4 matrix; (d) plane-polarized light; (e,f/) BSE images (Gh = gehlenite, Hem =
hematite, Mfr = magnesioferrite, Rnk = rankinite, Ti-Adr = Ti-andradite, Fim = flamite, Lrn = larnite [Mineral
symbols according to Whitney and Evans (2010)].
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TaBLE 1. Compositions of minerals associated with flamite (holotype sample YV-402).

Mineral Larnite Rankinite Gehlenite Perovskite Magnesio- Ti-rich
ferrite andradite
n 11 12 12 7 5 21
SiO, 32.25 41.54 24.75 2.28 0.25 23.73
TiO, n.a. 0.09 0.09 45.82 0.06 13.48
710, n.a. 0.02 n.a. n.a. n.a. 0.34
Cr,05 n.a. b.d. b.d. 1.78 8.86 1.18
V,05 0.04 n.a. n.a. 0.05 n.a. n.a.
Al,O3 0.02 b.d. 26.36 0.79 4.28 2.02
Fe,O5* 6.95 6.63 59.30 26.78
FeO* 0.02 0.17 0.27 8.07
MnO n.a. n.a. n.a. b.d. 0.67 n.a.
MgO 0.07 0.07 1.38 0.03 10.17 0.09
NiO n.a. n.a. n.a. b.d. 6.39 n.a.
ZnO n.a. n.a. n.a. b.d. 0.90 n.a.
CaO 63.71 58.04 39.77 41.96 0.60 32.69
SrO 0.14 b.d. n.a. n.a n.a. n.a.
Na,O 0.61 0.04 0.27 n.a n.a. n.a.
K,0 0.52 b.d. 0.1 n.a n.a. n.a.
P,0Os5 2.35 0.13 b.d. n.a. n.a. 0.06
Total 99.73 100.09 99.93 99.33 99.55 100.38
Calculated on: 40 5 cations 5 cations 2 cations 3 cations 8 cations
and 30 and 40
Si 0.93 1.99 1.16 0.05 0.01 2.05
Ti 0.00 0.00 0.77 0.00 0.88
Zr 0.01
Cr 0.00 0.00 0.03 0.24 0.08
\% 0.00 0.00 0.00
Al 0.00 0.00 1.46 0.02 0.18 0.21
Fe** 0.24 0.11 1.56 1.74
Fe?" 0.00 0.01 0.01 0.24
Mn 0.00 0.00 0.00 0.02 0.00
Mg 0.00 0.00 0.10 0.00 0.53 0.01
Ni 0.00 0.18
Zn 0.00 0.02
Ca 1.97 2.98 2.00 1.01 0.02 3.02
Na 0.03 0.00 0.02 0.00 0.00
K 0.02 0.00 0.01 0.00
P 0.06 0.01 0.00

* FeO/Fe,05 calculated on charge balance; b.d.= below detection; n.a. = not analysed; n = average of analyses.

Raman spectra were recorded on a Horiba
Jobin Yvon LabRAM HR800 spectrometer with a
1024 pixel LN/CCD detector using the 514.5 nm
emission line of an Ar' ion laser with 50 mW
maximum beam power (up to 17 mW on the
sample surface). Spectra were collected in back-
scattered geometry using an Olympus BX41
microscope (Goryainov et al., 2012, 2014). The
resolution of the recorded spectrum was
~22cm ' at a Raman shift of ~3000 cm ..
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This resolution was achieved by using a
1800 mm ™' grating and equal 150 pm slit and
pin hole sizes. The microscope with an Olympus
PlanLWD 50 x objective lens of working
distance 11 mm with a 0.5 numerical aperture
provides a focal spot diameter of ~2 um on the
sample surface. The microscope with an Olympus
50 x objective lens of working distance
0.37 mm with 0.75 numerical aperture produces
a focal spot diameter of ~2 um. Raman spectra
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were deconvoluted into Voigt amplitude functions
using PeakFit software (Canberra Industries,
2002).

Single-crystal XRD studies of flamite were
carried out using an Oxford Diffraction Xcalibur
Gemini diffractometer, MoKa, A = 0.71073 A
(Novosibirsk State University, Novosibirsk).
Diffraction data were collected with @ scans. A
total of 151,582 intensities were collected to
55°20 using 20 s per 1° frames with a crystal-to-
detector distance of 8.5 cm. Data were processed
using CrysAlis Pro (Oxford Diffraction, 2008). A
semi-empirical absorption correction was applied
using the multi-scan technique. The structure was
solved and refined with the SHELX-97 package
(Sheldrick, 2008).

The PXRD data were collected on a Thermo
Scientific ARL X’TRA diffractometer equipped
with a Peltier cooled Si(Li) solid state detector
(CuKa radiation) at IGM (Novosibirsk). A sintered
alumina plate (SRM 1976, a = 4.75885(11), ¢ =
12.993(2) A) was used as an external standard. The
step-scan data collection mode was employed, with
steps of 0.02° and 8 s count time for each step. The
26 range was 5—60°.

Appearance, morphology and physical and
optical properties of flamite

Flamite occurs as 100—250 um anhedral crystals
with typical lamellar textures (Fig. 1b—f) filling
interstitial areas between squarish gehlenite

crystals (40—100 um) and as intergrowths with
rankinite and Ti-rich andradite. Occasionally
there are hematite inclusions at the boundaries
between flamite and larnite lamellae. Tubular
inclusions of cloudy flamite (up to 50 pm) occur
in large poikilitic Ti-rich andradite (0.5—1 mm)
and gehlenite (500 pm) crystals. Small inclusions
(1—2 pm) of flamite hosted by rankinite coexist
with magnesioferrite and fine, devitrified silicate
melt inclusions (Fig. 2).

Two types of symmetry-related domain struc-
tures of larnite ($-Ca,SiO,4) are set in a flamite
(0-Ca,Si04 (ss)) matrix. The striations intersect at
60° or 120° in cross-sections perpendicular to the
¢, axis of the host. In other sections, lamellac
intersect at 27°, 54° or 81°, which is consistent
with data reported for synthetic analogues of the
minerals (Fukuda, 2001). The orientation relation-
ships between the host flamite and the B-Ca,SiO,4
lamellae are {1120}, || {100} and <0001>, |
<010>g, which corresponds to the relative matrix
lamellar orientations found by Fukuda and Maki
(1989) in synthetic dicalcium silicates. Most
larnite lamellae show {100} twining. Unlike
unaltered flamite, larnite was partly hydrated
and converted into calcium silicate hydrates.
The extraction of flamite single crystals fit for
structure refinement from the fine-grained mineral
aggregate was precluded by its intimate inter-
growth with larnite.

Flamite is pale yellow or grey (Fig. 1) with a
white streak. It is transparent with a vitreous

FiG. 2. Ferrite and fine-devitrified silicate melt inclusions in rankinite coexisting with flamite (holotype sample YV-

402). Flm = flamite, Lrn = larnite, Mfr = magnesioferrite, Rnk = rankinite, Ti-Adr = Ti-rich andradite.

587



E. V. SOKOL ET AL.

lustre and does not fluoresce under ultraviolet
light. Neither cleavage nor parting was observed.
The mineral has a brittle, irregular fracture. The
Mohs hardness is 5—5% and microhardness is
VHNs, = 579—753 kg mm 2 (mean 706 kg
mm~?). The density calculated from unit-cell
dimensions and EMPA data is 3.264 g cm °.
Better physical or optical characterization of the
mineral was impossible because of its small grain
size and intimate intergrowth with larnite.

Optical properties were measured with a Bloss
spindle stage at 589 nm using a gel filter. Flamite
is non-pleochroic and uniaxial positive, with
refraction indexes ® = 1.634 and & = 1.640
(both +£0.002); Z = «.

Chemical tests

Flamite dissolves in 10% HCI with the formation
of a SiO, gel. Various Ca,SiO4 modifications are
identified using diverse techniques (Campbell,
1999). The difference between flamite
(a-Ca,Si0y) and larnite (B-Ca,SiOy) is indicated
by short-term (20 min) etching of polished plates
in distilled water + nital (a solution of alcohol and
nitric acid, specifically, 1 ml of conc. HNOj3 in
99 ml of anhydrous isopropyl alcohol) and in nital
+ KOH. In both nital and nital + KOH solutions,
flamite dissolves and is much less coloured than
larnite. Ca,SiO,4 samples etched in nital are
yellow to brownish while the samples etched in
nital + KOH are blue to greyish. Unlike larnite,
flamite does not undergo hydration in experiments
or the natural environment.

Raman spectroscopy

Raman spectra of flamite show the 106, 125, 170,
188, 199, 260, 294, 396, 430, 439, 500, 520, 538,
575, 589, 666, 714, 850, 863, 885, 952 and
1003 cm ™' bands (Fig. 3). Generally, the bands
are associated with vibrations of isolated [SiOy4]
groups (including the internal v;—v,4 and external
R,T modes) and Ca®' cations (translational T
modes): (106, 125) T(Ca), (170, 188, 199)
T(Ca)+T(Si04), (260, 294) T(SiO4)+T(Ca), 396
R(Si04)+T(Ca), (430, 439) v,(SiO,), (500, 520,
538, 575, 589, 666, 714) v4(SiOy), (850, 863, 885)
V1+V3(Si04), (952, 1003) V3(Si04). This inter-
pretation is consistent with published experi-
mental and theoretical (ab initio density
functional theory) results (Piriou and McMillan,
1983; Chopelas, 1991; McKeown et al., 2010).
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Mineral chemistry

Holotype flamite (sample YV-410) has a consis-
tent composition (Table 2) of 58.27 to 61.23 wt.%
Ca0, 28.14 t0 30.17 wt.% SiO,, 6.01 to 8.55 wt.%
P,0s, 1.12—1.98 wt.% Na,O and 1.40—2.04 wt.%
K,0. Calcium content decreases with increasing
P, Na and K (Fig. 4). The empirical formula
(mean of 21 analyses) is (Cay g2Nag.09Ko.06
(Mg,Fe,Sr,Ba)g.02)51.99(S10.82P0.18)51.0004. Minor
elements (Al, Mg, Fe, V, Ba, Sr) are insignificant
(Table 2). Raman spectroscopy of flamite indi-
cates the absence of [COs]*~ groups, as well as
(OH)™ groups and H,O (Fig. 3).

Generally, the sample shows an obvious
compositional heterogeneity with both o- and
-Ca,Si04 modifications being present. Flamite is
enriched markedly in P, Na and K relative to
coexisting larnite (Tables 1 and 2; Fig. 4). Thus,
flamite concentrates most of the P and alkalis
among the Ca-Al paralava minerals in the
holotype sample.

X-ray diffraction results

Five ~50 pum grains, symmetry-related aggre-
gates of flamite and larnite lamellae, were
studied by single-crystal XRD analysis. All the
selected grains were composed mainly of flamite
with the largest amount of P (Ca; 79Nag.06Ko.06
[Sig.80P0.2004]). Least-squares refinement of
6649 reflections with / >10c(/) gave a =
43.3726(18), ¢ = 6.8270(4) A; V =
11122.2(9) A%, Z = 128 and a:c = 6.353.
Judging by 788 reflections (hhl) with [ = 2n +
1, flamite lacks ¢ glides and hence has a lower
space-group symmetry than the high-temp-
erature o-Ca,SiO4 phase (space group P63/
mmc). The E-value statistics indicate the non-
centrosymmetric space group P63 (no. 173). The
unit cell of flamite has a volume 64 times larger
than that of high-temperature o-Ca,SiOy4
because the a (and hence b) parameters are 8
times larger. Symmetry reduction in flamite may
result from ordering of SiO4 and PO, tetrahedra,
as well as atom displacements. The positions of
Ca and Si atoms are generally similar to those in
the o-Ca,SiO4 and o’-Ca,SiO4 structures.
However, larnite present as thin intergrowths
with flamite prevents the reliable localization of
O positions in the flamite structure. Data for d
spacings (in A for CuKo) are provided in
Table 3.
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Fic. 3. Raman spectra of flamite («) and larnite (), holotype specimen YV-402.

Relationship to other minerals
parameters, strongest lines in the XRD pattern,

Flamite differs from all calcium disilicate optical data, strongest Raman bands and density
modifications known as natural minerals in its (Table 4). These properties indicate that flamite is
chemistry, crystal system, space group, unit-cell a new mineral. Flamite is a new member of a
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TaBLE 2. Composition of holotype flamite (sample YV-402).

Sample 1 s.d. Range 2 3 4 5 6

n 21

Si0, 28.87 0.59 28.14-30.17 28.39 28.44 28.35 28.42 29.58
AL O3 0.04 0.02 0-0.08 0.06 0.04 0.04 0.05 0.04
FeO 0.15 0.12 0—-0.48 0.08 0.11 0.08 0.05 0.29
MgO 0.16 0.10 0.08-0.55 0.10 0.15 0.12 0.23 0.24
V,05 0.10 0.04 0-0.16 0.12 0.07 0.13 0.09 0.09
BaO 0.05 0.04 0-0.17 0.02 0.02 0.06 0.09 0.08
SrO 0.24 0.05 0.17-0.35 0.32 0.26 0.25 0.25 0.19
P,0s 7.38 0.74 6.01-8.55 8.55 8.27 8.08 7.87 6.69
CaO 59.76 0.82 58.27-61.23 59.02 58.27 58.94 58.9 59.85
K,0 1.73 0.17 1.40-2.04 1.82 2.04 1.86 1.86 1.41
Na,O 1.55 0.26 1.12-1.98 1.93 1.84 1.71 1.59 1.63
Total 100.03 100.41 99.50 99.62 99.39 100.1
Calculated on: 40

Si 0.82 0.80 0.81 0.81 0.81 0.84
Al 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.00 0.01
\Y% 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.00 0.01 0.01 0.01 0.01
Ca 1.82 1.79 1.78 1.80 1.80 1.82
Ba 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.08 0.11 0.10 0.09 0.09 0.08
K 0.06 0.07 0.07 0.07 0.07 0.06
Sr 0.00 0.01 0.00 0.00 0.00 0.00
P 0.18 0.20 0.20 0.19 0.19 0.16

n : average of analyses; s.d.: standard deviation.

TaBLE 3. Experimental PXRD pattern of flamite
(CuKa = 1.54178 A, Bragg-Brentano geometry,
strongest lines in bold).

h k I d (A) I

0 8 1 3.875 10
—4 8 2 2.897 19
0 8 2 2.765 44
—4 14 1 2.759 42
-8 16 0 2.713 100
-8 16 1 2.518 29
—4 16 1 2.445 13
-2 12 2 2.402 23
0 16 1 2.22 15
—4 16 2 2.077 9
-8 20 1 2.058 10
—4 20 1 1.967 18
0 16 2 1.937 13
0 20 1 1.813 15
—4 20 2 1.762 32
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group in the sense of Mills et al. (2009) of Ca-
silicate minerals in which structures are all
derived from that of K,SO,4. This group includes
merwinite (CazMg(SiO4),) and bredigite
(Ca;Mg(Si04)4) as well as larnite.

Dicalcium orthosilicate (Ca,SiO,4) has at least
five polymorphs. The structures of o'y, o't and
B-forms are derived from the high-temperature
pure o-Ca,SiO, and/or «-Ca,SiO4 (ss) by
progressive symmetry decrease. The a—o/; and
B-y phase transitions are reconstructive, while
o' y—0o'; and o, —P are displacive (Taylor, 1997;
Campbell, 1999; Fukuda, 2001). Both a-Ca,SiO,4
(ss) and B-Ca,SiOy (ss) can be quenched, which
allows the natural occurrence of flamite and
larnite (Table 4; Fig. 5).

Calcio-olivine y-Ca,SiO4 (Pbnm) is the only
Ca,Si04 modification thermodynamically stable
under ambient conditions, but the natural
analogue is extremely rare. It was found in the
Marble Canyon skarns, USA, coexisting with the
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20 pm

20 pm

FiG. 4. BSE image and elemental maps for a lamellar aggregate of P, K Na-enriched flamite (FIm) and larnite (Lrn).

Gh = gehlenite.

B- and o'-Ca,SiO4 forms (Bridge, 1966)
(Table 4). A later discovery was in burnt coal
spoil heaps of the Kopeisk mining district,
Chelyabinsk region, Southern Urals, Russia, and
described as “podnoginite” (Chesnokov et al.,
1998). However, the mineral has an anthropo-
genic origin and was not approved as a valid
mineral species by the IMA. Rietveld refinement
of the calcio-olivine crystal structure was later
determined by Gobechiya ef al. (2008) in skarn
xenoliths from Kabardino-Balkaria, Russia.
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The monoclinic B-Ca,SiO4 phase (P2/n)
(Table 4) is stable at high pressure and metastable
under ambient conditions. However, it is larnite,
the natural analogue of this phase doped with
small amounts of P, Al, Fe and Na, that is
common in high-temperature, low-pressure Ca-
rich assemblages in contact metamorphic aureoles
and xenoliths (Reverdatto, 1973; Grapes, 2011),
as well as Ca-rich pyrometamorphic rocks (Gross,
1977, 1984; Sharygin et al., 2008, 2013; Sokol et
al., 2014). The doped B-Ca,SiO, phase does not
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Fic. 5. Flamite (a-Ca,SiO4 (ss)) holotype and coexisting larnite compositions projected onto the system

Ca,Si04—Ca;3P,0g. The diagram is modified after Fix et al. (1969). Nag = nagelschmidtite.

transform to stable y-Ca,SiO4 on cooling,
whereas pure B-Ca,SiO, inverts completely to
v-Ca,Si04 (Taylor, 1997; Campbell, 1999;
Fukuda, 2001; Yamnova et al., 2011).

Orthorhombic o'y-Ca,SiO4 (Pnma) and
o' -Ca,Si04 (Pna2,) phases are stable within
the temperature interval 680—1160°C (Taylor,
1997). The o'-Ca,SiO4 modification has been
found in Nature (Bridge, 1966; Gross, 1977). In
the latter case (Gross, 1977), the mineral was
misidentified as bredigite. The properties of the
mineral were determined only partly in both
cases, and the compounds have never received the
status of a mineral species.

The pure a-Ca,SiO,4 phase (7= 1425-2150°C)
is not stable at ambient temperature, and it has
never been found in Nature. In the cement
industry (clinker production), «-Ca,SiO4 is
stabilized by the dopants Ba, Sr, P (= Na, K),
Fe, Al and B, which effectively depress both the
transition rate of o-Ca,SiO4 (ss)—a'y—a'y and
the transformation temperature (Taylor, 1997;
Campbell, 1999; Fukuda, 2001). Most of the
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doped compositions are liable to quenching and
can be preserved under ambient conditions.
Flamite can be considered as the natural analogue
of a-Ca,Si04 (ss), stabilized by P, Na and K
impurities (Fig. 5; Table 4), although as noted
above it has an 8a superstructure of the high-
temperature phase.

Synthetic nagelschmidtite Ca;(Si04),(POy4),
(P6,) obviously differs from flamite
(Ca,Na,K),(Si,P)O4 (P65) in having much more
P,0s (19 wt.%), as well as the space group, XRD
pattern and optical characteristics; the unit-cell
parameters suggest that it has a 3¢ superstructure
of high-temperature o-Ca,SiO,4 (Table 4). Natural
nagelschmidtite was first identified in combustion
metamorphic rocks of the Hatrurim Basin (Gross,
1977). Gross (1977) characterized the holotype
sample as an ultra-thin lamellar aggregate of
nagelschmidtite and larnite. Instrumental facilities
at that time were insufficient to determine the
unit-cell parameters, space group and composi-
tions of individual nagelschmidtite lamellae in the
aggregate. Therefore, the IMA approved the new
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mineral with an incomplete set of parameters
(IMA-1987 s.p., Fleischer et al., 1978), which
rules out a full comparison of the mineral.
According to Gross (1977), the average bulk
P,05 content reaches 8.27 wt.% in the nagelsch-
midtite-larnite aggregate and nagelschmidtite
alone can be expected to contain much more
P,0s. The presence of nagelschmidtite in the
lamellar intergrowth was supported by the optical
characteristics of the two phases and by XRD
patterns of the analysed material (Gross, 1977).
Thus, a review of Gross (1977) data indicates that
the mineral identified and described was natural
nagelschmidtite rather than a P-, Na- and K-doped
analogue of an 4-Ca,SiO,4 phase, such as flamite.

Petrogenesis

Flamite-bearing rock forms by combustion
metamorphism at ultrahigh temperatures and
ambient pressures as a result of spontaneous
ignition of bitumen and gas. This is a new type of
melt rock within the Hatrurim Formation
(Sharygin et al., 2006; Vapnik et al., 2007,
Sokol et al., 2008, 2010; Seryotkin et al., 2012).
The local temperatures of fuel combustion were
high enough (at least 1400°C) to cause near-
surface total decarbonation and subsequent local
melting of Ca-rich parent rocks, namely chalky
marine sediments with variable amounts of marl
(clay) and phosphorites. The morphology of
flamite crystals and the presence of ferrite and
fine, devitrified melt inclusions in rankinite
provide strong evidence for crystallization from
a Ca-rich melt (Figs 1 and 2). Crystallization
began with gehlenite, followed by P- and alkali-
rich dicalcium silicate [homogeneous a-Ca,SiOy4
(ss)] and finally by rankinite and Fe-rich minerals,
such as Ti-rich andradite, magnesioferrite and
hematite.

In terms of crystal chemistry, flamite is the
natural analogue of o-Ca,SiOy (ss) stabilized by
P, K and Na during paralava quenching. The
stabilizing effect of these dopants and the upper
temperature limit of quenching (~1280°C) are
known for industrial belite-rich cement clinkers
(Fukuda, 2001). The paralava cooling conditions
can be reconstructed from symmetry-related
lamellar structures of larnite and flamite indi-
cating prolonged heating of an originally homo-
geneous o-Ca,Si0O,4 (ss) phase at ~1200°C. As a
result, 0-Ca,SiO4 (ss) decomposed into flamite
enriched in P and alkalis and an o'-Ca,SiO,4 phase
depleted in these elements, the two phases being

in equilibrium at ~1200°C (Fig. 5). By analogy
with industrial clinkers, the time of exposure to
high temperatures may range from a few hours to
a few days (Fukuda, 2001; Campbell, 1999). The
cooling rate at 7 <1200°C was evidently rapid
enough to ensure quenching of flamite, while the
o/'-Ca,Si0, phase became largely inverted to
larnite (B-Ca,SiO,4), and {100} polysynthetic
twining formed within the respective lamellae.
Details of this process are given by Grove (1983).
At the Earth’s surface, flamite behaves as an inert
phase showing no evidence of hydration, unlike
larnite, which was partly converted to calcium
silicate hydrates.
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