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Abstract: The new mineral silicocarnotite, Cas[(SiO4)(PO4)](PO)4 (Pnma; a = 6.72230(1), b = 15.4481(2), ¢ = 10.0847(2) A; V=
1047.37(2) A%, Z = 4), has been discovered in pyrometamorphic gehlenite-bearing rocks of the Hatrurim Complex, Negev Desert,
Israel. The name “silicocarnotite” has been used for the synthetic phase Cas[(SiO4)(PO,4)](PO), for more than 100 years. The
holotype specimen is a gehlenite—fluorapatite rock with minor andradite and pseudowollastonite. Silicocarnotite is colourless with a
white streak and a vitreous lustre. The microhardness is VHNso = 523-552 kg m~ 2, mean = 537 kg m™~ . Mohs hardness is about 5.
Cleavage and parting are not observed. The calculated density is 3.06 g cm . Silicocarnotite is biaxial (4), with o = 1.618(2), p=
1.621(2), y = 1.628(2) (589 nm), 2V (meas.) = 75(5)°, 2V (calc.) = 67°; dispersion is medium, r > v; the orientation is X Il b, Y Il a,
Z |l ¢; the mineral is nonpleochroic. The empirical formula of holotype silicocarnotite is Cas 11Sr0.006P1.774 Si11065° " 0.113012. The
strongest diffraction lines are [d},;, (I)]: 2.815 (100), 2.596 (62), 2.575 (50), 3.285 (48), 3.903 (40), 3.007 (39), 3.176 (36), 1.746 (29),
3.082 (29).

Minerals of the silicocarnotite—ternesite solid solution, Cas[(Si0)4(PO4)](PO)4—Cas(Si04)>SOy, occur in larnite- and gehlenite-
bearing pyrometamorphic rocks of the Hatrurim Complex, distributed in the Dead Sea rift area on the territories of Israel, Palestine
and Jordan. New data on morphology, composition, structure, mineral associations, mechanisms and conditions of growth of the
ternesite—silicocarnotite solid-solution series are presented. Large ternesite porphyroblasts (metacrysts) in fine-grained larnite—ye’e-
limite matrix are the most striking evidence for high-temperature alterations of early “clinker minerals”. Silicocarnotite—ternesite
grains grew as a result of reactions between primary pyrometamorphic minerals (larnite, flamite, fluorellestadite—fluorapatite) with
sulphate-bearing melts, which are side-products of the combustion processes during the pyrometamorphism.

Key-words: Silicocarnotite; new mineral; P-bearing ternesite; solid solution; crystal structure; Raman; metacrysts; calcium
silicophosphate; pyrometamorphism; combustion processes; Hatrurim Complex.

Introduction 1047.37(2) A3, Z = 4), was detected in samples of pyro-
metamorphic gehlenite-bearing rocks of the Hatrurim
Complex. The studied samples are represented by semi-
manufactured stone artefacts found at Palaeolithic stone-
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tool workshops on the eastern slope of the Har Parsa
(31°12'31”N 35°1709"E) and near Tsomet Hatrurim
(31°12'58"N 35°15'48"E). The two localities are situated
between Arad and the Dead Sea, Negev Desert, Israel
(Vapnik & Vardi, 2013; Vapnik et al., 2015).

Silicocarnotite (silico-carnotite) is a historical name
used for more than 100 years for the orthorhombic artificial
phase Cas(PO4)»(Si0)4 or Cas[(SiO)4(PO4)](PO),. This
phase was first described from basic slags by Carnot &
Richard (1883). The name silicocarnotite goes back to
Kroll (1911) and was subsequently used by several authors
(Riley & Segnit, 1949; Trommel & Zaminer, 1959;
Keppler, 1968, efc.). Nowadays the name is well estab-
lished and used for synthetic Cas(PO,4),(Si0)4 (Gualtieri
et al., 2008; Radev et al., 2009; Gomes et al., 2011;
Martinez et al., 2012; Roh et al., 2012; Yu et al., 2013),
even if the name is unfortunate, because the mineral car-
notite, K,(UO,),(VOy,), - 3H,O (Friedel & Cumenge,
1899; Sundberg & Sillén, 1949) bears no relation to sili-
cocarnotite. The crystal structure of silicocarnotite was
first solved by Dickens & Brown (1971). Silicocarnotite
is a structural analogue of ternesite, Cas(Si04),SO4
(Pnma; a = 6.863(1), b = 15.387(1), c = 10.181(1) A; V
= 1075.1(1), Z = 4), which was found in altered xenoliths
in volcanic rocks of the Bellerberg, Eifel, Germany (Irran
et al., 1997). The artificial analogue of ternesite was
described from oil-shale slags at Lapanouse-de-Sévérac,
Aveyron, Midi-Pyrénées, France (Eytier et al., 2004; Gatel
et al., 2015).

Minerals of the silicocarnotite-ternesite solid solution
commonly occur in larnite- and occasionally in gehlenite-
bearing pyrometamorphic rocks of the Hatrurim Complex,
distributed in the Dead Sea rift area of Southern Levant in
the territories of Israel, Palestine and Jordan. The pyrome-
tamorphic rocks of the Hatrurim-Complex are spread over
many square kilometres. Their formation is driven by
combustion processes of a sedimentary protolith (Bentor,
1960; Gross, 1977; Vapnik et al., 2007; Novikov et al.,
2013) but the genesis of the Hatrurim Complex is still
under discussion (Sokol et al., 2010; Kolodny et al.,
2013; Vapnik & Novikov, 2013). The main hypothesis is
pyrometamorphic rock-formation due to combustion of
organic matter (bitumen) contained in primary sedimen-
tary rocks (Kolodny & Gross, 1974; Matthews & Gross,
1980; Geller et al., 2012). Recently a “mud-volcanic”
hypothesis has been proposed, suggesting high-
temperature pyrometamorphic alteration of primary rocks
driven by methane fire exhaling from tectonic active zones
of the Dead Sea rift (Sokol et al., 2010; Novikov et al.,
2013). All hitherto suggested models comprise two main
stages of rock alteration: (1) a high-temperature pyrome-
tamorphic stage, forming H,O-free mineral associations
analogue to Portland-cement clinker production; this first
stage is described as a dry, isochemical process; (2) a low-
temperature hydrothermal and weathering stage, which is
accompanied by zeolitization, hydration and secondary
carbonation of the high-temperature mineral associations
(Kolodny & Gross, 1974; Matthews & Gross, 1980; Geller
et al., 2012; Kolodny et al., 2014; Sokol et al., 2014).
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The genetic hypotheses are mainly based on mineralo-
gical studies of rocks from the Hatrurim Complex carried
out in the 1960-1970s (Gross, 1977). Surprisingly, a great
number of rock-forming and accessory minerals have
not been identified until the past 5 years, during which
several new minerals have been described: fluormayenite

Ca,Al1405F, and  fluorkyuygenite  Ca;;Al1403;
[(H,O)4F,] (Galuskin et al., 2015a), silicocarnotite
Cas[(SiO4)(PO4)](PO4)  (this  paper), nabimusaite

KCa;5(8104)4(S04)O,F (Galuskin et al., 2015b), bariofer-
rite (Murashko et al., 2011), shulamitite Ca;TiFeAlOg
(Sharygin et al., 2013), zadovite BaCag[(SiO4)(POy,)]
(POy),F and aradite BaCag[(SiO4)(VO4)](VO,),F
(Galuskin et al.. 2015c), gurimite (Galuskina et al.,
2013), vapnikite CazUOg (Galuskin et al., 2014), harmu-
nite CaFe,O, (Galuskina et al., 2014a), Khesinite
Cay(MgsFe’ "9)04(SisFe*9)Os¢  (Galuskina er  al.,
2014b), murashkoite FeP, halamishite NisP,, zuktamrurite
FeP,, negevite NiP,, transjordanite Ni,P (Britvin et al.,
2015). In addition, many minerals from Hatrurim
Complex rocks were reported as second world occurrence:
chlormayenite Ca;,Al;403,Cl,, chlorkyuygenite Ca;,Al 4
05,[(H,0)4Cl,] (Galuskin et al., 2015d), vorlanite
(Galuskin et al., 2013a), jusmundite Ca;((Si04)40,S
(Galuskin et al., 2015b) and ternesite Cas(Si04),SOy4
(Galuskin et al., 2013b).

In this article, we give a detailed description of silico-
carnotite (IMA2013-139), which comprises new data on
morphology, composition, structure, mineral associations,
mechanisms and conditions of growth of the ternesite—si-
licocarnotite solid-solution series from different occur-
rences in the Negev Desert and Judean Mountains.
Moreover, we present data indicating that the pyrometa-
morphic process is not a single event. A considerable part
of the minerals from the early “clinker association” of
larnite- and gehlenite-bearing rocks of the Hatrurim
Complex were subjected in a later stage to alterations at
high temperatures.

The type material of silicocarnotite is deposited in the
mineralogical collections of the Museum of Natural
History in Bern with catalogue number NMBE-42716.

Experimental details

The crystal morphology and chemical composition of the
ternesite—silicocarnotite series and associated minerals
were examined using optical microscopes, analytical elec-
tron scanning microscope Philips XIL.30 ESEM/EDS/CL
(Faculty of Earth Sciences, University of Silesia, Poland),
and electron microprobe CAMECA SX100 and CAMECA
SXfiveFE (Institute of Geochemistry, Mineralogy and
Petrology, University of Warsaw, Poland). Electron
probe microanalyses of ternesite—silicocarnotite and asso-
ciated minerals were performed at 15 kV and 10 nA using
the following lines and standards: KKo, AlK« - orthoclase;
BalLa, SLo - barite, SrLo - celestine, ClKa - tugtupite; PKo,
FKo - apatite; CrKo - CryO3; FeKa - hematite; MnKo -
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rhodonite; TiKo - rutile; MgKa, CaKo, SiKoa - diopside;
NaKuo - albite.

Single-crystal X-ray studies of silicocarnotite and P-
bearing ternesite were carried out using a Bruker APEX
II SMART (MoKuw, 2 = 0.71073 A) and SuperNova Dual
diffractometer with a mirror monochromator (MoK,
4 = 0.71073 A) and Atlas CCD detector (Agilent
Technologies) diffractometers (University of Bern,
Switzerland and Institute of Physics, University of
Silesia, Poland). The structures were solved by direct
methods, with subsequent analyses of difference-Fourier
maps, and refined with neutral-atom scattering factors
using SHELX97 (Sheldrick, 2008).

The powder X-ray pattern of silicocarnotite was mea-
sured using a SuperNova Dual diffractometer (MoK, 4 =
0.71073 A) (Institute of Physics, University of Silesia,
Poland). We obtained powder diffraction data (pseudo-
Gandolfi) on the single-crystal grain of silicocarnotite
(YV-415) using modern software (Table S1, freely avail-
able online as Supplementary Material linked to this article
on the GSW website of the journal: http://eurjmin.geos-
cienceworld.org/); the calculated unit-cell parameters are:
a=6.73(1), b= 15.44(1), ¢ = 10.09(1) A; V = 1048.5(2)
A3. Nevertheless, it must be stated that this procedure
corresponds to the calculation of a powder diffraction
pattern from refined atomic coordinates. Furthermore, the
measured pattern was recorded with MoKo radiation,
which leads to substantial reflection overlap; thus indivi-
dual intensities cannot be assigned. For this reason calcu-
lated powder diffraction data for silicocarnotite (in A for
CuKa) are given in Table S2 (POWDER CELL program,
Kraus & Nolze, 1996).

Raman spectra of silicocarnotite and ternesite were
recorded on a WITec confocal Raman microscope
(Institute of Physics, University of Silesia, Poland). The
excitation laser radiation was coupled into a microscope

Table 1. Chemical composition of silicocarnotite.
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through a single-mode optical fibre with a diameter of 50
pm. An air Olympus MPLAN (100x/0.90NA) objective
was used. Raman scattered light was focussed onto a multi-
mode fibre (50 pm diameter) and monochromator with a
600 mm~ " grating. The power of the laser at the sample
position was 44 mW. Some 15-20 scans w1th integration
time of 10-15 s and a resolution of 3 cm ™" were collected
and averaged. The spectrometer monochromator was cali-
brated using the Raman scattering line of a silicon plate
(520.7cm™ )

Silicocarnotite, a new mineral from gehlenite
rocks of the Hatrurim Complex

Silicocarnotite with chemical composition close to the
ideal crystal chemical formula Cas[(Si0)4(PO4)](PO)4
occurs in gehlenite rocks of the Hatrurim Complex.
Outcrops of this rock type have been described from
the Judean Mts. and the Negev Desert (Bentor, 1960;
Gross, 1977; Vapnik et al., 2007; Novikov et al., 2013).
Silicocarnotite commonly forms symplectites with ran-
kinite, Ca3Si,0, and occasionally with pseudowollasto-
nite. These intimate intergrowths with other minerals
caused difficulties for a complete new mineral descrip-
tion (Vapnik et al., 2015). The first occurrence of sili-
cocarnotite as a symplectite with pseudowollastonite was
detected from gehlenite rocks of Jabel Harmun, Judean
Mts., Palestinian Autonomy (Table 1, specimen number
1S105).

Grains of silicocarnotite 0.05-0.15 mm in size were
found at two localities of the Hatrurim Basin, Negev
Desert, which is known as the largest area of Hatrurim
Complex outcrops in Israel (Figs 1 and 2). Both silico-
carnotite-bearing gehlenite rock specimens are stone
artefacts found at Palaeolithic stone-tool workshops

locality Jabel Harmun Har Parsa Tsomet Hatrurim

sample IS105 YV-415 YV-567

wt.% mean 7 s.d. range mean 6 s.d. range mean 18 s.d. range

SO; 0.93 0.75 0.23-2.22 1.85 0.15 1.62-2.05 0.33 0.16 0.13-0.74
V,0s5 <0.08 <0.08 0.50 0.10 0.38-0.76
P,0s 27.55 1.23 25.50-29.38  25.81 0.36 25.45-26.53 27.82 0.52 26.47-28.56
SiO, 12.97 0.69 11.96-13.96  13.62 0.10 13.47-13.75 12.74 0.23 12.47-13.13
SrO 0.15 0.13 0.01 0.12-0.15 0.17 0.02 0.13-0.20
CaO 56.84 0.32 56.43-57.22  57.61 0.31 57.16-58.06 57.21 0.27 56.66-57.59
Na,O 0.05 0.04 0-0.14  <0.02 <0.02

Total 98.49 99.02 98.77

Calculated on 12 O

Ca 4.959 5.011 4.993

Sr 0.007 0.006 0.008

Na 0.008

P 1.899 1.774 1.918

Si 1.056 1.106 1.038

St 0.057 0.113 0.020

\% 0.027
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Fig. 1. A Gehlenite rock containing silicocarnotite (specimen
YV567), a fragment magnified in Fig. 1B is shown by the frame; B
silicocarnotite grain with rim composed of rankinite and silicocar-
notite—rankinite microsymplectite. The fragment, on which Raman
mapping (Fig. 10) was performed, is shown by the frame. Adr —
andradite, Ghl — gehlenite, Smp — rankinite—silicocarnotite micro-
symplectite (symplectite sub-individuals up to 1-3 pm in width),
Smp’ — rankinite—silicocarnotite nanosymplectite (symplectite sub-
individuals up to 400-800 nm in width), Rnk — rankinite, Kls —
kalsilite, Sc — silicocarnotite, Wol — pseudowollastonite.

located on the eastern slope of the Har Parsa (specimen
number YV-415) and near Tsomet Hatrurim (specimen
number YV-567). In specimen YV-567, silicocarnotite is
a rock-forming mineral together with gehlenite, andra-
dite and rankinite (Fig. 1A). Minor and accessory miner-
als are represented by pseudowollastonite, fluorapatite,
kalsilite, magnesioferrite—jacobsite, and also lamellar
intergrowths of larnite and flamite. In this specimen,
silicocarnotite forms heterogeneous and porous grains
about 0.05 mm in size. The latter are overgrown by
a rim of rankinite—silicocarnotite microsymplectites
(Fig. 1B). The holotype specimen YV-415 is a gehleni-
te—fluorapatite rock with minor andradite and pseudo-
wollastonite. In this rock silicocarnotite is a rare
mineral, forming spherulitic aggregates on the walls of
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Fig. 2. Rare silicocarnotite grains incrusting walls of small cavities
filled with katoite and Ca-hydrosilicates. Ap — fluorapatite, Wol —
pseudowollastonite, Sc — silicocarnotite, Ghl — gehlenite, Kat —
katoite.

small cavities filled with katoite and Ca-hydrosilicates
(Fig. 2). A homogeneous grain of silicocarnotite was
extracted from this specimen and used for chemical,
structural and optical studies. Chemical composition
and microhardness were also measured on specimen
YV-567, which is a co-type for silicocarnotite.
Moreover, a Raman mapping of the symplectites was
performed on this sample.

Silicocarnotite is a colourless, transparent mineral with
white streak and vitreous lustre. The mineral does not
fluoresce under ultraviolet rays or the electron beam. The
microhardness, VHN load 50 g, ranges from 523 to 552 kg
m ™2, with a mean (n = 14) of 537 kg m 2, corresponding to
a Mohs hardness of about 5. No cleavage or parting is
observed. Silicocarnotite shows an uneven fracture and is
brittle. The density was not measured due to the small
grain-size and high porosity of silicocarnotite. The calcu-
lated densities based on microprobe analyses and relevant
structural data are in good agreement: 3.064 g cm " (speci-
men YV-367); 3.062 g cm > (specimen YV-415).
Silicocarnotite is biaxial (+), with « = 1.618(2), f =
1.621(2), y = 1.628(2) (589 nm), 2V (meas.) = 75(5)°,
2V (calc.) = 67°, dispersion r > v is medium, the orienta-
tionis X Il b, Yl a, Z Il ¢. The mineral is colourless in thin-
section and nonpleochroic.

The following empirical formulae were obtained for
silicocarnotite on the basis of 12 O atoms per formula
unit (apfu): Jabel Harmun (ISlOS) - Ca4.959Nao_0035r0_007
P} 509S11.056S% 0.0s7012; Har Parsa (YV-415, holotype) -
Cas 011570.006P1.774 Si1.1065° 0.13012; Tsomet Hatrurim
(YV-567, co-type) - Cayos55T0.008P1.924Si1.033 V™ 0.027
SG+0.020012 (Table 1). The simplified formula of natural
silicocarnotite can be written as Cas(P;5.50511.1.150.0.1)53
O,. Taking into account the sites in the crystal structure
(see structural data below), the end-member crystal chemical
formula may be written as Cas[(PO4)(SiO4)](POy).
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Minerals of the ternesite-silicocarnotite series
from larnite rocks of the Hatrurim Complex

In larnite pyrometamorphic rocks of the Hatrurim
Complex, minerals of the ternesite Cas(SiO4),(SOy4) (Trn)
—silicocarnotite Cas[(Si04)(PO,4)](POy) (Sc) solid solution
occur. Their composition varies in the range
Trl’l()_92SCO_()S—SC()_()()Trn()AO (Flg 3; Tables 2—4) Rocks
containing minerals of the ternesite—silicocarnotite series
were studied from the following localities: Nahal Darga,
Jabel Harmun, Nabi Musa, Ma’ale Adummin (Judean
Mts., Palestinian Autonomy) and from Gurim Upland and
Har Parsa in the Negev Desert (Israel) (Figs 4, 5A, B;
6A-C). The geological setting of these localities has been
described in detail by Novikov et al. (2013) and Galuskina
et al. (2014a). Well-formed crystals of ternesite and their
aggregates are widespread and irregularly distributed in
fine-grained larnite nodules of pseudoconglomerates. The
diameter of these nodules ranges from several up to tens of
centimetres. In the following, the term porphyroblast (or
metacryst) will refer to such well-formed crystals growing
in a fine-grained solid substrate. The name ‘pseudoconglo-
merates’ was introduced by Gross (1977; 1984) and refers
to strongly altered rocks of the Hatrurim Complex com-
posed of larnite nodules (‘pebbles’; Fig. 4A). Peripheral,
concentric cracks filled with secondary hydrosilicates,
ettringite-group minerals, carbonates and rarely zeolites
are characteristic for such larnite nodules (Fig. 4A, inset).
The mineral content of ternesite-bearing larnite nodules
from different localities stays similar. The main minerals
are larnite and ye’elimite, minerals of the fluorellestadite—
fluorapatite series and their hydroxyl analogues, and of the
brownmillerite—srebrodolskite and magnesioferrite—spinel
(+magnesiochromite) series. Rarely, minerals of the
mayenite group, gehlenite, oldhamite, spurrite and shula-
mitite appear in this association. Barite, vapnikite, vorla-
nite, Cu-sulphides and rarely Fe-sulphides are typical
accessory minerals.

Ternesite porphyroblasts are unevenly distributed in
larnite nodules, from a few metacrystals up to rock-
forming (Fig. 6A—C). Ternesite differs little from fluorel-
lestadite—fluorapatite and larnite in back-scattered electron

=, + Negev

o.1.00

) [] Nahal Darga
! s,;,e [} Nabi Musa

£ Jabel Harmun

0.50 Ma'ale Adummin
0.00 T T
0.00 0.50 1.00 1.50 2.00
P pfu

Fig. 3. The ternesite—silicocarnotite solid solution: EMP point ana-
lyses projected on the P vs. S apfu diagram.
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(BSE) images (Fig. 5C), but it is easily discernible in
optical microscopy (Fig. 5A, B) and cathodoluminescence
(Fig. 6A—C). The largest crystals of ternesite, up to 2 cm in
length, were found in brown larnite nodules about 10-15
cm in diameter from Jabel Harmun (Figs 5A, B; 6A).
Showy ternesite porphyroblasts are conspicuous on the
fresh fractures of larnite nodules (Fig. 4B, C). These speci-
mens have been found in a 10-12 m thick lens of larnite
pseudoconglomerate on the west slope of Har Parsa Mt.
(Fig. 4A). Ternesite porphyroblasts from Har Parsa are
characterized by a shiny surface, with knitted microrelief
(Fig. 4C). These metacrysts contain inclusions of ye’eli-
mite and spinel (Fig. 5C). In thin-sections, ternesite meta-
crysts may easily be distinguished by their low porosity
compared to the fine-grained larnite aggregates with iso-
metric ye’elimite and elongated fluorellestadite grains
(Fig. 5C). It is noteworthy that, although fluorellestadite
is abundant in these larnite nodules (Fig. 5C), it does not
occur as inclusions in ternesite. Examination of the grain
boundaries between larnite and ternesite shows a phase
that appears dark grey in BSE images (Fig. 5E, F). Its
EDS spectrum is similar to that of calciolangbeinite
CasK5(SO4)s.

In larnite nodules from Har Parsa, small, linear zones
up to 1 cm in thickness bear large ternesite crystals.
Within these zones, ternesite occurs as spherulites
together with calciolangbeinite and barite (Fig. 7). In
the same samples, cavities produced by gaseous bubbles
are now encrusted by small larnite, ye’elimite, fluorel-
lestadite and spinel crystals. The cavities are associated
with big grains of calciolangbeinite. Aggregates of well-
formed ternesite crystals, isometric spinel and ye’elimite
(Fig. 7B) occur in cavities with partially dissolved
calciolangbeinite. Moreover, aphthitalite K3Na(SOy),,
arcantite K,SO,4 and sylvite KCl occur together with
calciolangbeinite.

In general ternesite porphyroblasts and their aggregates,
together with larnite, are the dominating phase in nodules,
which usually give the characteristic green colour to the
rock. These green ternesite nodules, up to 1-5 cm in size,
are found at Jabel Harmun, where they are concentrated in
a fragmented horizon (Figs 4D, 6C). Granular aggregates
of ternesite from Jabel Harmun, Nahal Darga and East
Gurim are commonly associated with nabimusaite
KCa5(S104)4(S04),0,F and the potentially new mineral
BaCag(Si04),(S0O4),0, isostructural with  zadovite
BaCag[(Si04)(PO,4)]2(PO,4),F (Galuskin et al., 2015¢).

The porphyroblasts of ternesite from the pyrometa-
morphic rocks of the Hatrurim Complex contain phos-
phorus, in contrast to the holotype ternesite from
Germany (Irran et al., 1997), implying solid solution
toward silicocarnotite. The P,Os contents range from 2.5
to 9 wt.%, which corresponds to Trng 92S¢o.0s—1110.705¢0 30
(Table 1). Ternesite porphyroblasts exhibit a weak chemi-
cal zonation with a P-rich central zone, which correlates
with a weakening of the cathodoluminescence intensity
(Fig. 6A, B). The ternesite crystals are commonly sur-
rounded by P-poor (~ 3 % P,0s) rims approximately 1
pm in size (Fig. 6B, C). The correlation between P-content
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Fig. 4. A Outcrop photograph of pseudoconglomerates represented by ‘pebbles’ of various sizes on the west slope of Har Parsa Mt; the insert
shows the typical structure of ‘pebble’ with characteristic concentric cracks filled with low-temperature minerals; B angular ‘pebble’ from
pseudoconglomerate from Har Parsa with visible ternesite porphyroblasts (metacrysts); the crystal magnified in Fig. 4C is shown by arrow; C
dark-brown ternesite metacrystal with characteristic rough surface; D dark-green ternesite ‘pebble’ from pseudoconglomerate in Jabel

Harmun; E green fragments of ternesite-rich rock from Nabi Musa.

and luminescence intensity is however questionable and a
subject of future research.

Larnite rocks with spherulites of long-prismatic and
acicular ternesite—silicocarnotite crystals are restricted to
certain areas within the samples (Fig. 6D—F). Ternesite
replaces minerals of the fluorellestadite—fluorapatite series

(Fig. 6E, F) in inhomogeneous green rocks (Fig. 4E) from
the Judean Mts (Nabi Musa, Nahal Darga). The acicular
ternesite-silicocarnotite crystals show a wide composi-
tional range (Flg 3, Table 4) TMQ.70SCO~30 - Trn0‘45Sco_55
(Nab1 Musa) and Tl’l’lo.51SC0‘49 - Trn0.4OSco,60 (Nahal
Darga). Spherulites of ternesite—silicocarnotite usually
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Fig. 5. Ternesite metacrysts from Har Parsa. A, B Metacrysts in fine-grained larnite—ye’elimite rock, transmitted light, parallel and crossed
nicols, respectively; C ternesite in fine-grained, porous larnite—fluorellestadite rock, minerals have similar grey colour in BSE image; D-F
BSE images of fresh fracture: D characteristic reticulate microrelief of ternesite metacryst faces with ye’elimite inclusions; E imprint of
metacryst in rock, fragment magnified in Fig. SF is shown in frame; F grey porous substance between larnite grains, it is easily washed off by
water and shows calciolangbeinite composition. Lrn — larnite, Ye — ye’elimite, Shl — shulamitite, Ell- fluorellestadite, Mgf — magnesioferrite,

Trn — ternesite.

show weak cathodoluminescence. Similar to the pre-
viously discussed metacrysts, the grains within these
aggregates show thin zones (~ 1pm) of low-phosphorous
ternesite (ca. 3-5 wt.% P,Os) with a relatively strong
luminescence (Fig. 6D).

In some types of larnite and jasmundite (apolarnite)
rocks from Jabel Harmun, ternesite replaces flamite exso-
lution lamellae in larnite (Fig. 8, Table 4). Flamite,
(Ca,Na,K),(Si,P)O, (IMA2013-122), is a new mineral
(Gfeller et al., 2015; Sokol et al., 2015) and the natural
analogue of the orthorhombic phase Ca;5[(Si04)6(PO4)>
(a = 21.7310(14), b = 9.3845(6), ¢ = 6.8346(4) A)
(Saalfeld & Klaska, 1981). The structure may be regarded
as a P-stabilized high-temperature polymorph of Ca,SiOy,.
While in Ca;5[1(SiO4)6(POy), the charge balance is main-
tained by vacancies on the Ca sites, flamite incorporates

monovalent cations according to the scheme: Ca + Si —
(Na,K) + P (Gfeller et al.,2015). Contents of up to 17 wt.%
P,Os have been measured in flamite. The ternesite that
replaces flamite is the most P-rich analysed, corresponding
to ~Trng 55.0.605¢0.40-0.45 (Table 4).

Raman spectroscopy of silicocarnotite and
ternesite

Raman spectra and single-crystal X-ray diffraction data
have been collected for silicocarnotite grains of the holo-
type specimen YV-415 from Har Parsa, Negev (Table 1).
The simplified crystal-chemical formula of this crystal
is  Cas[(Po.45Si0.55)04]2[(P.9S0.1)04].  For comparison,
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Fig. 6. Morphology of ternesite metacrysts (lighter) in cathodoluminescence (A-D, F) and BSE (E) images: A Jabel Harmun, B West Har
Parsa, C Jabel Harmun (specimen shown in Fig. 4D); D-F Nabi Musa: D — spherulites of ternesite; E, F replacement front of fluorellestadite
by ternesite. Lrn — larnite, Ye — ye’elimite, Brm — brownmillerite, Ell- fluorellestadite, Mgf — magnesioferrite, Trn — ternesite.

Fig. 7. A Fragment of larnite ‘pebble’ rich in calciolangbeinite and barite with cavities after gaseous inclusions in calciolangbeinite; B
ternesite crystals in cavity with dissolved calciolangbeinite. Lrn — larnite, Ye — ye’elimite, Brt — barite, Ell- fluorellestadite, Mgf —
magnesioferrite, Trn — ternesite, Cln — calciolangbeinite.



116

E. V. Galuskin et al.

Fig. 8. Ternesite replacing flamite in decomposition products of the flamite—larnite solid solution: A BSE image, B cathodoluminescence
image. Lrn — larnite, May — fluormayenite—fluorkyuygenite, Jsm — jasmundite, Ell- fluorellestadite, Brm — brownmillerite, Trn — ternesite,

Nbm — nabimusaite.

Raman spectra and single-crystal data were also obtained
for two P-bearing ternesite crystals: (1) high-P ternesite
from Nabi Musa (specimen NM1) with a P,Os content of
11.2 wt.% and the simplified formula Cas[(SipgPy2)O4]>
[(Sg.6P04)O4] (Table 4), and (2) low-P ternesite from Jabel
Harmun (IS93) with the simplified formula Cas[(SigoPo.1)
O4]2[(S0.8P0.2)O4] (Table 3).

The Raman spectra of silicocarnotite show the following
bands (cm™'): 1085, 1056, 1014 [v3(POy) + v3(SiO4)],
1004 v{(SOy), 957 v{(POy), 850 v(Si0Oy4), 640 v4(POy),
584 v4(PO4) + (Si0y), 557 v4(SiOy), 474 v,(POy), 397
Vv5(Si0y), 302, 234 v(Ca-O) (Frost et al., 2007; Frost
et al., 2011; Jastrzebski et al., 2011). The strongest bands
may be assigned to vibrations of (SiO4) and (PO,) tetra-
hedra. The ratio of the v; band vibration intensities
(S804):P0O,):(S10y) is a good diagnostic property for miner-
als of the ternesite—silicocarnotite solid solution series
(Fig. 9). The ratios v{(SO,4):(PO,4):(SiO4) for the three
examples are the following: 1S93, 0.3 P pfu ~ 2:1.5:1;
NMI1, 0.8 P pfu =~ 2:1:1.5; YV-415, 1.8 P pfu ~ 1:8:2.

Raman maps of rankinite—silicocarnotite microsymplec-
tite for the spectral range of the main bands of silicocarno-
tite, rankinite and kilchoanite (low-temperature dimorph of
rankinite) confirm the diagnosis of silicocarnotite and ran-
kinite (Fig. 10).

Crystal structure of silicocarnotite and ternesite

The structure of synthetic S®*+Si** was first solved by
Dickens & Brown (1971). A few years later, the structure
of synthetic Cas(S104),SO,4 was described by Brotherton
et al. (1974). Like their synthetic analogues, the minerals
silicocarnotite and ternesite are isostructural. The details of
single-crystal X-ray data collection and structure refine-
ment of silicocarnotite (YV-415), high-P ternesite (NM1)
and low-P ternesite (IS93) are summarised in Table 5.
Atomic coordinates and equivalent isotropic atomic dis-
placement parameters are listed in Table 6a—c. Selected

Intensity [a.u.]

ternesite
0.8 P pfu

| ternesite
0.3 P pfu
2

600
Raman shift (cm™)

1200

Fig. 9. Raman spectra of silicocarnotite and ternesite with different
P,Os5 contents.

interatomic distances are given in Table 7. Anisotropic
displacement parameters for all three samples are listed
in Table S3a—c (supplementary material).

The structures of silicocarnotite and ternesite exhibit
two types of isolated tetrahedra (7104 and 720,) con-
nected via Ca ions. Figure 11 shows the structure of sili-
cocarnotite projected along the a and ¢ directions.

The 710, tetrahedron is located on the mirror plane, and
the 71 site is coordinated by O1, O2, and two O3 atoms.
The 72 site is coordinated by O4, O5, 06, and O7.

In silicocarnotite (YV-415) the average T1-O distance is
1.55 A (Table 7) and therefore the T'1 site was refined as
pure P. The 720, tetrahedron shows a slightly larger aver-
age bond length of ca. 1.58 A (Table 7). This indicates a
mixed occupation of 72 by P and Si atoms. To maintain
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Fig. 10. Raman maps of silicocarnotite-rankinite symplectites: A BSE image, B range of main vibration, 925-1006 cm ™",
'_kilchoanite.

(Sc), C 801-931 cm ™~ '—rankinite (Rnk), D 869-931 cm ™~

charge balance, occupancy of 50 % P and 50 % Si is
required at the 72 site. Considering the similar X-ray
scattering factors of P and Si, the tetrahedral 72 site was
modelled using fixed site occupancy factors. This is also in
agreement with the model proposed by Dickens & Brown
(1971) for synthetic Cas(PO,4),Si0y4.

In pure (1deahsed) ternesne Cas(Si04),S0y,, the T1 site
is fully occupied by S®" atoms, and the 72 site by Si atoms,
with average bond lengths 71-O = 1.47 A and T2-0 =
1.64 A (Irran et al., 1997). In low-P ternesite,
Cas[(Sip.0Po.1)04)2[(S0.8P0.2)O4], the average 7-O bond
lengths are 1.48 A and 1.63 A for 71 and 72, respectively
(Table 7, IS93). The differences in average 7-O bond
len%ths indicate the effect of the substitution S®"+Si*"—

T10,4 becoming larger and 720, smaller. In P-rich
ternes1te Cas[(Sip.8P0.2)O4]2[(S0.6P0.4)O4l], the change in
the average bond lengths is even more pronounced, with
1.49 A in T104 and 1.62 Ain T20, (Table 7, NM1). This
substitution mechanism may be regarded as the main rea-
son for the increase of the unit-cell parameters in ternesite.

All three Ca sites in silicocarnotite may be described as
seven-coordinated (Table 7). Bond lengths between

117

925-1006 cm’”

869-931 cm’

of silicocarnotite

calcium and oxygen atoms range between 2.395(2) and
2.624(4) A (Table 8). The coordination of Cal, however,
requires a detailed discussion.

The neighbouring atoms of Cal include oxygen atoms of
five tetrahedra: 2 x 7204 (06 and O7); 2 x 7204 (06) and
T104 (0O2) (Fig. 12). Dickens & Brown (1971) have
described Cal as eightfold coordinated with an additional
Ca—O bond towards 02’ of approximately 2.9 A.
Moreover, these authors report the highest residual elec-
tron density close to Cal. This was interpreted as an arte-
fact of V,0s5 impurities in the crystal (Dickens & Brown,
1971). A residual electron density of 5.8 e at a distance of
0.35 A from Cal has been observed in the difference
Fourier map for sample YV-415, after refinement of the
known structure model. The residual density has been
interpreted as a split position of the Cal atoms (split into
Cal and Cala, Fig. 11). The Cala site is shifted on the
mirror plane towards Ol, into the empty space between
two T1 sites (Fig. 12).

The O1 atom bonds to 71 and twice to Ca2 and has a
rather low bond-valence sum (1.8 vu). Moreover, Ol
shows a significantly larger temperature factor (Ueq =
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Table 5. Details of X-ray data collection and structure refinement of Silicocarnotite, P-rich ternesite and P-poor ternesite.

Crystal data silicocarnotite

P-high ternesite P-low ternesite

a = 6.72230(1)
b = 15.4481(2)
¢ =10.0847(2)

Unit cell dimensions (A)

Space group Pnma
Volume (A”) 1047.37(2)
Z 4

Chemical formula
Intensity Measurement

Cas[(Sip.sPo.5)04)12(POy4)

Crystal shape prism

Crystal size (mm) 0.028 x 0.018 x 0.015

Diffractometer SuperNova

X-ray radiation MoKo

X-ray power 50kV 30 mA

Monochromator Graphite

Temperature 293(2)

Detector to sample distance 595 cm

Measurement method Phi and Omega scans

Time per frame 60 s

Index ranges 9<h<8
22 <k <21
-13<1< 14

No. of measured reflections 15739

No. of unique reflections 1657

No. of observed reflections (/ > 2c (I)) 1516

Refinement of the structure

No. of parameters used in refinement 101

Rint 0.0290

Ro 0.0139

R1, I>20(]) 0.0147

R1 all Data 0.0174

wR2 on (F2) 0.0401

GooF . 1.076

Ap min (-e. A7) -0.393

Ap max (e. A7) 0.074

a = 6.8009(2)
b = 15.3625(3)
¢ =10.1543(2)

a = 6.8428(1)
b = 15.3921(2)
¢ =10.1836(1)

Pnma Pnma

1060.91(4) 1072.59(2)

4 4
Cas[(Sio.5P0.2)O4lo[(So.6P0.4)04]  Cas[(Sig.oPo.1)0412[(S0.8P0.2)04]
prism prism

0.080x 0.030 x 0.025 0.110x 0.060 x 0.050
SuperNova Bruker APEX II SMART
MoKo MoKu

50 kV 30 mA 50 kV 30 mA
Graphite Graphite

293(2) 293(2)

5.95cm 4.95 cm

Phi and Omega scans Phi and Omega scans
60 s 10s

9<h<9 9<h<9

-19 <k <21 21 <k<21
-14<1< 14 -14<1<14

8478 27077

1645 1698

1460 1569

97 98

0.0345 0.0321

0.0242 0.0122

0.0227 0.0181

0.0279 0.0206

0.0597 0.0514

1.077 1.079

—0.49 close to T2
0.55 close to Cal

—0.60 close to T'1
0.47 close to T'l

0.0102(2) Az) as compared to the other O sites, and the
longest axis of the displacement ellipsoid points towards
Cala. In addition, the bond-valence sum of Cal (1.86 vu) is
slightly below the expected value of 2. Based on these
observations, an interaction between Cal/Cala and Ol is
presumable. The same phenomenon, to a smaller degree,
has been observed in high-P ternesite (NM1) but not in low-
P ternesite. Thus, splitting of the Calsite depends on the
cation at the T'1 position. With S®™ in the tetrahedral site, O1
is not under-bonded and does not interact with Cal.

The crystal structure of silicocarnotite is closely related
to the apatite structure. This relation has been discussed by
Keppler (1968); Dickens & Brown (1971), and Gomes
et al. (2011). In addition, a structural relation to glaserite
(aphthitalite) K3Na(SO,), has also been reported (Dickens
& Brown, 1971). Along with Ca;s (SiO4)s(POy), (flamite-
like) and nagelschmidtite Ca;(SiO4),(POy4), (Widmer
et al., 2015), silicocarnotite is the third intermediate
phase in the system Cay(SiO4)—Caz(POy),.

The structure of silicocarnotite may be derived from the
orthohexagonal polymorph of dicalcium silicate (o -

Ca,Si04). Modules of o’ 1)-Ca,(S1,P)O4 with a stretched
¢ axis are inter-sliced by modules of CaPO,4 composition in
the silicocarnotite structure. This leads to an alternation of
the [Cay(SiO4)(PO,)]H and [Ca(PO,)]” modules along the
a axis in the 1:1 ratio (Fig. 13).

Discussion

The occurrence of large ternesite porphyroblasts in a fine-
grained larnite matrix requires reconsideration of the
hitherto suggested two-stage models for the formation of
the pyrometamorphic rocks of the Hatrurim Complex.
Larnite rocks of the Hatrurim Complex are considered as
natural analogues of Portland-cement clinkers. With the
high content of ye’elimite in these rocks, they have been
suggested to be prototypes of sulphate-aluminate “green”
cements (Sokol et al., 2014). The synthetic analogue of
ternesite forms as an intermediate phase in the production
process of sulphate-aluminate cement at 900°C and
remains stable up to 1200-1280°C (Beretka et al., 1993).
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Table 6. Fractional atomic coordinates and displacement parameters (Ucg, in Az) for silicocarnotite (a), P-rich ternesite (b) and P-poor

ternesite (c).

Site Atom X y z Ueq Occ.

a. Silicocarnotite

Cal Ca 0.0417(2) 1/4 0.1857(3) 0.0078(3) 0.923(16)

Cala Ca 0.021(2) 1/4 0.154(3) 0.0078(3) 0.077(16)

Ca2 Ca 0.16883(4) 0.893218(16) 0.16472(2) 0.00680(6) 1

Ca3 Ca 0.36794(4) 0.092085(15) 0.06481(2) 0.00576(6) 1

T1 P 0.02769(7) 1/4 0.57767(4) 0.00560(9) 1

172 P 0.35129(5) 0.07217(2) 0.36869(3) 0.00372(7) 0.50
Si 0.35129(5) 0.07217(2) 0.36869(3) 0.00372(7) 0.50

0O1 o 0.2570(2) 1/4 0.57845(13) 0.0102(2) 1

02 o 0.93467(19) 1/4 0.43596(13) 0.0077(2) 1

03 o 0.95784(14) 0.16567(6) 0.64643(9) 0.00949(18) 1

04 o 0.40802(13) 0.99435(6) 0.27350(9) 0.00717(17) 1

05 o 0.18801(13) 0.04385(5) 0.47338(9) 0.00611(16) 1

06 o 0.27472(13) 0.14889(6) 0.27683(9) 0.00680(16) 1

o7 o 0.52933(13) 0.11055(6) 0.45412(9) 0.00774(17) 1

b. P-rich ternesite

Cal Ca 0.04659(11) 1/4 0.18869(12) 0.0101(2) 0.987(4)

Cala Ca 0.012(9) 1/4 0.139(9) 0.0101(2) 0.013(4)

Ca2 Ca 0.15146(6) 0.89992(2) 0.16053(3) 0.00891(9) 1

Ca3 Ca 0.36390(5) 0.08829(2) 0.06588(3) 0.00697(9) 1

T1 S 0.02073(11) 1/4 0.58502(6) 0.00912(14) 0.60
P 0.02073(11) 1/4 0.58502(6) 0.00912(14) 0.40

72 Si 0.34773(7) 0.07394(3) 0.36703(4) 0.00472(11) 0.80
P 0.34773(7) 0.07394(3) 0.36703(4) 0.00472(11) 0.20

0O1 o 0.2390(4) 1/4 0.5956(2) 0.0207(5) 1

02 o 0.9499(3) 1/4 0.44491(16) 0.0091(3) 1

03 o 0.9435(2) 0.16905(8) 0.64801(12) 0.0165(3) 1

04 O 0.39408(19) 0.99203(7) 0.27099(11) 0.0079(2) 1

05 O 0.18313(19) 0.04861(7) 0.47501(11) 0.0069(2) 1

06 o 0.28287(19) 0.15260(7) 0.27096(11) 0.0072(2) 1

o7 o 0.5308(2) 0.11030(8) 0.45415(11) 0.0088(3) 1

c. P-poor ternesite

Cal Ca 0.04902(6) 1/4 0.18964(4) 0.01335(9) 1

Ca2 Ca 0.14481(4) 0.902011(19) 0.15904(3) 0.01270(8) 1

Ca3 Ca 0.36274(4) 0.086863(18) 0.06590(3) 0.01060(8) 1

T1 S 0.01824(9) 1/4 0.58772(5) 0.01533(11) 1

T2 Si 0.34654(5) 0.07426(2) 0.36612(3) 0.00708(9) 1

0O1 o 0.2326(3) 1/4 0.5997(2) 0.0306(4) 1

02 o 0.9525(2) 1/4 0.44870(14) 0.0164(3) 1

03 (6] 0.9392(2) 0.17036(7) 0.64925(11) 0.0276(3) 1

04 (0] 0.38846(15) 0.99125(7) 0.27019(10) 0.0128(2) 1

05 (6] 0.18134(14) 0.05052(6) 0.47508(9) 0.01002(18) 1

06 (6] 0.28660(14) 0.15354(6) 0.26908(9) 0.01103(19) 1

o7 (6] 0.53146(15) 0.10929(7) 0.45352(10) 0.0142(2) 1

Ternesite from altered xenoliths in Eifel volcanites
(Germany) formed at 1000-1300°C (Irran et al., 1997).
These observations indicate that ternesite from the
Hatrurim Complex is a high-temperature mineral. Large
ternesite metacrysts formed in a fine-grained larnite—ye’e-
limite—fluorellestadite matrix (Figs 5A, B; 6A, B). The
formation of such idiomorphic, large ternesite porphyro-
blasts/metacrysts is only possible in the presence of an
interstitial fluid phase. The mechanism of similar meta-
cryst formation in a solid substrate is known; when a
capillary film of fluid on the surface of a metacryst dis-
solves minerals of the substrate, growth of a metacryst
takes place simultaneously (e.g. Beus, 1962; Carmichael,
1969).

The most probable liquid phases responsible for the
formation of ternesite porphyroblasts are not in equili-
brium with the primary “clinker” minerals’ (fluorellesta-
dite and larnite) sulphate-bearing melts. On fresh surfaces
of the specimens examined, hydrosoluble minerals such as
calciolangbeinite, aphthitalite, sylvite etc. have been noted
(Fig. 7; Galuskina et al., 2014a). These minerals may be
regarded as the crystallized remains of sulphate-bearing
(+halogens) melts.

Silicocarnotite with near-end-member composition in
gehlenitic rocks underwent a similar alteration as
described for ternesite above. Porous grains of silicocar-
notite probably replaced high-phosphorous flamite.
The presence of reaction margins composed of
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Table 7. Selected interatomic distances for silicocarnotite and
ternesite.

P-rich P-poor
Site Silicocarnotite ternesite ternesite
1 Site 2 YV-415 NM1 1S93
Cal 02 2.624(3) 2.684(2) 2.7196(16)
02 2.9127(14) 3.0597(19)
06 2x 2.395(3) 2.3492(15) 2.3456(10)
06 2x 2.4094(12) 2.3714(13) 2.3676(10)
072x 2.576(2) 2.5926(14) 2.6135(11)
Cala ()} 2.94(3) 3.02(9)
02 2.90(2) 3.10(7)
02 2.927(11) 3.13(10)
06 2x 2.380(8) 2.35(4)
06 2x 2.63(2) 2.35(4)
07 2x 2.414(12) 2.35(4)
Ca2 Ol 2.4291(6) 2.5089(9) 2.5580(8)
03 2.2759(9) 2.3064(13) 2.3200(12)
03 2.6760(10) 2.9542(17) 3.0586(16)
04 2.4297(9) 2.3558(13) 2.3416(10)
04 2.4960(9) 2.4461(13) 2.4388(11)
05 2.3654(9) 2.3323(12) 2.3364(10)
o7 2.5078(9) 2.4399(13) 2.4219(11)
Ca3 02 2.4804(3) 2.5545(6) 2.5893(5)
03 2.4891(9) 2.5592(13) 2.5933(12)
04 2.6041(9) 2.5626(12) 2.5544(10)
05 2.3096(9) 2.2929(13) 2.2891(10)
05 2.3241(9) 2.3188(11) 2.3277(10)
06 2.3947(9) 2.3700(12) 2.3676(10)
07 2.3021(9) 2.2993(14) 2.3015(11)
T1 (0]} 1.5415(14) 1.488(2) 1.472(2)
02 1.5600(13) 1.5022(18) 1.4855(15)
03 2x 1.5487(9) 1.4938(13) 1.4792(12)
T2 04 1.5850(9) 1.6229(12) 1.6337(10)
05 1.5846(9) 1.6145(13) 1.6256(10)
06 1.5898(9) 1.6145(12) 1.6230(10)
07 1.5895(9) 1.6264(13) 1.6383(11)

silicocarnotite—rankinite symplectites explicitly show the
non-equilibrium character of the melt-driven alteration
process (Fig. 1B).

Silicocarnotite found as a minor constituent in the holo-
type specimen Y V-415 replaces primary fluorapatite. The
association of silicocarnotite with parawollastonite, which
is stable at sanidinite-facies conditions at temperatures
higher than 1100°C (Vapnik et al., 2015), may indicate
that the temperature of crystallization of “pure” silicocar-
notite is higher than the temperature of crystallization of
“pure” ternesite.

The P,Os content in the newly formed minerals of the
ternesite—silicocarnotite series correlates with the compo-
sition of the associated ellestadite—apatite grains, belong-
ing to the early clinker paragenesis. The dependence may
be described by the equation S¢T™P,05 = cllestaditeg g
P,Os — 5.7 (Fig. 14). However, flamite (P,Os up to 17
%) and larnite (P,Os up to 4 %) are also sources of P for
minerals of the silicocarnotite—ternesite solid solution. In

E. V. Galuskin et al.

Fig. 11. The crystal structure of silicocarnotite seen along the a and ¢
directions. The structure contains two tetrahedral sites 71 (blue) and
T2 (red). T1 is a pure PO, tetrahedron whereas 72 is occupied by 50
% Si and 50 % P. Calcium atoms are drawn as yellow spheres.

the case of larnite, there is no evidence of correlation
between its composition and that of newly formed minerals
of the ternesite—silicocarnotite series (Fig. S1; Tables S4
and S5). For a correlation between the pseudomorphs after
flamite and flamite, we do not have sufficient data.

Side-products of the combustion processes during the
pyrometamorphism, such as gas, melt, and fluid, react with
previously formed minerals. These secondary, high-tem-
perature alterations allow the formation of a significantly
greater diversity of pyrometamorphic minerals than in the
common ““dry clinker” association. Besides minerals of
the silicocarnotite—ternesite series, nabimusaite (Galuskin
et al., 2015b) is a product of melt reaction with *“clinker
phase”. Oldhamite, jasmundite and dzierzanowskite
(Galuskin et al., 2013c; Galuskina et al., 2014b) as well
as fluorkyuygenite after fluormayenite (Galuskin et al.,
2015a), are alteration products formed by interaction with
sulphur-bearing and H,O-bearing gases with minerals of
the clinker association.
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Fig. 12. A perspective close up of the surroundings of the Cal site in
silicocarnotite. 71 is blue, 72 red, Ca-atoms yellow and O shown as
grey ellipsoids. In the mirror plane perpendicular to [010] the differ-
ence Fourier map after refinement of the known structure model is
shown. Residual electron density of ~ 5.8 e~ indicates a splitting of
the Cal site and interaction with the adjacent O1 and potentially O2
sites. The coordination of Cal/Cala is best described by seven main
bonds (06, 06’, 06’’, O7, O7° O7”’, O2) and two weak bonds 02’
and O1.

[Cay(SiO4)(PO.)I

[Ca(PO.)I

Fig. 13. Comparison of the structures of silicocarnotite (left) and
o’ )-CaS (right). The Ca atoms are shown as yellow spheres, PO,
tetrahedra are blue, SiO, and mixed tetrahedra are red. The structure
of silicocarnotite may be seen as a 1:1 alternation of streched o’ -
C,S modules with a P/Si ratio of 1:1, inter-sliced by Ca(PO,)~
modules.
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Fig. 14. Correlation between the P,Os content of newly formed
silicocarnotite—ternesite and of primary ellestadite—apatite.
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