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Abstract: The new mineral qatranaite, CaZn,(OH)g-2H,O (P2,/c, Z = 2, a = 6.3889(8) A, b =10.9692(14) A, ¢ = 5.7588(8) A;
B = 101.949(14)°, V = 394.84(9) A3 IMA2016-024), was found in cuspidine veins cutting spurrite marble in part of the
pyrometamorphic Hatrurim Complex located in the Siwaqa region, Jordan. Qatranaite is the natural counterpart of synthetic calcium
hexahydroxodizincate dihydrate. It forms colourless or white crystals up to 0.3 mm in size. Qatranaite is associated with cuspidine,
sphalerite, Se-bearing thaumasite, afwillite, calcite, srebrodolskite-brownmillerite, spinel-magnesioferrite, spurrite and fluorapatite—
fluorellestadite. The new mineral has an irregular fracture; no cleavage or parting were observed. The calculated density of qatranaite
is 2.598 g cm ™, the microhardness VHN,s = 171 kg mm ™2 corresponds to ~3.5 in the Mohs’ hardness scale. The qatranaite structure
is formed by hydroxylated pyroxene-like chains [Zn,(OH)4]*~, between which the [Ca(OH,),]** groups are located. The Ca atoms
are eight-fold coordinated in [Ca(OH)4(OH,),] polyhedra which share the four hydroxyl oxygen atoms with the Zn-centred
tetrahedra. The main bands in the Raman spectrum of qatranaite are related to vibrations in Zn(OH)if tetrahedra (cm™'): 297, 344
(V2 + Va); 440, 449, 479 (v, + v3); 990 (vZn—O—Zn); 1065 (vZn—OH). Strong bands at 3190, 3497 and 3624 cm ™" are assigned to OH
stretching vibrations. The strongest diffraction lines are [, A (D]: 6.25 (33), 5.002 (14), 3.992 (23), 3.124 (47), 2.881 (100), 2.723
(28), 2.451 (12), 1.575 (20). Qatranaite crystallization was preceded by a high-temperature alteration of spurrite rocks, reflected in
the formation of cuspidine along fractures. The formation of qatranaite-bearing veins resulted from low-temperature (<70 °C) rock
alteration by hyper-alkaline solutions.

Key-words: Qatranaite; CaZn,(OH)s-2H,0O; new mineral; calcium zincate; hyper-alkaline solutions; electron microprobe; Raman
spectroscopy; crystal structure; Daba-Siwaqa; Hatrurim Complex; Jordan.

1. Introduction

Qatranaite, CaZn,(OH)¢-2H,O (IMA2016-024), was dis-
covered in altered pyrometamorphic spurrite marbles of
the Hatrurim Complex in the Daba-Siwaqa region, Jordan
(the “Mottled zone”; Bentor, 1960; Gross, 1977; Techer
et al. 2006; Vapnik et al., 2007; Sokol et al., 2010). The
Daba-Siwaqga region is the largest area of the Hatrurim
Complex (Geller et al., 2012; Novikov et al., 2013; Khoury
et al., 2014). Rocks of the Hatrurim Complex are distributed
along the Dead Sea Transform in Israel, Jordan and
Palestinian Autonomy. They are represented by exotic
clinker-like rocks such as spurrite marbles, larnite pseudo-
conglomerates, gehlenite hornfelses and other rarer rocks
(Gross, 1977; Novikov et al., 2013; Galuskina et al.,

2014; Galuskin et al., 2016). The genesis of the Hatrurim
Complex remains under discussion (Sokol er al., 2010;
Kolodny et al., 2013; Vapnik & Novikov, 2013; Galuskina
et al., 2014). There are two main hypotheses: 1) formation
due to combustion of dispersed organic matter (bitumen)
within the host sedimentary rocks (Kolodny & Gross,
1974; Matthews & Gross, 1980; Geller et al., 2012) and
2) a mud-volcanic formation hypothesis. The latter suggests
pyrometamorphism of the sedimentary protoliths by
methane combustion exhaling from tectonically active zones
of the Dead Sea Transform (Sokol et al., 2010; Novikov
et al., 2013). Recent studies have shown that by-products
of the combustion processes, such as gases, fluids and
melts generated during pyrometamorphism, reacted with
existing minerals. These secondary, but high-temperature
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alterations, allowed for the formation of a significantly
greater number of pyrometamorphic minerals than in the
common clinker-like association (Galuskina et al., 2014,
Galuskin et al., 2015, 2016).

Qatranaite (P2,/c, Z = 2, a = 6.3889(8) A, b = 10.9692
(14) A, ¢ = 5.7588(8) A; B = 101.949(14)°, V = 394.84
9) A% has a synthetic equivalent named calcium hexahy-
droxodizincate dihydrate (CaZn,(OH)e-2H,0, P24/c,
Z=2,a=06372(1) A, b =1094002) A, c = 5.749(2) A,
B =101.94(2)°, V = 392.0 A% Stahl & Jacobs, 1997). Cal-
cium hexahydroxodizincate dihydrate is used as an active
material for secondary Zn electrodes utilized in batteries,
as precursor catalyst in biodiesel synthesis and as antifungal
compound for the protection of limestone monuments
(Xavier et al., 2009; Yang et al., 2009; Ropp, 2013; Cal-
deira et al., 2017).

Qatranaite was named after the village Al Qatrana, which
is on the Amman-Agqaba highway 15 km south-east from the
type locality. The holotype specimen is deposited in the
mineralogical collections of the Fersman Mineralogical
Museum in Moscow, Russia, with catalogue number
4855/1.

2. Methods of investigation

The crystal morphology and chemical composition of qatra-
naite and its associated minerals were examined using opti-
cal microscopes, analytical scanning electron microscopes
Philips XL30 ESEM/EDAX and Phenom XL (Faculty of
Earth Sciences, University of Silesia), and a CAMECA
SX100 electron microprobe (Institute of Geochemistry,
Mineralogy and Petrology, University of Warsaw). Chemi-
cal analyses were carried out on the electron microprobe
operated in wavelength dispersive spectrometry mode at
10 kV and 10 nA with a beam size of ~3 pm. The following
lines and standards were used: CaKo — diopside, ZnLo —
sphalerite/willemite; contents of F, Al, Si, S, P, Cl, Fe,
Mn etc. were below detection limit.

The Raman spectra were recorded on a WITec Alpha300
confocal Raman microscope (Institute of Physics, University
of Silesia). The excitation laser radiation was coupled to a
microscope through a single-mode optical fibre with a diam-
eter of 50 pum. An air Olympus MPLAN (100 x/ 0.90NA)
objective was used. Raman scattered light was focused onto
a multimode fibre (50 pm diameter) and monochromator
with a 600 line/mm grating. The power of the laser at the
sample position was 44 mW. The spectra were accumulated
using 15-20 scans with an integration time of 10-15 s and a
resolution of 3 cm ™. The spectrometer monochromator was
calibrated using the Raman scattering line of a silicon plate
(520.7 cm™ ).

Single-crystal X-ray studies of qatranaite were carried out
using a SuperNova Dual diffractometer with a mirror
monochromator (MoKo,, A = 0.71073 A) and an Atlas
CCD detector (Agilent Technologies), at the Institute of
Physics, University of Silesia, Poland. The structure of syn-
thetic calcium hexahydroxodizincate dihydrate (Stahl &
Jacobs, 1997) was taken as an initial model. The qatranaite
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Fig. 1. Cuspidine veins and “cuspidinised” fragments of spurrite
rock (light-grey, white on weathering surface) with qatranaite in
non-altered spurrite marble (brown).

structure was refined on the basis of X-ray single-crystal
data of 293(2) K to R1 = 0.037 using the programme
SHELX97 (Sheldrick, 2008).

Non-hydrogen atoms were refined with anisotropic ther-
mal parameters. Hydrogen atoms were introduced to the
structure by appropriate rigid-body constraints with temper-
ature factors Uj,o(H) egual to 1.5U.4(0); OH distances were
restrained to 0.90(5) A.

The powder X-ray diffraction data were obtained using
Panalytical, X’Pert PRO PW3040/60 diffractometer (theta-
theta geometry), equipped with a X’Celerator detector with
active length (20°) of 2.122 at the Faculty of Earth Sciences,
University of Silesia, Poland. Experimental parameters were:
CuKo radiation (A = 1.541874 A), 50kV, 40 mA. Data were
analysed using the HighScore + programme, v. 4.1. For
interpretation, the ICDD PDF 4+ database, v. 2014 was used.
The X-ray powder diffraction data for qgatranaite are pre-
sented in Table S1, freely available in the Supplementary
Material linked to this article on the GSW website of the
journal: https://pubs.geoscienceworld.org/eurjmin.

3. Occurrence of gatranaite

The type locality of gatranaite (N31°24,23'; E36°15,06') is
situated in the northern part of the Siwaqa pyrometamorphic
area, Um Al-Rasas Sub-district, 70 km south-east from
Amman, the capital of Jordan. Qatranaite-bearing pyrometa-
morphic rocks occur as a single outcrop of spurrite marbles,
located in the poorly detectable boundary of two lithological
units, the Umm Rijam and Muwaqqar Chalk-Marl Forma-
tions combined in the Belga Group (Barijous, 1985; Ziegler,
2001; Powell & Moh’d, 2011; Khoury et al., 2014; Abzalov
et al., 2015; Alqudah et al., 2015; Sokol et al., 2017). The
Eocene Umm Rijam Formation consists of chalky lime-
stone, chalk, chert and microcrystalline limestone with a
common thickness of 122 m—145 m (Alsharhan & Nairn,
2003; Fleurance et al., 2013). The Umm Rijam Formation
is a stratigraphic equivalent of the Adulam Formation in
Israel (Novikov er al., 2013). The Muwaqqar Chalk-Marl
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Unit is composed of marl, chalky limestone, micritic lime-
stone and chert. It has been dated to the Maastrichtian to
middle Palaeocene. In the lower part of the formation, the
bituminous marl is observed, with differentiation of vari-
coloured marble on top, thickness varies from 70 to
100 m in western outcrops (Khoury et al., 2014; Sokol
et al., 2017). The Muwaqqar Chalk-Marl Unit is also a
stratigraphic equivalent of Ghareb and Taqiye formations
in Israel (Novikov et al., 2013). Sedimentation and diagen-
esis of the mentioned lithological units took place in a mar-
ine environment, during late Cenomanian transgressions
until the late Eocene. Due to uplift, as well as tectonic and
erosional activity, the precise correlation between the speci-
fic rock formations and pyrometamorphic rocks remains
unclear. Nevertheless, the presence of disseminated organic
matter and elevated concentrations of Cd, Zn, Mo, Ni, V, Cr
and U reported from the Muwaqqgar Chalk-Marl Formation
(Fleurance et al., 2013; Khoury et al., 2014; Abzalov et al.,
2015; Sokol et al., 2017) provided the possible source of
combustible matter for pyrometamorphism, and acted as
the primary Zn source (storage), which evolved later into
the formation of diverse Zn-bearing mineralization, includ-
ing Zn-sulfides and gatranaite.

The area of the Siwaqga is known for mineralogical dis-
coveries, e.g., the new mineral tululite, Ca,4(Fe ", Al)(Al,
Zn,Fe3+,Si,P,Mn,Mg)15036 and the intermediate members
of the lime—monteponite solid solutions from spurrite mar-
ble (Khoury ez al., 2016a and b), as well as terrestrial phos-
phides from melted rocks (Britvin ez al., 2015, 2018a and b).

The diagnostic feature of spurrite rocks from the type
locality of qatranaite is an extensive development of the cus-
pidine veins cutting them, which are up to 10 cm thick
(Fig. 1).

In unaltered dark spurrite marbles, calcite content reaches
80 vol%. Apart from spurrite, minerals of the fluorapatite—
fluorellestadite and srebrodolskite—brownmillerite series are
in significant quantity. Minor and accessory phases are rep-
resented by minerals of the fluormayenite—fluorkyuygenite
and spinel-magnesioferrite series. Gehlenite, periclase,
lakargiite, vorlanite are locally noted in spurrite marble.
Also, grains of larnite, zinkite and monteponite are
observed. Some parts of spurrite marbles contain elevated
concentrations of Zn, Fe, Cu and Ni sulfides, among which
sphalerite predominates. Spurrite marbles are crosscut by
networks of calcite—thaumasite (rarer ettringite) veins up to
1-2 mm in thickness, around which a bleaching of rock is
observed. In the bleaching zones, spurrite is replaced by sec-
ondary hydrosilicates (tobermorite-like) and thaumasite;
sphalerite is replaced by clinohedrite, CaZn(SiO4)-H,0,
which also forms narrow veins (Fig. S1, Supplementary
Material).

Spurrite marbles in immediate contact with cuspidine
veins transform to spurrite rocks as their calcite content falls
to a few percents and the rocks bear evidence of recrystal-
lization. This process is reflected in the appearance of spur-
rite poikilitic crystals (metacrysts) up to 0.5 cm in size in
fine-grained (0.01-0.02 mm) spurrite rock (Fig. 2A) or gen-
eral coarsening of spurrite grains up to 0.2-0.3 mm
(Fig. 2B). Recrystallized zones of spurrite rock contain
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Table 1. Chemical composition (in wt%) of gatranaite.
Constituent Mean (n = 10) S.D. Range
CaO 17.69 0.31 17.53-17.93
ZnO 52.66 1.34 53.35-54.86
H,0? 28.91
Sum 99.26
Ca 0.98
Zn 2.02
H 10.00

*Water added stoichiometrically; formula normalized to 3 cations
and 8 O apfu.

significant amount of sphalerite, which is commonly
intergrown with intensively altered Ca—Fe-sulfides and
Cu-Fe—Ni-selenides (Fig. 2B). Rarely, unaltered claustha-
lite, PbSe, and uraniferous garnet of the kerimasite—elbrusite
series, Cas(Zr,U,Ti),(Fe,Al,S1)30, (Galuskina et al., 2010;
Zaitsev et al., 2011), are observed in these zones.

Qatranaite associated with Se-bearing thaumasite, calcite,
awfillite and barite was found in secondary low-temperature
veins from 10-20 pm to 1-2 mm in thickness (Figs. 2C, D
and 3A). Veins with qatranaite occur exclusively in cus-
pidine zones, where large spurrite crystal relics were
observed (Fig. 2C). The cuspidine rock is presented by
fine-grained aggregate with grains first tens pum in size,
poikilitic crystals of magnesioferrite are observed there
(Fig. 2D). As well as recrystallized spurrite rocks, cuspidine
zones show higher concentration of sphalerite in comparison
with unaltered spurrite marbles (Fig. 2B, D).

4. Physical properties of qatranaite

Qatranaite forms crystals up to 0.3 mm in size. Rare larger
crystals are generally poikilitic, with abundant calcite,
Se-bearing thaumasite and barite inclusions (Fig. 3B).
Qatranaite crystals exhibit the forms: {010}, {110}, {100},
{102}, {112}, {001}, {011}, {101}, {102} (Figs. 3C, D
and 4). Crystals are flattened on (010) and show striations
along [001] (Fig. 3D, E). Aggregates of parallel intergrowths
of qatranaite crystals a few square millimetres, were detected
(Fig. 3E). Sphalerite grains partially replaced by qatranaite
were noted in fine-grained cuspidine (Fig. 3F). Qatranaite
appears as colourless and white crystals, with a white streak
and having a vitreous lustre. Cleavage and parting were not
observed. The tenacity is brittle and the fracture is irregular.
The abundance of small inclusions of thaumasite, calcite and
baryte did not allow for selection of pure grains for accurate
density measurement. Density was calculated as
2.598 g cm > based on its average composition (Table 1).
Microhardness, VHN,s is in the range 163—178 kg mm 2,
with a mean of 171 kg mm ™2 (from an average of 20 mea-
surements), and corresponds to ~3.5 in the Mohs’ scale.
Qatranaite is biaxial, negative, non-pleochroic, and has
the measured refractive indices (589 nm): o = 1.545(2),
B = 1.552(2), v = 1.554(2). 2V, (meas.) = 45(5)°, 2V,
(calc.) = 50.1(1)°, Z = b, X \ ¢ =~ 13(2)°, dispersion:
r> v, weak.
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Fig. 2. (A) Poikilitic crystals of spurrite in a groundmass of fine-grained spurrite rock. Bright grains are sphalerite intergrown with altered
Ca—Fe-sulfides and Cu—Fe—Ni-selenides. (B) Recrystallized fragments of spurrite rock. Light-grey grains consist of altered Ca—Fe-sulfides
and Cu—Fe—Ni-selenides. (C) Relics of partially replaced metacrysts of spurrite in cuspidine zone with qatranaite-bearing veins. Fragment
magnified in Fig. 2D is shown in the frame. (D) Metacrysts of magnesioferrite and sphalerite in cuspidine zone.

5. Composition and structure of qatranaite

Qatranaite crystals are chemically homogeneous and contain
no other elements within the detection limits of microprobe
analyses (Table 1), which leads to the end-member formula
CaZn,(OH)¢-2H,0. The presence of H,O and (OH) groups
is strongly supported by both Raman spectroscopy and
structure determination.

Structural data were obtained for a crystal 0.09 X
0.04 x 0.03 mm’ at 293(2) K. Experimental data and the
results of structure refinement are given in Tables 2-5.
The crystal structure of qatranaite corresponds to that of
its synthetic equivalent (Fig. 5; Stahl & Jacobs, 1997;
Xavier et al., 2009). The CaZny(OH)g-2H,0O compound
contains Zn”* tetrahedrally coordinated by OH™, and Ca®*
octahedrally coordinated by four OH™ and two H,O
(Fig. 5). The Zn-centred tetrahedra form corner-sharing
pyroxene-like chains, an(OH)éf, between which the
Ca(OH,);" groups are located (Fig. 5). The Ca and Zn
polyhedra share the protonated oxygens O2 and O3; the
protonated Ol is a bridging oxygen in the pyroxene-like

chain (Fig. 5). The O4 oxygen bonds with Ca and H4 and
HS, being so involved in the formation of the H,O group
(Fig. 5B). A system of hydrogen bonds significantly
contributes to the stability of the qatranaite structure
(Fig. 5). The geometry of the hydrogen bonds and bond
valence sum (BVS) calculations are shown in Tables 6
and 7, respectively. The strong hydrogen bonds with
do_o (donor-acceptor distance) of 2.7 A are characteristic
for water molecules having a specific angle equal to 104
(2)° (Oy---H4—O4—Hs---O5 configuration, Table 6). These
hydrogen bonds have significant contributions to BVS for
Ol and O3 oxygens (Table 7). Less strong hydrogen bonds
with do o = 2.8-29 A are related to O,—H,---O, and
O3-Hj:--O4 configurations (Table 6, Fig. 5) and have
relatively less contributions to BVS for O2 and O4 (Table 7).
The H2 atom forming an OH group with O2 oxygen is
connected by very weak hydrogen bonds with neighbour-
ing oxygens (do_o > 3.3 A, Table 6; hydrogen bonds are
not shown in Fig. 5) and these bonds have vanishingly
small contributions to BVS of neighbouring oxygens
(Table 7).
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Fig. 3. (A) Low-temperature calcite—qatranaite—thaumasite veins in fine-grained cuspidine zone with abundant small sphalerite grains.
Fragment magnified in Fig. 3B is shown in frame. (B) Qatranaite poikilocrystal with calcite, afwillite and thaumasite inclusions.
(C) Qatranaite crystals and thaumasite on fracture surface in cuspidine zone; crystal magnified in Fig. 3D is shown in frame. (D) Qatranaite
crystal with characteristic striation. (E) Parallel intergrowths of qatranaite crystals. (F) Sphalente partially replaced by qatranaite.
Qtr = qatranaite; Cal = calcite; Thm = Se-bearing thaumasite; Cus = cuspidine; Sph = sphalerite.
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(100)

Fig. 4. Ideal crystal of gatranaite.

6. Raman spectroscopy

The Raman spectrum of qatranaite is characterised by the
presence of the following bands (in cm ™!, Fig. 6, main lines
are shown by bold): 215, 252, 280, 297, 344, 385, 440, 449,
479, 526, 655, 780, 830, 877, 990, 1065, 1612, 2910, 3025,
3190, 3210, 3497, 3624. The main bands in the Raman
spectrum of qatranaite are related to the vibrations in
Zn(OH) tetrahedra (cm™): 252, 297, 344 (v, + vy, the
possible contnbutlon of Ca-O vibrations within Ca
(OH)4(OH2) ~ octahedra); 440, 449, 479 (v; + v3); 990
(vZn-0O-Zn); 1065 (vZn-O-H) (Lin et al., 1995; Kesié
et al., 2015).

Strong bands at 3497 and 3624 cm ™' are related to
stretching O-H vibrations. A more detailed fitting analysis
allows us to divide the band at 3497 cm ™' into two compo-
nents located at the same wavenumber but with different full
width at half maximum (FWHM; Fig. 6). These bands are
ascribed to the O3-H3---O4 configuration with do o =
291 A and the O1-H1:--O2 configuration w1th doo =
2.80 A (Table 6, Fig. 5). The band at 3624 cm™ corresponds
to 02-H2---01/02/03 geometry with do_o > 3.3 A (Table 6)
defining the very weak hydrogen bonds. Bands between
~2700-3480 cm ™' with relatlvely large FWHM centred
about 2910, 3025, 3190 cm™ " are related to stretching
vibrations of O-H in H,O (Fig. 5; Lin et al., 1995; Kesi¢
et al., 2015). The position of bands between ~2700 and
~3480 cm ™! indicates the presence of strong hydrogen bonds
corresponding to the O1---H4-O4—HS5:--O3 configuration,
with the donor—acceptor distances: O4-O1 = 2.71 A and
04-03 =270 A (Fig. 5; Table 6). The very weak band at
1612 cm™' originated from bending vibrations of H,O
(Fig. 6; Lin et al., 1995).

7. Discussion
Qatranaite was found only in the one outcrop of spurrite

marble in the northern part of the Siwaqa pyrometamorphic
terrain in Jordan. It was detected in low-temperature veins

Y. Vapnik et al.

Table 2. Data collection and structure-refinement details for

qatranaite.

Crystal system Monoclinic
Crystal data
Unit-cell dimensions a = 6.3889(8) A
b =10.9692(14) A
c=5.7588@8) A
B = 101.949(14)°
Space groug P2y/c (no. 14)
Volume (A”) 394.84(9) A’
Z 2
Density (calculated) 2.598 g/em®
Chemical formula CaZn,(OH)¢-2H,O
Crystal size (mm) 0.09 x 0.04 x 0.03
Data collection
Diffractometer SuperNova

X-ray radiation MoKa/0.71073 A

X-ray power 50 kV, 0.8 mA

Monochromator mirror monochromator

Temperature 293(2) K

Max. 0°-range 39.81°

Index ranges 11 <h<11
—-19<k<9
—-10<1<10

Measured reflections 14191

Unique reflections 2277

Observed reflections (I > 2 (1)) 1528

Refinement of the structure

No. of parameters 58

Rint 0.0794

Ro 0.0581

R1.1>20c(]) 0.0377

R1 all data 0.0768

wR2 on (F?) 0.0623

GooF 0.976

Ap min, max (—e.A73) —0.80, 0.74

associated with “cuspidinised” parts of the rocks

(Figs. 2C, D and 3A).

Pyrometamorphic rocks of the Siwaqa area, represented
mainly by apatite-bearing spurrite marbles, have anoma-
lously high contents of Cd, Zn, Mo, Ni, V, Cr and U inher-
ited from the sedimentary protolith (Fleurance et al., 2013;
Khoury et al., 2014; Abzalov et al., 2015; Sokol et al.,
2017). Zinc in pyrometamorphic rocks occurs principally
in sulfides (sphalerite is predominant), less frequently in
selenides and in oxides (zincite, tululite), and also as negli-
gible impurity in periclase, spinel and minerals of the (Ca,
Cd)O series (Khoury et al., 2016a and b).

Pyrometamorphic rocks of Jordan were investigated as an
analogue of a geological repository for radioactive wastes
(Khoury et al., 1992; Fourcade et al., 2007; Milodowski
et al., 2011; Martin et al., 2016). It was established that infil-
trating groundwater interacting with “clinker” pyrometamor-
phic phases produced a portlandite-buffered hyper-alkaline
leachate plume that emanates from the “cement zone”, and
leads to the formation of hydrated cement phases such as
ettringite, thaumasite, tobermorite, afwillite and jennite
(Martin et al., 2016). Previous work has demonstrated that
saturation of natural cement-like rocks with groundwater
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Table 3. Atomic coordinates and displacement parameters (U, in A?) for qatranaite.
Site Atom X y z Ueq sof
Zn Zn 0.53316(4) 0.16497(2) 0.16389(4) 0.01485(7) 1
Ca Ca 0 0 0 0.01362(11) 1
01 o 0.4686(2) 0.18122(14) 0.8120(3) 0.0168(3) 1
02 0 0.3378(3) 0.04282(14) 0.2461(3) 0.0175(3) 1
03 o 0.8352(2) 0.12343(15) 0.2399(3) 0.0185(3) 1
04 0 0.0375(3) 0.16029(14) 0.7367(3) 0.0206(3) 1
H1 H 0.539(4) 0.1190(16) 0.762(5) 0.025 1
H2 H 0.331(5) 0.061(3) 0.3966(17) 0.026 1
H3 H 0.876(5) 0.107(3) 0.3960(11) 0.028 1
H4 H 0.1773(12) 0.179(3) 0.759(6) 0.031 1
H5 H 0.971(4) 0.2329(12) 0.732(6) 0.031 1
Table 4. Anisotropic displacement parameters (A?) for qatranaite.
Ul 1 U22 U33 U23 U13 U12
Zn 0.01235(10) 0.01463(12) 0.01731(11) —0.00066(10) 0.00252(8) —0.00034(9)
Ca 0.01142) 0.0134(2) 0.0157(2) —0.0004(2) 0.00180(19) 0.00002(19)
01 0.0171(7) 0.0155(7) 0.0180(7) 0.0021(6) 0.0039(6) 0.0006(6)
02 0.0164(7) 0.0191(7) 0.0167(7) —0.0011(6) 0.0027(5) —0.0029(6)
03 0.0131(7) 0.0224(8) 0.0194(7) —0.0030(6) 0.0020(6) 0.0018(6)
04 0.0186(7) 0.0176(8) 0.0247(8) 0.0031(6) 0.0023(6) 0.0000(6)
Table 5. Selected interatomic distances (A) for qatranaite. follows the formation of thaumasite and calcite, which
A o A = caused Ca and Si contents decrease in the solution.
tom— __ atom istance tom— __atom istance “Cuspidinisation” of spurrite rocks is a necessary condi-
Zn 03 1.942Q2) Ol Hl  0.899(2) tion for gatranaite veins formation and for this reason
02 1.9552) 02 H2 0.8992)  requires a discussion. Cuspidine is a relatively high-tempera-
o1 1.972(2) 03 H3  0.90002) i oral. stable in hvdrothermal 200 °C
ol 1.990(2) o4 Ha 0.900(2) ture mineral, stable in hydrothermal systems up to
Ca 03 2.335(2) x 2 04 H5 0.8992) (Van Valkenburg & Rynders, 1958) and in melt systems

04  2366(2) x 2
02  23712) x 2

produces a hyper-alkaline pore fluid with a pH in the range
10-13.5 (Khoury et al., 1992; Techer et al., 2006).

Crystallization of qatranaite in cuspidine zones (Figs. 2C,
D and 3A, B) and clinohedrite in hydrated fragments of
spurrite marbles (Fig. S1A in Supplementary Material) took
place after thaumasite and calcite vein formation and was
accompanied by replacement of neighbouring sphalerite
grains (Fig. 3F; S1B). Thaumasite stability (Jallad et al.,
2003; Matschei & Glasser, 2015) indicates that qatranaite
and clinohedrite in natural systems formed from highly alka-
line solutions at temperature lower than 70 °C. Formation of
artificial “qatranaite” in experiment on zinc sorption on
cement materials took place at pH higher than 12 (Ziegler
et al., 2001).

Clinohedrite, CaZn(Si0,)-H,0, formation is accompanied
by spurrite dissolution (Fig. S1), which raises Ca and Si con-
centrations in the solution and promotes the crystallization
of a Zn silicate with a Ca:Zn ratio of 1:1. In qatranaite,
CaZn,(OH)¢-2H,0, Ca:Zn = 1:2; its crystallization in veins

up to 1400-1600 °C (Watanabe et al., 2002). The presence
of magnesioferrite metacrysts in cuspidine zones (Fig. 2D)
indicates that their temperature of formation was not lower
than 800 °C (Guo & Guo, 2017). Consequently, cuspidine
veins formation occurred in the temperature range 800—
850 °C, at which the spurrite marble of Hatrurim Complex
formed (Khoury et al., 2016a and b). The mechanism of
cuspidine-zone formation can be described as follows: At
the first stage of combustion metamorphism, typical spurrite
marble was formed and, as a consequence of rock cooling
and partial leaching, thermal fissures appeared. These fis-
sures/cracks were a pathways system, in which circulating
heated fluids (gas) were keeping temperature high along
the fractures. In non-fractured areas, typical fine-grained
spurrite marble remained unaffected. At the periphery of
the blocks, conditions required for spurrite recrystallization
were kept during extended time, allowing the growth of
relatively large spurrite metacrysts (Fig. 2A). Fluids (gases)
are by-products of combustion processes and they are likely
generated in nearby combustion foci. Similar formation of
large spurrite metacrysts was noted in altered spurrite rocks
of the Hatrurim Complex in the Negev Desert, Israel, which
are characterized by high rock-fracturation, presence of
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Fig. 5. The crystal structure of qatranaite. (A) (100) projection,
(B) (001) projection. The Ca atoms form Ca(OHz)2+ groups (or [Ca
(OH)4(OH;),] octahedra), between [Zn,(OH)¢]*~ pyroxene-like
chains. Zn-tetrahedra — green, Ca-octahedra — orange, oxygen —
red balls, hydrogen — blue balls; oxygens belonging to the H,O
groups — pink balls. The strong hydrogen bonds are marked with
dashed lines.

gaseous channels (fumaroles) as well as occurrence of
stracherite, BaCag(S10,4),[(PO4)(CO5)]F, and ariegilatite,
BaCa;5(Si04)4(PO4),F,0, metacrysts (Galuskin et al.,

Y. Vapnik et al.

Table 7. Bond-valence calculations for gatranaite (valence units).

01 02 03 04 Sum
Ca 034 x27 037 x27 034 x27 210
Zn 046 051 0.53 1.98
0.48
H1 074 023 0.97
H2 0.03 0.74 0.77
0.02
H3 0.74 0.15 0.89
H4 0.33 0.74 1.07
H5 0.34 0.74 1.08
Sum 2.04 1.84 1.95 1.97

Bond-valence parameters for H-O taken from Yua et al. (2006),
Zn-0 and Ca-O taken from Brown & Altermatt (1985).

3624

Intensity [a.u.]

T T T T T 1
500 1000 1500 2000 3000 3500
Raman shift (cm™)

Fig. 6. Raman spectrum of qatranaite.

2018a and b). When the chemical character of fluids chan-
ged (from carbonate-bearing to fluorine-bearing), spurrite
at high-temperature conditions was replaced by cuspidine
at the periphery of the blocks. Subsequently, the cuspidine
zones became the substrate for low-temperature mineral for-
mation involving gatranaite.
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Table 6. Geometry of hydrogen bonds and calculated Raman modes of qatranaite.

Configuration d(04-0,)/A d(Og-HYA d(H---O,)/A O-H---O angle (°) Calculated Raman modes (cm ™)
Ol"'H4—O4—H5“'O3a 04—03 = 270(1) O4—H4 = 090(1) H401 = 182(1) 177(2) ~3190b

0,-0; = 2.71(1) O4~Hs = 0.90(1) Hs--O5 = 1.80(1) 168(2) ~3220b
0,—H;--0, 0,-0, = 2.80(1) O;-H; = 0.90(1) H;---0, = 1.95(1) 159(2) ~3400°
03—H;-04 05-0, = 2.91(1) O3-H; = 0.90(1) Hsz--O4 = 2.10(1) 149(2) ~3510°
0,—H,--0,/0,/0;4 0,-0>33 0,-H, = 0.90(1) H,--0>2.7 ~90-150 >3600

“H-O-H angle = 104(2)°;

Py(em™") = 3592 — 304 x 10° x exp(—d(0-0)/0.1321) (Libowitzky, 1999).
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