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ABSTRACT

Zadovite, BaCag[(Si0,4)(PO4)](PO4)-F (R3 m, a=7.0966(1) A, c=25.7284(3), V=1122.13(3) A3, Z=3)
and aradite, BaCag[(SiO4)(VO4)] (VO4)-F (R3 m, a=7.1300(1), c =26.2033(9) A, V= 1153.63(6) A?, Z=3)
are two new mineral species of a novel modular structure type related closely to the structure of nabimusaite,
KCa;5(Si04)4(S04),0,F. Both minerals occur in paralavas enclosed in pyrometamorphic rocks of the
Hatrurim Complex, Negev desert, Israel. Zadovite and aradite are colourless, transparent with a white streak,
have a vitreous lustre and an uneven fracture. Both minerals are uniaxial (—) with refractive indices (589 nm)
o=1.711(2), e = 1.708(2) (zadovite) and o= 1.784(3), ¢ = 1.780(3) (aradite). The zadovite structure type
comprises two tetrahedral sites, which may host a broad compositional range of atoms such as Si, P, Vand
S. Results of electron microprobe analyses show a correlation between excess Si*" and S®* contents,
suggesting the substitution scheme 2(P,V)>* = Si*" + S®" at the tetrahedral sites. This points to the possibility
of new minerals isostructural with zadovite with end-member formulac BaCag(SiO4),[(PO4)(SO4)]E,
BaCag(Si04)2[(VO4)(SO4)IF, BaCag[(SiO4)1 5(SO4)0.5](PO4)-F and BaCag[(SiO4)1.5(SO4)0.5](VO4)-F. The
Raman spectra of aradite and zadovite reflect the varying PO, (e.g. change of band intensity at ~1031 cm™")
and VO, contents (e.g. change of band intensity at ~835 cm™!). The presence of SO, leads to an additional
Raman band at ~997 cm™!. The structure of zadovite-series minerals belonging to the nabimusaite group is
characterized by a 1:1 alternation of antiperovskite-like {[FCas](704),}*" modules and Ba(TO,)3- modules.

Keyworbs: zadovite, aradite, new minerals, modular structure, antiperovskite structure, Raman spectroscopy,
Hatrurim Complex, Israel.
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Introduction

Two new minerals zadovite, BaCag[(SiO4)(POy)]
(POL),F (R3m, a=7.0966(1) A, c=25.7284(3), V
=1122.13(3) A, Z=3) and aradite, BaCa4[(Si0.)
(VOLI(VO4)F (R3m, a=7.1300(1), c=26.2033
(9) A, 7=1153.63(6) A3, Z=3), representing two
end-members of the solid solution BaCag[(SiOy),
(PO,),(VO,)]4F, were discovered in small paralava
veins in gehlenite-rich pyrometamorphic rocks of
the Hatrurim Complex, Gurim Anticline, Hatrurim
Basin (31°12'N 35°14'E), located near the town of
Arad in the Negev Desert, Israel.

Zadovite  (IMA2013-031) and  aradite
(IMA2013-047), approved by the International
Mineralogical Association Commission on New
Minerals, Nomenclature and Classification (IMA-
CNMNCQ) in 2013, are characterized by modular
structures (Ferraris et al., 2008) and form, together
with nabimusaite, KCalz(SiO4)4(SO4)202F (R§ m,
a=7.1905(4), c=41251(3) A, V=1847.1(2) A%,
Z=3) (Galuskin et al., 2015b), the nabimusaite
group. Zadovite and aradite represent a new
structure type of this group characterized by
intercalation of single {[FCac](7O4),}*" antiper-
ovskite layers with single Ba(PO,4); ™ layers, where
T=Si, Pand V (structure type 1:1, zadovite series).
For comparison, nabimusaite is characterized by
triple antiperovskite layers {{O,FCa;,](SiO4)4}3"
and intercalated single K(SO,)*~ layers (structure
type 3:1, nabimusaite series). Synthetic analogues
of zadovite and aradite are not known.

The name zadovite is in honour of the famous
Russian mineralogist Aleksandr Efimovich Zadov
(1958-2012), author and co-author of more than 90
new mineral species. Aradite is named after the
town of Arad near the type locality. Type material is
deposited in the mineralogical collections of the
Museum of Natural History in Bern, Bernastrasse 5,
CH-3005 Bern, Switzerland, catalogue numbers
NMBE 42103 (zadovite, the same type specimen is
also the holotype for gurimite, IMA2013-032) and
NMBE 42188 (aradite). The methods used for the
investigations of the zadovite-group minerals are
analogous to those of nabimusaite reported by
Galuskin et al. (2015b).

Occurrence and description

Zadovite and aradite were found in the central part
of the Hatrurim Basin, ~5 km southeast of the town
of Arad, Negev Desert, Isracl, one of the most
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important localities of the pyrometamorphic
Hatrurim Complex (Bentor, 1960; Gross, 1977).
The Hatrurim Basin is the type locality for bayerite,
bentorite, ye’elimite, grossite, hatrurite and
nagelschmidtite (Gross, 1977; Vapnik et al.,
2006). More recently barioferrite, BaFel30,
(Murashko et al., 2010), murashkoite, FeP, nege-
vite, NiP,, halamishite, NisP,, transjordanite, Ni,P,
zuktamrurite, NisP, (Britvin et al.,, 2013a—e),
gurimite, Ba;(VO,), and khesinite, Ca,(Mg;Fe3*
04(Fed"Si3)056 (Galuskina et al., 2013, 2014a),
shulamitite Ca;TiFeAlOg (Sharygin et al., 2013),
fluorkyuygenite Ca;,Al;4,03,[(H,0)4F5] (Galuskin
et al., 2015a) were described. Nabimusaite
KCa;5(Si04)4(S04),0,F was discovered in pyro-
metamorphic larnite rocks of the Hatrurim
Complex on the Jabel Harmun, Judean
Mountains, the West Bank, Palestinian Autonomy
(Galuskin et al., 2015b), which is also the type
locality ~ for  harmunite,  vapnikite  and
dzierzanowskite (Galuskin et al., 2014; Galuskina
et al., 2014b,c).

Pyrometamorphic rocks of the Hatrurim
Complex are highly unusual and formed as
alteration products of a high-temperature combus-
tion process. Several researchers consider that high-
temperature alteration took place due to combustion
of organic matter contained in the sedimentary
protolith (Matthews and Gross, 1980; Geller et al.,
2012). More recent hypotheses discuss methane
ignition of gases released by active tectonic zones,
analogous to mud volcanism (Sokol ez al., 2007,
2008; Novikov et al., 2013).

Grains of zadovite and aradite only occur within
small veins (a few centimetres thick) of schorlo-
mite-rankinite-pseudowollastonite-gehlenite para-
lavas in fine-grained gehlenite-larnite rocks
(Fig. 1). These minerals are generally confined to
coarse-grained rankinite and often occur together
(Figs 2 and 3). There are three main types of
occurrence of minerals of the zadovite—aradite
series: (1) grains up to 100-200 um grew on
apatite or are enclosed by its box-like crystals —
replacement of apatite by zadovite is also observed,
(2) xenomorphic grains 50-100 um in size devel-
oped in the cracks of rankinite and gehlenite; (3)
small grains of zadovite—aradite not exceeding 10—
15 pm in size in ellipsoidal aggregates of fine-
grained Ba-bearing minerals (barite, barioferrite,
gurimite, walstromite and fresnoite), kalsilite and
wollastonite; these are strongly altered to secondary
Ca hydrosilicates. Occasionally, Cu minerals like
cuprite and delafossite (Fig. 2e) form aggregates
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Fic. 1. Small veins of coarse crystalline paralava in

gehlenite rock. Minerals in the paralava are distinguished

by colour. Schorlomite and Ti-rich andradite — black,

dark-brown; gehlenite — brown, yellow-brown; rankinite,

pseudowollastonite, fluorapatite, cuspidine — light-brown,

pink, light-grey; secondary Ca-hydrosilicates — chalk
white.

‘hexacelsian’. The mineral content of the fine-
grained gehlenite host rocks is not so complex,
mainly comprising gehlenite, larnite, magnesiofer-
rite and andradite.

Zadovite and aradite are colourless, transparent
with a white streak, have vitreous lustre and uneven
fracture. Both minerals are uniaxial (-) with
refractive indices (589 nm) w=1.711(Q2), &=
1.708(2) (zadovite) and = 1.784(3), £ =1.780(3)
(aradite). UV fluorescence was not observed.
Microhardness was only measured for zadovite,
which at a 50 g load varies from 532 to 634 kg
mm~2, with a mean of 564 kg mm~2 (for 12
measurements). This value corresponds to a Mohs’
hardness of ~5-5%. The density of zadovite and
aradite could not be measured directly because of
small grain size and chemical variability.
Calculated densities derived from the empirical
formulae are 3.503 g cm for zadovite and 3.509 g
cm  for aradite.

Chemical composition, Raman spectroscopy

studies and crystal structures of zadovite and
together with kalsilite. Compared to zadovite, aradite

aradite is relatively rare. Platy zadovite crystals
with well-developed {001} forms and xeno-
morphic crystals are observed (Figs 2b and e).
Aradite and zadovite are associated with the
rock-forming minerals gehlenite (often with high
concentrations of Fe**, Mg and Na impurities),
pseudowollastonite and wollastonite, garnet-super-
group minerals of the andradite—schorlomite series,
rankinite, magnesioferrite (enriched in Cu, Ni and
Mn), kalsilite and fluorapatite. Less frequent
associates are P-rich ellestadite, larnite, cuspidine
and hematite. The host rocks of the new mineral
also display striking eutectic intergrowths of
schorlomite or gehlenite with a larnite-like phase
on the microscopic level. The larnite-like phase was
originally described by Gross (1977) as nagelsch-
midtite, forming colonies of chimney-like crystals
growing sub-perpendicular to garnet and gehlenite
growth zones. This phase was approved recently by
the IMA-CNMNC as flamite (IMA2013-122) with
formula (Ca,Na,K),(Si,P)O4 [P6;, a=43.373(2),
c=6.8270(4) A] (Sokol et al., 2014), but according
to our data (Gfeller et al., 2015) the structure
corresponds to a cyclic twin of the known synthetic
orthorhombic phase ‘o’-Ca,SiO4" (Saalfeld and
Klaska, 1981; Mumme et al., 1995). Accessory
minerals are represented by dorrite—khesinite,
barioferrite, walstromite, barite, gurimite, fresnoite,
delafossite, cuprite, vorlanite, perovskite and
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Minerals of the zadovite—aradite series are char-
acterized by significant variations in composition
(Table 1). The vanadium content in zadovite, which
has a V-free end-member formula, is never lower
than 2-3 wt.% of V,05 (Table 1, analyses 1 and 3).
The maximum V content in aradite is 24.7 wt.%
V,05 with = 4.5 wt.% P,Os (Table 1, analysis 4).
Aradite grains <3 pm in size contain according to
energy dispersive spectroscopy contain ~28 wt.%
V,05 (~2.57 V per formula unit (p.f.u.)) and 1.5
wt.% P,O5 (~0.17 P p.f.u.). For these grains Raman
spectra were collected (Fig. 4).

Intermediate compositions between aradite and
zadovite are characteristic of many analysed
crystals (Table 1, analysis 5). Occasionally, a
tendency to vanadium enrichment in late aradite—
zadovite zones is observed. Minor sulfate (1-2 wt.%
SO,) is generally present. The Si content (>1 a.p.f.u.)
is higher than the maximum content defined by
the crystal-chemical formula (Table 1). In one
case an aggregate of zadovite—aradite grains up to
50 um in size was detected; some of those
crystals were enriched in Si and S (Table 1,
analysis 6).

Crystals of the zadovite-aradite series are
characterized by variable V,05 contents leading
to different intensities of Raman bands (Fig. 4). In
addition, a spectrum of an aradite-like phase with
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FiG. 2. Backscattered electron (BSE) images of zadovite in paralava from the Gurim anticline: (a) Zadovite grown on
fluorapatite or occupying cracks in rock-forming minerals. Framed sections are magnified in (b) and (c). (b)
Xenomorphic aggregates of zadovite. (¢) Zadovite enclosed in box-like apatite and growing on apatite. (d, e) Tabular
zadovite crystals with developed {001} faces and small rthombohedral faces. Adr=Ti-bearing andradite, Ap=
fluorapatite, Brt = barite, DIf = delafossite, Ghl = gehlenite, HSi = undiagnosed Ca hydrosilicates, Kls = kalsilite, Mgf=
magnesioferrite, Prv = perovskite, Rnk = rankinite, Schr = schorlomite, Wol = pseudowollastonite, Zdv = zadovite.

anomalously high contents of SiO, and SO;
(Fig. 4) has been collected. The main bands in the
Raman spectra of the zadovite-group minerals are
related to vibrations of the (70,) tetrahedral groups,
P03, VO3, SiO% and SO~ (Fig. 4). Bands from
symmetric (v;) and antisymmetric (v3) stretching
vibrations of (7T04) occur above 800 cm ™', bands in
the range 300-700 cm™! are attributed to bending
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vibrations (v, and vy), bands below 300 cm™! are

assigned to stretching vibrations of Ca—O and also
the vibration of R(70,4) and T(70,4) (Comodi et al.,
1999; Frost et al., 2007, 2011). Raman spectra of
the zadovite-group minerals were normalized to the
intensity of the main v,(SiO%") band at ~860 cm™!
(Fig. 4). Bands from stretching vibrations of VO3~
and SiO%~ partially overlap. This makes it difficult
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FiG. 3. BSE images of zadovite—aradite paragenesis: (a) Aradite in association with zadovite, high-vanadian phases of

zadovite-aradite are rare and are characterized by a smaller crystal size. (b) Aradite crystal used for structural and Raman

studies. (¢) Small kalsilite-wollastonite inclusions enriched in Ba minerals surrounded by rankinite. Ap = fluorapatite,

Ard = aradite, Bfr = barioferrite, Brt=barite, Cus = cuspidine, Ghl = gehlenite, Kls = kalsilite, Mgf=magnesioferrite,

Prv = perovskite, Rnk =rankinite, Schr=schorlomite, Wol=psewdowollastonite, W1s=walstromite, Vrl= vorlanite,
Zdv = zadovite.

to use them for distinguishing between zadovite
and aradite. The split v;(PO4)*>~ band does not
allow a determination of zadovite and aradite, but
indicates that P partially occupies two different
tetrahedral sites. The band near 950 cm™! is related
to the 72 site, and that at 970 cm™" corresponds to
T1 (see structure description below). This band
assignment is confirmed by the Raman spectrum of
S-rich aradite, where the 71 site is fully occupied by
Si (1.84 p.f.u.); thus P resides at 72, leading to only
one v;(PO4)*>" Raman band at ~950 cm~!. In
Raman spectra of the zadovite-group minerals no
splitting of the v,(SiO,)*" band is observed.
However, splitting of this band is characteristic of
the nabimusaite spectrum and indicates Si incorp-
oration at two different tetrahedral sites (Galuskin
et al., 2015b).
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A grain of zadovite, 150 pm % 60 pm x 60 um in
size, was used for the single-crystal X-ray structure
study. The aradite structure was refined from a grain
selected from a thin section shown by an arrow in
Fig. 3b. This 30 pm %20 um x10 pm grain was
intergrown with wollastonite (Fig. S1, supplemen-
tary materials which have been deposited with the
Principal Editor of Mineralogical Magazine and are
available from www.minersoc.org/pages/e jour-
nals/dep_ mat mm.html). Experimental details
and results of the single-crystal X-ray studies are
summarized in Tables 2-5. Crystal-chemical for-
mulae of zadovite and aradite are BaCag[(SiO4)
(POYI[(PO4)139(VOs)o.s1]F  and  BaCag[(Si,P)
04)1.53(VO4)0.47][(VO4)1.51(PO4)o.49]F,  respect-
ively. Refined electron numbers ~63.9 (zadovite)
and ~74.4 e~ (aradite) for tetrahedral sites
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TaBLE 1. Composition of zadovite—aradite series, wt.%.

zadovite (zdv) aradite (ard) zdv ard  ‘ard-P’ ‘zadovite—aradite-S’ ard
1 2 3 4 5 6 7

Mean (n=14) S.D. Range Mean (n=5) S.D. Range Mean (n=5) S.D. Range
SO, 1.22 0.12  0.98-1.37 1.58 0.51 0.84-2.22 1.34  0.84 1.87 8.45 0.17  2.03-2.45 1.35
CrOs <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 0.22
V,0s5 7.51 086  6.20-9.07 22.09 2.09 19.95-24.69 245 2469 12.67 6.76 1.83  5.61-10.40 14.99
P,05 19.29 0.85 17.49-20.57 5.46 128 3.77-7.01 22,65 449 12.62 6.39 1.78  5.14-9.79 8.56
SiO, 8.43 0.07  8.28-8.57 8.79 0.65  7.71-9.50 854 771 9.40 13.92 1.47 11.07-15.00 11.30
Fe,03 <0.08 0.10 0.05 0.03-0.18  <0.08 <0.08 0.13 0.05  0.09-0.22 0.19
Al,O3 <0.03 0.03 0.02  0.00-0.06  <0.03 <0.03 <0.03 <0.03
CaO 42.26 020 41.89-42.57 40.80 0.17 40.53-40.99 42.20 40.05 41.62 42.22 0.29 41.70-42.49 41.36
BaO 19.92 0.20 19.58-20.28 18.24 0.37 18.09-18.79 19.50 18.50 19.26 19.50 0.34 18.91-19.88  19.66
SrO 0.33 0.04  0.24-0.38 0.32 0.08  0.22-0.42 030 0.42 0.36 0.42 0.07  0.37-0.55 0.50
Na,O 0.18 0.02  0.16-0.21 0.05 0.03  0.02-0.11 023  0.11 0.07 <0.02 <0.02
F 2.45 0.13  2.21-2.77 2.36 0.07 231-2.49 241 249 2.38 2.38 0.17  2.13-2.54 2.52
H,0 0.43
-O=F 1.03 0.99 1.01 1.05 1.00 1.00 1.06
Total 100.56 98.84 98.61 9824 99.24 99.18 100.02
Calculated on 17(0O + F)
Ba 1.02 0.98 1.01 1.01 1.01 1.01 1.03
Ca 591 5.99 595 5098 5.98 5.98 5.94
Sr 0.02 0.02 0.02  0.03 0.02 0.03 0.04
Na 0.05 0.01 0.06  0.03 0.02
Sum 4 +X 7.00 7.00 7.04  7.05 7.03 7.02 7.01
Si 1.10 1.20 1.12 1.07 1.26 1.84 1.51
P 2.13 0.63 252 0.53 1.43 0.72 0.97
So* 0.12 0.16 0.13  0.09 0.19 0.84 0.14
vt 0.65 2.00 021 227 1.12 0.59 1.33
Al 0.01
crét 0.02
Fe’* 0.01 0.01 0.02
Sum 71+72 4.00 4.01 398  3.96 4.00 4.00 3.99
OH 0.38
F 1.01 1.02 1.00  1.10 1.01 0.99 1.07

"IV L3 NIMSNIVD
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Fi6. 4. Raman spectra of the zadovite—aradite series minerals.

correspond to values calculated from electron
microprobe analysis (EMPA) data: 64.22 (zadovite)
and 75.2 e (aradite) (Table 1). Silicon, P, S and Al
cannot be distinguished by their scattering behav-
iour. Thus for proper assignment refined electron
numbers at the tetrahedral sites 7/ and 72 were
corroborated by differences in 7-O bond lengths
PO ~1.55A,Si0F ~1.64 A, SO ~ 1.48 A and
VO3 ~1.73 A; mean 7-O distances are from
Dickens and Brown (1971), Sokolova et al. (1984),
Fayos et al. (1985), Irran et al. (1997), Schindler
et al. (2000) and our unpublished data). Thus, the
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crystal chemical formulae of zadovite and aradite
according to the results of EMPA were modified to
Bay 02(Cas.91Nag 05570.02)55.98[(S104)1.10(PO4)0.78

(804)0.12152[(PO4)1 35(VO4)0.65]52F 1.01 (T1-Ocar. &
1.60 A, T2-O.y ~1.61 A) and (Bag.sSro.0)s:
(Cas 99Nag 01)56[(S104)1 20(VO4)0.49(PO4)0.14(SO4)0.16

(Al04)o 01152[(VO4); 5(PO4)o.49 (Fe* Os)o0115201F 1.02
(T1-Ogy = 1.64 A, T2-Oy ~ 1.69 A), respectively.

Powder X-ray diffraction patterns (Tables S1 and
S2, supplementary materials which have been
deposited with the Principal Editor of Mineralogical
Magazine and are available from www.minersoc.org/
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TaBLE 2. Refinement and data collection parameters for

zadovite and aradite.

zadovite* aradite*

Crystal data
Unit-cell dimensions

(&)
¢=25.7284(3) ¢=26.2033(9)
Space group R3m
Volume (A”) 1122.13(3) 1153.63(6)
VA
Intensity measurement
Crystal shape prism prism
Crystal size (mm) 0.15x0.06 x  0.03 x0.02 x
0.06 0.01
Diffractometer APEX Il SMART
X-ray radiation MoKo
X-ray power 50 kV 30 mA
Monochromator Graphite
Temperature 293 K
Detector to sample 5.95 cm
distance
Measurement method Phi and Omega scans
Radiation width 0.5°
Time per frame 60 s 100 s
Max. 0° range for Data 36.25 30.49
collection
Index ranges —-11<h<11 9<h<10
-11 <k <11 -9<k<10
-42<1<42 -35<[<37
No. of measured 13288 3625
reflections
No. of unique 725 483
reflections
No. of observed 705 399
reflections
(I >20(1))
Refinement of the structure
No. of parameters used 38 37
in refinement
Ry 0.0202 0.0588
s 0.0072 0.0345
Ry, I>20(]) 0.0124 0.0304
R, all data 0.0129 0.0458
WR, on (F2) 0.0342 0.0600
Goof 1.169 1.053
Ap min (e A73) —0.53 close to  —0.82 close
Cal to F
Ap max (e A7%) 0.48 close to 0.94 close
Bal to O4

a=7.0966(1) a=7.1300(1)

*For zadovite = BaCag[(Si04)(PO4)][(PO4); 390(VO4)o.61]

F and aradite = BaCag[((S1,P)O04)1 526(VO4)0.474]
[(VO4)1 512(PO4)o 488 ]F.

pages/e_journals/dep _mat mm.html) are calculated
from the results of the single-crystal structure
refinements.

Discussion

The crystal-chemical formula of holotype zadovite
can be simplified to BaCag[(SiO4);.1(PO4)g g
(804)0.1152[(PO4)1 35(VO4)o.65]52F leading to the
end-member formula BaCag[(SiO4)(PO4)](PO4),F
with double-site occupation at 77. The simplified
crystal-chemical formula of holotype aradite is
BaCag[(Si04)1.2(VO4)0 5(PO4)0.1(SO4)02]52[(VO4)1 5
(PO4)os5lsoF, with the end-member formula
BaCag[(Si04)(VO4)](VO,),F. In the case of the
aradite grain studied structurally, 77 is occupied by
V>P. From the chemical composition (EMPA) of
holotype aradite for grains without structural data,
there is good reason (The ionic radius and
electronegativity of P is closer to that of Si than
of V) to assign all P to 71, BaCa4[(SiOy4); .20
(PO4)0.65(504)0.15152(VO4),F, yielding the end-
member formula BaCag[(SiO4)(PO4)](VO,),F.
Intermediate compositions between aradite and
zadovite occur frequently in paralavas of the
Hatrurim Complex. Such a chemical composition
is given in Table 1 (analysis 5) and refers to the
formula  Bay ¢1(Cas.9gNag 02510.02)56.02[(S104)1 25
(PO4)0.55(504)0.19]51.99[(VO4)1.12(PO4)0 88]52F 1.01-
Its Raman spectrum corresponds to the spectrum
with 12% V,0s in Fig. 4, suggesting that P is split
on two sites. Small amounts of V probably reside at
the 71 site, but independently to this possible
substitution, the end-member formula becomes
BaCag[(Si04)(PO,)(VO,),F, which is another
potentially new mineral species.

To solve crystal-chemical problems of the
zadovite group we constructed a series of plots
using EMPA data (Fig. 5). In the V-P diagram (p.f.u.)
there is an obvious linear dependence between V
and P defining the isomorphic substitution V3"«
P>* in spite of the different V3" and P>" ionic radii
0f0.17 and 0.355 A, respectively (Shannon, 1976).
Probably, complete isomorphism between V> and
P> is related to the anomalously high temperature
of paralava formation (>1200°C), which is sup-
ported by the association with pseudowollastonite
(Seryotkin et al., 2012). Analytical points in the V>*
vs. P>* diagram (Fig. 5) occupy a broad band. This
indicates the potential influence of an additional
component in the solid solution different from the
formula BaCag[(SiO4)(R¥T04)](R>*0,4),F, where
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TABLE 3a. Atom coordinates and equivalent isotropic displacement parameters (A?) for zadovite.

Site Atom x/a /b z/c Ueq Occupancy
Bal Ba 1/3 2/3 1/6 0.01736(6) 0.9882(18)
Na 0.01736(6) 0.0117(18)
Cal Ca 0.839047(19) 0.67809(4) 0.064629(10) 0.01525(7) 1
71 Si 1/3 2/3 0.031394(18) 0.00734(9) 0.50*
P 0.50*
Iy P 2/3 1/3 0.153942(15) 0.00858(11) 0.695(6)
A% 0.305(6)
01 o 1/3 2/3 0.96863(6) 0.0175(3) 1
02 ¢} 0.20896(8) 0.79104(8) 0.04904(4) 0.0220(2) 1
03 ¢} 0.54679(8) 0.09359(16) 0.13074(4) 0.01908(18) 1
04 ¢} 2/3 1/3 0.21668(6) 0.0172(3) 1
F1 F 0 0 0 0.0256(4) 1

*QOccupancies based on EMPA, charge balance and bond lengths.

TABLE 3b. Atom coordinates and equivalent isotropic displacement parameters (A?) for aradite.

Site Atom x/a v/b z/c Ueq Occupancy

Bal Ba 1/3 2/3 1/6 0.0228(2) 1

Cal Ca 0.83980(7) 0.67959(14) 0.06373(4) 0.0145(2) 1

71 Si 1/3 2/3 0.03047(7) 0.0063(5) 0.5*
P 0.263*
A% 0.237(13)

2 v 2/3 1/3 0.15392(5) 0.0076(4) 0.756(14)
P 0.15392(5) 0.0076(4) 0.244(14)

01 o 1/3 2/3 0.9675(2) 0.0168(12) 1

02 ¢} 0.2075(3) 0.7925(3) 0.04797(14) 0.0226(8) 1

03 (¢} 0.5426(3) 0.0852(5) 0.12905(12) 0.0189(7) 1

04 o 2/3 1/3 0.2195(2) 0.0151(12) 1

Fl1 F 0 0 0 0.0246(17) 1

*Occupancies based on EMPA, charge balance and bond lengths.

TABLE 4a. Anisotropic displacement parameters (A?) for zadovite.

Site Ul 1 U22 U33 U23 Ul3 U12
Bal 0.01345(7) 0.01345(7) 0.02518(10) 0 0 0.00673(3)
Cal 0.01036(8) 0.00917(10) 0.02583(13) 0.00038(8) 0.00019(4) 0.00459(5)
Tl 0.00622(12) 0.00622(12) 0.00958(18) 0 0 0.00311(6)
n 0.00947(13) 0.00947(13) 0.00679(16) 0 0 0.00474(6)
o1 0.0200(4) 0.0200(4) 0.0124(6) 0 0 0.0100(2)
02 0.0125(3) 0.0125(3) 0.0409(5) —0.00441(18) 0.00441(18) 0.0062(3)
03 0.0215(3) 0.0149(4) 0.0185(4) 0.0039(3) 0.00193(15) 0.00746(19)
04 0.0163(4) 0.0163(4) 0.0190(6) 0 0 0.0082(2)
Fl 0.0233(6) 0.0233(6) 0.0301(11) 0 0 0.0117(3)
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TABLE 4b. Anisotropic displacement parameters (A?) for aradite.

Site Ull U22 U33 U23 U13 U12
Bal 0.0124(2) 0.0124(2) 0.0436(6) 0 0 0.00619(12)
Cal 0.0115(3) 0.0089(4) 0.0223(5) 0.0004(4) 0.00019(19) 0.0044(2)
al 0.0058(6) 0.0058(6) 0.0073(10) 0 0 0.0029(3)
n 0.0091(4) 0.0091(4) 0.0046(7) 0 0 0.0045(2)
o1 0.0223(19) 0.0223(19) 0.006(3) 0 0 0.0111(9)
02 0.0127(12) 0.0127(12) 0.041(2) ~0.0037(8) 0.0037(8) 0.0055(13)
03 0.0247(14) 0.0140(16) 0.0143(18) 0.0024(13) 0.0012(6) 0.0070(8)
04 0.0158(17) 0.0158(17) 0.014(3) 0 0 0.0079(8)
F 0.026(2) 0.026(2) 0.023(4) 0 0 0.0128(12)

R=V>" or P. In particular, the substitution Si*" + S¢*
=2(P,V)’* contributes to the composition of the
solid-solution series. This conclusion is supported
by relations seen in (V +P)>" vs. S°%, (V+P)*" vs.
Si*" and Si*" vs. S diagrams (Fig. 5). In larnite
rocks of the Hatrurim Complex three phases of the
nabimusaite group containing only S- and Si-
tetrahedra are known, nabimusaite,
KCa;5(Si04)4(S04),0,F, and the two potential
new mineral species, a Ba-analogue of nabimu-
saite, BaCa;,(Si04)4(S04),03 (Galuskin et al.,
2015b) and BaCag(Si04)2(S04),0. The latter
probably belongs to the zadovite structure type.
The calculated formula for a grain with maximum
S and Si content is Bal_Ol(cas_ggsr0_03)26_01
[(Si04)1.84(R” 04)0.16]52[(SO4)0.84-x(VO4)o.50-y
(PO4)o.56-7s2F0.00 (x+y+2z=0.16; analysis 6 in

Table 1). The general formula of this phase is
BaCag(Si04)-[(R¥704)(SO,)]F with R¥* =V or P.

The interpretation remains open about the
composition Bal403(CaS.94sr0404)):598[(SiO4)1451(Sﬁ+
04)0.14(P04)0.35]22[(V>"04)1 33(PO4)0.62(C1° Os)o 02
(Fe’*04)0.02]51.00F 1.07(0H)0 380045 (Table 1,
analysis 7) of the zadovite-group mineral contain-
ing an increased Si content (up to 1.55 a.p.f.u.) and
a varying S®" content of ~0.2 a.p.f.u. (Fig. 5). The
high Si/S ratio in minerals of the zadovite group
may lead to the new end-member BaCa4[(SiO4); 5
(SO4)0s][R7 O4)LF.

The structure of zadovite and aradite are
represented by intercalation of antiperovskite
type, {[FCag](TO4),}*" and Ba(TO4)3, layers
(Fig. 6). The structure contains two tetrahedral
sites located at the 3-fold inversion axis. The 71 site

TaBLE 5. Selected interatomic distances (A) for zadovite and aradite.

zadovite aradite
Atom —atom distance (A) —atom distance (A)
Bal 036 2.7819(10) 03%6 2.766(3)
Cal ol 2.2851(6) ol 2.289(2)
02x2 2.3644(7) 02x2 2362(2)
03x2 2.5360(7) 03x2 2.564(2)
04 2.3887(10) 04 2375(3)
Fl 2.5843(2) Fl 2.5890(9)
02 2.9835(12) 02 2.985(4)
71 02x3 1.5948(10) 02x3 1.621(3)
04 1.6147(16) o1 1.652(6)
Mean 1.600 1.628
7 03x3 1.5898(10) 03x3 1.665(3)
04 1.6141(17) 04 1.718(6)
Mean 1.596 1.678
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Fig. 5. Correlations S®" +Si vs. V+P, P vs. V> and Si vs. S constructed from results of EMPA of zadovite-series
minerals (1); holotype zadovite (2); and holotype aradite (3).

while in aradite the corresponding site is occupied

0.03) and is occupied by Si and pentavalent cations by 23.7(13)% V, 26.3% P and 50% Si. Due to their
(P or V) in an Si:(P or V) ratio of 1:1. The overall similar scattering power, Si and P could not be
charge at 71 is thus 4.5. The 71 atom has three distinguished and only the occupancy for V was
shorter bonds towards O2 and one slightly longer refined. However, it is reasonable to expect a net
bond along the rotation axis towards Ol. In charge of 4.5+ at 1. Thus 50% is occupied by Si
zadovite the 71 site is occupied 1:1 by Si and P while the occupancy factor for P may be calculated

is situated in the antiperovskite layer at (1/3, 2/3,
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Fi. 6. The crystal structure of the zadovite structure type (a—c) is characterized by a 1:1 intercalation (b) of an

antiperovskite-like {[FCas](TO,),}*" module (a) and Ba(TO,)3” module (c) hosting a large cation. The structure is

related closely to that of nabimusaite KCa;,(Si04)4(SO4),0,F (d). The structure of nabimusaite represents triplets of

antiperovkskite-like modules [Ca,;(Si04)40,F]*" intercalated by a similar module as in the zadovite structure type, but

occupied by K and SO, tetrahedra (K(SO4)3"). Both structures are related to the crystal structure of alite (hatrurite)
Ca;(Si04)0, which represents a continuous stacking of antiperovskite-like layers.
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by difference. Beside the scattering power, this
assumption is supported by a rough calculation of
the theoretical bond length. For zadovite 71-O =
0.5x1.55A+0.5%1.64 A=1.595 A corresponds
to the determined average 71-O bond length of
1.600 A (Table 5). For aradite the assumed
tetrahedral cation distribution pattern suggests
T1-0=0.237x1.73 A+0.263x1.55 A+0.5x
1.64 A=1.638 A, which fits the measured value
of 1.628 A (Table 5).

The T2 site, at (2/3, 1/3, 0.15) belongs to the
interlayer and is occupied by pentavalent cations.
The 72 atom bonds three times to O3 while
the fourth apex (O4) along the threefold axis is
slightly longer similar to that observed for the 71
tetrahedron. End-member zadovite hosts only P at
T2 while end-member aradite requires full V
occupancy at 72. As a matter of fact, both measured
single crystals represent complex solid solutions.
The zadovite investigated structurally has a refined
P:V ratio of 69.5:30.5 while the ratio for aradite is
24.4:75.6. The predicted bond lengths for 72-O,
1.60 A for zadovite, 1.686 A for aradite, correspond
to the measured values 1.596 and 1.678 A,
respectively. The size increase of both tetrahedral
sites (71 and 72) is the main reason for the increase
in the unit-cell parameter ¢, which is ~2% larger for
aradite compared to zadovite (Table 2).

In addition to 71, the antiperovskite layer
{[FCagc](TO4),}*" contains a regular FCag octahe-
dron with a F-Ca bond length of 2.58 A and Ca—F—
Ca angles of 83° and 97°, respectively, for both
zadovite and aradite (Fig. 6). The intercalated Ba
(TO,)3 layer hosts a large cation site usually
occupied by Ba. The Ba site is coordinated by six
O3 sites, which form the triangular base of the 72
tetrahedron. In aradite the site is fully occupied by
Ba; zadovite used for structure refinement has
minor Na (1.2(2)%) at the Ba site. There are several
ways to maintain the charge balance due to the
substitution Na™ for Ba>*, for example by replace-
ment of (P or V)>" by S® at one of the two
tetrahedral sites, or substitution of Si*" by (P or V)>*
at the 71 site.

Compared to the related structure type of
nabimusaite KCa;,(S104)4(S0,4),0,F (Fig. 6),
which is built up by triplets of antiperovskite-like
layers intercalated by K(SO,)3", the zadovite
structure type follows a 1:1 repetition of antiper-
ovskite modules intercalated by Ba(70,4)5
modules (Fig. 6). Both structures are related
closely to the structure of the important cement
clinker phase ‘alite’, Ca;SiOs, which has been
described as the mineral hatrurite (Gross, 1977).

The structure of hatrurite (Jeffery, 1952) is
represented by a continuous stacking of antiper-
ovskite-like modules along [001] whereby all
tetrahedra point to the same direction along [001]
in contrast to the 1:1 up, down orientation of the
tetrahedra in the antiperovskite modules of the
zadovite and nabimusaite structures.

Wide variations of substitutions for tetrahedral
cations (Si, P, V, S and Al) in zadovite and aradite
indicate a high probability of additional new
minerals in this group and also suggest chemical
pathways for the synthesis of new advanced
materials.
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